A Measurement of the Proton's Weak Charge
Using an Integratioi©erenkov Detector System

by

Peiging Wang

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial ful llment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

Department of Physics and Astronomy
University of Manitoba

Winnipeg

Copyright ¢ 2011 by Peiging Wang






This work is dedicated

to my family.






Acknowledgments

| would like to thank these people who have provided supgortpuragement, guidance and assis-
tance in the preparation of this dissertation.

First and foremost, my extra special thanks goes to my sigmenProf. Michael Gericke, who
has o ered insight and guidance for my work in experimental phg/sivy extra special thanks
also goes to Dr. David Mack, who has been abundantly insteueind helpful, and has passed on
numerous hand-on experiences to me and assisted me in #ilks démy research.

Then, | would like to greatly thank Prof. Shelley Page fortlydeading me into the world of
subatomic physics, Dr. Willie Falk and Dr. Lawrence Lee feing my research mentors, Prof.
Je rey Martin, Prof. James Birchall, Dr. Desmond Ramsay, Pwdillem van Oers, Prof. David
Armstrong, Dr. Gregory Smith, Dr. David Gaskell, Dr. Dip&ag Dutta, Dr. Paul King, Dr.
Klaus Grimm, Prof. Garth Huber, Prof. Gerald Gwinner andfP@ouglas Goltz for giving me
many advices. Without the generous help of these indivi]uhis dissertation would not have been
possible. | would also like to extend my extra special thaonkay family and friends for the support
over the years.

| am indebted to my many colleagues for providing a stimaotatand fun environment. |
am especially grateful to Anna Micherdzinska, Vladas Tigsk/outer Deconinck, Rob Mahurin,
Scott MacEwan, Mark McCrea, David Harrison, Alexandre Gomgy Amrendra Narayan, Siyuan
Yang, Josh Hoskins, Nuruzzaman, Jiawei Mei, Jeong Han lode, Ueacock, Donald Jones, John
Leckey, Katherine Myers, Juliette Mammei, Russell MamrRaikitha Beminiwattha and Buddhini

Waidyawansa.



Finally, NSERC (Natural Sciences and Engineering Rese2oticil of Canada), CFI (Canada
Foundation for Innovation), DOE (US Department of Energyd &lSF (National Science Founda-

tion of USA) are gratefully acknowledged for funding the exment.



Abstract

The Q-weak experiment at Thomas &eson National Accelerator Facility (USA) will make a preci
sion determination of the proton weak chafg% =1 4sirf  with approximately 4% combined
statistical and systematic uncertainties via a measureafi¢éme parity violating asymmetry in elas-
tic electron-proton scattering at very low momentum tranahd forward angle. This will allow an
extraction of the weak mixing angle giny at Q? = 0:026 (Ge\/c)? to approximately 0.3%. The
weak mixing angle is a fundamental parameter in the Standaxtkl of electroweak interactions.
At the proposed accuracy, a measured deviation of this petearfrom the predicted value would
indicate new physics beyond what is currently describetienStandard Model. Without deviation
from the predicted value, this measurement would placeggrit limits on possible extensions to
the Standard Model and constitute the most precise measuateshthe proton's weak charge to
date. The key experimental apparatus include a liquid lgehidarget, a toroidal magnetic spec-
trometer and a set of eigl@erenkov detectors. Th@erenkov detectors form the main detector
system for the Q-weak experiment and are used to measuratitg yiolating asymmetry during
the primary Q-weak production runs.

The Cerenkov detectors form the main subject of this thesislowaig a brief introduction to
the experiment, the design, development, constructiataliation, and testing of this detector sys-
tem will be discussed in detail. This is followed by a det@itkscussion of detector diagnostic data
analysis and the corresponding detector performance. Aperienent has been successfully con-
structed and commissioned, and is currently taking data.thésis will conclude with a discussion

of the preliminary analysis of a small portion of the liquigdnogen data.
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Chapter 1

Introduction

One of the greatest achievements of physics in the twerd@ttury is the development of the Stan-
dard Model; a theory which describes the fundamental pestmf nature and their interactions. The
Standard Model asserts that the fundamental particlesitakée up all matter are quarks and lep-
tons, and that they interact through the strong, weak, aatreimagnetic fundamental interactions
by exchanging force carrier particles. The Standard Modstes many predictions and many of
them have been veri ed by experimental tests.

Despite the fact that the Standard Model has had enormogsssjdhere are many indications
that the Standard Model is not a complete theory of fundaahguatrticles and interactions; it does
not predict and explain everything. For instance, it campretict particle masses without experi-
mental data; a large number of parameters need to be meamdeadserted into the theory, and so
on. To discover a more complete theory beyond the StandadkeMwe need to measure the un-
known parameters, test predictions and look for new phenamet predicted in the current model.
The only way to settle these questions is by performing veegipe experiments.

The Q-weak collaboratidnat the Thomas Jeerson National Accelerator Facility, USA, (TJ-
NAF, also referred to as Jerson Laboratory or JLab) is conducting an experiment wiitlhmake

a precision determination of a fundamental parameter oSthedard Model — the proton's weak

1See Appendix for a collaboration list.
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charge (the proton's vector neutral current coupling). ph&ton's weak charge sets the strength
with which it couples to other particles via the weak int¢iat, much like the proton's electric
charge sets the strength with which it couples to othergastivia the electromagnetic interaction.
It is a very sensitive parameter of the Standard Model andearsed as a probe to search for pos-
sible new physics beyond the Standard Model — a precise megasut of the proton's weak charge
will enable us to test whether the Standard Model in fact jolesr an exact description of the weak
interaction or whether an important new physics processisgrio be accounted for.

The Q-weak experiment aims to measure the proton's wealger@ﬁv) with approximately
4% combined statistical and systematic uncertaintiesutiit@a measurement of the parity violating
asymmetry in elastic electron-proton scattering at vewy tnomentum transfer, and at forward
angles. This will enable an extraction of %ify (Qf, = 1 4sir?  at the tree level, where

w is the weak mixing angle) at a momentum transferQsf = 0:026 (GeVc)? to an accuracy
of approximately 0.3%. It tests the Standard Model predi¢tenning” of sir? \ (variation of
sir® w with Q%) o theZ° pole, at lower energies.

The experiment employs JLab's high luminosity polarizeecglbon beam. The electrons are
scattered from a liquid hydrogen target and harvested byoidtd magnetic spectrometer to focus
the electrons onto a set @ferenkov detectors (the Q-weak main detectors). The expetal
observable — the parity violating asymmetry in elastic etecproton scattering is measured by
these detectors.

Main detector performance directly acts the success of the experiment, particularly the ex-
perimental precision to be reached. Therefore, the detettave to be carefully designed and
constructed. The main focus of this thesis is the desigrstoaction and testing of the main detec-
tors.

The remainder of this dissertation is organized as follows:
Chapter 2: a brief discussion of the background, motivadiot theory of the experiment,

Chapter 3: an outline of the experimental apparatus ang setu



Chapter 4: a detailed explanation of the design and coriruof the detector system,

Chapter 5: a brief description of the analysis of the expenital data,

Chapter 6: a summary of the emphasized work and experinmensst
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Chapter 2

Theory and Experimental Observables

2.1 Brief Overview of the Standard Model and New Physics

Our current understanding of physical phenomena is baséouoriundamental interactions: grav-
itation, the electromagnetic interaction, the strongraxtgon, and the weak interaction. According
to the Standard Model, interactions are mediated betweiclpa by the exchange of intermediate
virtual vector bosons (see Tal#lel). These are spin 1 particles and include: eight types ofrgluo
mediating the strong interactions; the photon as the madiithe electromagnetic interaction; and
theW*, W , andZ® bosons as mediators of the weak interaction.

The weak interaction takes a special role among the four krfowces, because it is the only
one known to violate parity. A parity transformation is deshas a mirror re ection of a physical
process, followed by a 180 degree rotation about the axisaldo the re ection plane. Historically,
fundamental physical processes are expected to be invavimrespect to such transformations.
However, it was discovered in 1957 by C.S. Wu and co-workérs ¢t al., 195 that parity was
violated in the beta-decay of Cobalt-60, by measuring tmaber of electrons emitted in a particular
direction with respect to an applied magnetic eld. In th&se, the parity transformation could
be performed by simply counting the number of electron eimissin opposite directions, while

keeping the magnetic eld and therefore the polarizatiorhef nucleus constant. This property of
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Fermions Generation bosons
| | I | Il
up charm top photon

Quarks u C t

0.003 GeVc? +2/3 | 1.3GeVc? +2/3 | 175 GeVc? +23 || 0 0 Force

down strange bottom gluon

(spir=1/2) d S b g Carriers

0.006 GeVc? -1/3 | 0.1GeVc? -3 | 4.3 GeVc? 3 || o 0
electron neutrino muon neutrino tau neutrino Z boson
Leptons e Z0 (spire1)
<1 10 8Gevi? 0 | <0:0002 GeVc? 0 | <0:02GeVc? 0 || 91.187 Gevc? 0
electron muon tau W boson
(spirc1/2) e W
0.00051 GeVe? -1 | 0.106 GeVc? 1 | 1.7771 Geve? 1 80.4 GeVc? 1

Table 2.1: The generations of matter are organized by isargamass (values are given at
bottom-left corner for each avor, in units of Gé&?) and decreasing electric charges2/3, -
1/3 and 0, -1 (values are given at bottom-right corner for eambor, in units of electron charge)
[Nakamura et al., 2030

the weak interaction had been proposed shortly before thiseb and Yangllee and Yang, 1996

The Standard Model of electro-weak interactions was deeelaluring the late 60's and early
70's primarily to explain the observed properties of the kvaderaction at higher energies and
the observed particles and their interactions in this ocdntdhe theory predicted the existence
of three heavy exchange particles, W&, W and theZ®, as mediators of the weak interaction
[Weinberg, 196 [Weinberg, 197]. The theory gave rise to the necessity of mixing between the
electromagnetic force (mediated by the photon) and the ek, to preserv& U(2) U(1) gauge
invariance in a uni ed model\[/einberg, 197} The degree of mixing between the two forces is
xed by the so-called weak (or Weinberg) mixing angle, at #apole and at lowest order in pertur-
bation, but obtains an energy dependence from higher ordeegses, resulting in the “running” of
the weak mixing angle (see Fig.8for reference). This is further explained in sectibi.

The predicted heavy gauge bosons were detected duringimgmes at CERN, in the early
1980's [Rubbia, 198pand also later 4Arnaudon et al., 1993and their measured massddy( =
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80:403 0:029 GeV,Mz = 91:188 0:002 GeV) correspond exactly (to within the small experi-
mental uncertainty) to the values predicted by the Stanhlodel. In general, the Standard Model
correctly predicts most current experimental resultssT$hconsidered to be one of the great scien-
ti c achievements of the late 20th century.

In its current form, the Standard Model combines the elecagnetic interaction, the weak in-
teraction, and the strong interactions. Quarks interactllithree forces contained in the Standard
Model (the force of gravity on fundamental particles is lgeamitted here, due its very small size

10 3 relative to the weak interaction). Leptons interact viaéhectromagnetic and weak inter-
actions, but not via the strong interaction, with the exicepof neutrinos, which interact via the
weak interaction only. The interactions are mediated bipuarexchange particles, such as g,
W and theZ® bosons mentioned above. A more detailed description of thrdard Model and
the particles it describes is given in the following section

According to the Standard Model, matter is comprised of sixetent “ avors” of quarks, which
include the up quarkuj, the down quarkd), the charm quarkd), the strange quarks), the top
quark ¢), and the bottom quarkby, six types of leptons, which include the electrehthe electron
neutrino (), the muon (), the muon neutrino (), the tau (), and the tau neutrino (), as well as
their respective anti-particles.

These particles all carry an intrinsic spin d2land therefore belong to the group of particles
known as fermions, obeying Fermi-Dirac statistics and thaliRexclusion principle. As far as is
presently known, these are all point-like particles andcargsidered fundamental in the sense that
none of them has been observed to possess intrinsic extétxs gas opposed to excited states
relative to each other). Thus, they are considered to be t& elementary particles of matter, and
are grouped into so-called “generations” according togasing mass (see Talilel).

Quarks are con ned in hadrons and cannot appear in isolatitedrons include mesons and
baryons and are the bound state con gurations of quarks —someonsists of a quark and an
anti-quark — a baryon consists of three valance quarks aoecalled quark sea. Ordinary matter

consists of electrons and two kinds of hadrons: protamed quark triplet in the constituent quark
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model), and neutron (a-d-d quark triplet in the constituent quark model). These arditjigest
hadrons we know and all heavier hadrons decay into thesénvatiio 2° to 10 1° second range
[Nakamura et al., 2010 Since the neutron is slightly heavier than the proton,e@ fneutron will
decay into a proton with a mean lifetime of 885.7(8) secondsmura et al., 20]0The neutron

is stable only in its bound state, inside nuclei. Many healigdrons (also known as hyperons)
are known to have existed for a brief period in the early Saafethe universe. Today, these are
routinely created in high energy accelerator collisionthey occur naturally in high energy cosmic
ray interactions.

Among these basic interactions, electromagnetic intenestare experienced by particles that
possess electric charge and electromagnetic bound stas¢siethe atomic level. The strong in-
teraction acts between quarks and anti-quarks and binds itite baryons (hadrons and mesons)
and is also responsible for binding hadrons into nuclei. Whek interaction gives rise to decays
(massive hadrons and leptons decay into lighter hadrondegtains, for instance). There are no
weak bound states.

Each of these three interactions is associated with a chérgesize of which sets the strength
of the interaction. The electric charge for the electronetigninteraction, the “color” charge for
the strong interaction, and the weak charge for the weakaatien. A given interaction between
particles occurs only if the interacting particles posdésscorresponding charge. For example,
quarks carry color, electric and weak charge, but leptohsaary weak and electric charge (except
for neutrinos, which only have weak charge). Thus, theraistrong interaction between quarks
and leptons.

The probabilities and rates at which a certain interactake tplace can be calculated by fol-
lowing the theory of the Standard Model. We can then test thadard Model by comparing the
measured results with the theory. As of today, the StandavdeVihas been tested and con rmed
at the 0.1% level in processes for which perturbation theoapplicable. The success of thisaet
was recognized by several Nobel Prizes in Physics for thisoand experimentalists. For instance,

the 1979 Nobel prize was awarded to theorists Sheldon Glgshiodus Salam and Steven Wein-
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berg for proposing the theory of electromagnetic and weggkactions, the 1999 prize was awarded
to theorists Gerardu$Hooft and Martinus Veltman for elucidating the mathemelttbeory that un-
derlies the model. On the other hand, the 1984 Nobel prizeawasded to experimentalists Carlo
Rubbia and Simon van der Meer for the detection oMheandZz® particles predicted by the model,
the 1976, 1988, 1990 and 1995 Nobel Prizes were given for ettpeeriments that corroborated as-
pects of the Standard Model.

Despite the fact that the Standard Model has had enormousssidhere are many reasons that
lead us to believe that the Standard Model is not a fundarinetary, as there are many parameters
in the model which have to be xed by experimental input, emtthan emerging as a result of
the theory itself. For instance, neither the size of any ef ¢bupling constants for the strong,
electromagnetic, or weak interactions, nor any of the qoatlkeptons masses are predicted by the
model. Other questions include why there are generatidmeg} of quarks and leptons which is
usually a sign of some higher symmetry, whether there isaioglship between the electro-weak
and the strong interactions, whether there is a relatipnséiween leptons and quarks (e.g. why do
the proton and the electron have exactly opposite eledtacges, but are so derent in their other
properties), what is the origin of CP violation, and naltixe obvious omission of gravity.

It is widely expected that there is a more fundamental théegond the Standard Model, and
there are many candidates (such as string theory basedsupsretry, for example). In order to
nd a successful theory, we need to test parameters witlenStandard Model that are sensitive
to new physics phenomena not predicted in the current mddet. weak charge of the proton is
such a parameter and the Q-weak experiment currently umageaivJe erson Laboratory is one
such important experimental test. As stated in the intrtatycchapter, the goal of the experiment
is to measure the proton's weak charge with approximatelycdftbined statistical and systematic
uncertainties and to extract the weak mixing angle at a mtumetransfer ofQ? = 0:026 (GeVc)?
to an accuracy of approximately 0.3%. This measurementimijiact our knowledge about the
quark couplings, provide a sensitive test of the StandardéVlap to the TeV scale and search

possible new physics beyond the Standard Model.
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2.2 The Electro-weak Theory and the Weak Mixing Angle

The main goal of this section is to provide enough detailhghat a clear de nition of the weak
mixing angle is obtained, in the context of the electro-wikedory. Wherever possible and available,
references are used to refer the reader to common thedreiatments and calculations, since a
complete theoretical treatment is beyond the scope of thgedation (see for example, reference
[Commins and Bucksbaum, 19¥3In-depth calculations are shown only in cases where pgiro
reference cannot be found. The following discussion usé&gina and concepts from standard text
book references such dslfirtin and Shaw, 2043

As mentioned above, the electroweak theory combines tlotr@feagnetic and weak interac-
tions. This is done in the framework of gauge eld theoried areans that the elds that describe the
particles interacting in this way satisfy bdth(1) (E&M) and S U(2) (weak isospin) gauge transfor-
mations. Under this combined gauge transformation fouggaelds emerge from the requirement
to keep the free matter eld Lagrangian (the Dirac equatiomriant under these transformations.
A direct consequence of this is the introduction of new temmts the Lagrangian, which involve

interactions between the gauge elds and the matter elds:

g, T W _; (2.1)

ig YB ; (2.2)
whereY andT are the generators of th#(1) andS U(2) gauge transformations,
da’Y P and 9T 0, (2.3)
respectively.Y is called the weak hypercharge and is de ned as

13, (2.4)
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with Q being the electric charge of a given particle in unitseahdl&v being the weak isospin. All
matter elds (except neutrinos) transform undgfl) but only left handed matter elds transform
underS U(2). The fundamental coupling constagtandgP set the strength of the interactions be-
tween the matter elds and the gauge elds and must be detexrdiby experiment. What is missing
from the Lagrangian (due to requiring gauge invariance)aasemass terms (terms proportional to
m?). Neither the matter elds nor the gauge elds have mass &edefore (as is) do not correspond
to elds that describe the real particles that are observed.

Mass terms are introduced into the Standard Model Lagrangathe mechanism of sponta-
neous symmetry breaking, also referred to as the Higgs mexthg(a detailed discussion of this
is beyond the scope of this thesis, but see for example refese[alzen and Martin, 19g4or
[Gri ths, 200§). The point of spontaneous symmetry breaking is that wihiieLagrangian itself
is required to be invariant (e.g. symmetric) with respe@ td(2) isospin transformations, the lowest
energy state does not have to be; and it is the lowest eneatgyatound which we do perturbative
expansions to calculate observables, etc. This conceptisin the Klein-Gordon equation (which
is valid for a spin-0 boson like the proposed Higgs) to pradtlee mass terms of the four gauge

bosons. The Klein-Gordon Lagrangian can be written as:
L=D YD + 2?32 jjT+V (2.5)
with a potential given by (an example of a potential is ilfagtd in Fig.2.1)
v= s g (2.6)

and with a kinetic term given in terms of covariant derivasiithat leave the Lagrangian invariant

underSU(2) U(1) transformations

D = @+ iz W ~ + ligOB : (2.7)
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Figure 2.1: Mexican hat potential — the potential graph efftimctionV =  2j #+ j j*
The solutions to Eqr2.5are complex isospin doublets
1(X¥)
x) = é: (2.8)

2(X)

For the chosen potential, the energy is minimized if

2

j P=ial ol o 2.9)

There are an in nite number of minimum energy states, but @mlg needs to choose one and in

doing so the chosen vacuum state breaks the isospin symmetry

(2.10)

NI =

0
(x) = é Do =)= o=
2(X)
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This is the Higgs vacuum expectation value and the correlpgrstate is

p— l O .
= 3 i E (2.11)

If this state is used in the kinetic term of the Lagrangian :
D YD (2.12)

with the de nition of the covariant derivative above, themeoobtains

1 q° ‘2
D YD =g 2B WW, + WAW, + g WP i (2.13)
and with the de nitions:
— 1 1, apn2 .
W = = W+ iw? (2.14)
W = 1513 whoiw? (2.15)

This turns into

The rstterm is the sought mass term for thé¢ bosons, with a de nition of the mass as

Mw

(2.17)

NI =
«

The second term is expressed in terms of the electro-wealgnmatrix. This matrix has the two

eigenvalues 0 and® + g2 with corresponding eigenvectorg®(g) and @; g respectively. The
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diagonal form of this matrix is therefore

0 0
io ) QE; (2.18)

g +g

and the unitary matrix that does the transformation intosfece where the matrix is diagonal is

0
g=+g

g o

When this matrix is applied to the second term, one nds

W3
w3 B sgig % i E (2.20)
g o”
gWe + gB
= p—— W+ gB ;W B i é% ? é;
g%+ ¢? 0 @+ X g®+a?Cyne ¢%B

Itis common to refer to the diagonal matrix that is obtaineth@ mass matrix for the neutral bosons

and the newly obtained linear combinations

A = R photon (2.21)

Z = p—— Z boson (2.22)

. : P—0——5 . , .
are the mass eigenstates with madges= 0 andMz = % 02 + g% respectively. With this, one

gets the kinetic term in the vacuum Lagrangian:

D YD :%2g2W+W +%zgm+QZZZ+OAA
1 1
= MWW +=MzZ Z + =MaA A (2.23)

2 2
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In the Standard Model, the weak mixing angle is then de ned as

=tan w: (2.24)

Q|

It uni es the electromagnetic and weak interactions bytietathe respective coupling strengths so

that pg02 +g2=1and

Z =W3cos w B sin w; (2.25)

A =W3sin w+B cos w: (2.26)

The weak mixing angle is the central parameter of the elegas theory, as it is directly related to
the coupling constants in the gauge theory (the paramefténe gauge transformation that directly
de ne the strength of the resulting interactiopsindg® and therefore de nes the weak charge of
the various particles described in the Standard Model. Tumemical value of the weak mixing
angle is 23154 0:00016 at the energy corresponding to thmass [bbiendi et al., 200]L

Note that the Higgs in the above Lagrangian would be obtdiyszkciting it out of the vacuum,

via a perturbation on the vacuum state:

1 ioé | 0 é (2.27)
-pE ' -p% h0 .

Therefore the above mass matrix not only de nes the masssténihe intermediate vector bosons,
but also de nes the strength with which these bosons coupllea Higgs.

We may rewrite Eqn2.14, 2.15 2.25 and2.26and obtain the gauge elds in terms of the now
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de ned intermediate vector bosons:

Wt = 1913 W +W o (2.28)
W? = 15'3 W oW (2.29)
W3 = A sin(w)+Z cos(w); (2.30)
B =A cos(w) Z sin(w): (2.31)

Egns.2.1and2.2then tell us that the interaction part of the matter eld $tard Model Lagrangian
can be rewritten in terms of the weak mixing angle. For thematgurrent interactions (the ones
involving the neutral vector bosons), which are the domirtarms in the determination of the

proton weak charge, one nds

Y+3 A sinw 0
h i
1 .
L =g, trese 1 QY+ 1)sint w Z L
Y $Asnw
h i
0 s 1+ (Y 1)si? w Z
- i’ w—
+gYsin w r  RA QYL W— o 7. (2.32)

COS w

The central concept in all eld theories is Lorentz invagarand this severely restricts the kind
of particle currents one is allowed to construct. The alldwerrents are categorized according to
how they transform under Lorentz boosts: scalar, vectartamsor. Additionally, these may also be
parity odd (switching sign under a parity transformationdl ghen perform dierently under Lorentz
transformations . These are referred to as pseudo-scpsasco-vectors and pseudo-tensors. Since
the intermediate vector bosons are Lorentz vectors they ttesouple to vector currents (to produce
Lorentz scalar amplitudes). Thus, we are left with two dalssbilinear currents: vector () and
pseudo-vector (5 ). The general interaction Lagrangian consists of a lineaegposition of

these, with arbitrary signs: (1  5) . Both of these combinations are observed for neutral
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currents, but currently only one combination is observegeerentally: (1 5) for weak
charged currents. This is referred to as YtheA (for vector minus axial vector) structure of the
electro-weak interaction and is one of the observed prigsedf nature for which the Standard
Model provides no theoretical explanation.

The presence of the pseudo-vector provides for parity tigrlan the electro-weak interaction
but theV A structure is purely based on observation and is “forced thé theory by separating

the elds into left-handed and right-handed components:

=5 9 233)

R= %(1+ 5) ; (2.34)

and only allowing for left-handed particles or right-haddmtiparticles. Since the charged interac-
tions are purely iso-vector and have only left-handed gerturrents, the three lepton and quark

generations transform as isospinors (indicated by thengase ) :

B O T Y

sUC 1 1MC

In addition, the neutral weak interaction allows all pdetscto form right-handed currents. How-
ever, right-handed neutrinos are not observed. The hypageHor all Standard Model particles is
given in Table2.2.

Restricting the remainder of this discussion to those gadithat are of relevance to the dis-

cussion of the weak charge of the proten;{;d; s) and using Eqns2.33and2.34in Eqn.2.32
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SUR2) U(1) electroweak Weak isotopic Weak Electric
uni cation particles charge hypercharge charge
Quark doublet up +1/2 +1/3 +2/3
do -2 +1/3 -1/3
Quark singlets UR 0 +4/3 +2/3
dr 0 +2/3 -1/3
Lepton doublet (e +1/2 -1 0
e -2 -1 -1
Lepton singlet er 0 -2 -1
Boson triplet w* +1 0 +1
W0=z20 0 0 0
w -1 0 -1
Boson singlet B 0 0 0
Speculative Higgs * +1/2 +1 +1
boson doublet 0 -1/2 +1 0

Table 2.2:SU(2) U(1) electroweak uni cation particles and charges

together with the respective hypercharge, one gets thenfisl expressions:

Le= 4cgs W_e 1 4sif w s IeZ gsin w o A ; (2.36)
Loz — 9 = 148G o Z +aisinu. WA (2.37)
UT I cos W U 3 wt 5 | u 93 Wy ul .
g - 4 ' 1. - .

These are the dominant terms of the Standard Model Lagnangiéch enter into the calculation
of the proton weak charge and the experimental observabte pdrity violating asymmetry in
electron-proton scattering. At the tree level (lowest oideerturbation), it is the interference be-
tween the amplitudes formed from the photon exchange podil the Z-boson exchange portion
of the Lagrangian that gives rise to the observed asymmeEtwywever, small higher order correc-

tions to this also include amplitudes involvivg exchange.
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Using Eqns2.1, 2.14, and2.15 it is easy to show that

L= SP 0 @ 9 W F=Tg @ 9 W (2.39)
Lus= Bz 0 @ 9 W —B=" @ 9 W' (2.40)

The lepton sector of the charged interaction couples masgtrand charged leptons and is not in-

cluded in the current discussion.

2.3 Weak Charges in the Standard Model

The general neutral interactions are usually written dawteims the vector and axial vector cou-

pling constangy andga, as well as the electromagnetic charge (see ERfor reference):

f f
2C0oSs w (gv gA ) ZO f
f f

Figure 2.2: The neutral current (NC) and electromagnetioect (EM) interaction vertices.

= + ’ X .
Li= Joos %22 * A (2.41)

where

J i (Gvi+oa ) s (2.42)

Jo Qi (2.43)
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The vector and axial vector coupling constggtandga, along with the electric charge and weak

isospin are listed in Tablg.3. To lowest order, the weak charges for the particles in tlaa&ird

Ov g Q I3
e 1+4sifw 1 -1 3
u |1 §sirw -1 % 3
ds| 1+4sifw 1 & 1

Table 2.3: The tree level electromagnetic and weak coupling
Model are de ned asl{akamura et al., 2030

1
Ci = SOV ; (2.44)

1 _
Ca = Son 1 4sit w (2.45)

The weak charges are listed in Talll€, together with the expressions obtained after all radzativ
corrections are applied ( see sectibfion radiative corrections). For the purpose of theoretioad p
dictions of the weak charge of the proton, the rst three psters in Tabl€.4 dominate. The re-
maining three parameters are related to the axial vectaglicmuwhich is also measured in charged
interactions. In terms of the parity violating asymmetrattts being measured, the connection with
theory is again the combination of these two types of cogglin

There are two possible combinations including the axiapting at either vertex (the electron
vertex or the quark vertex). As mentioned above, the Q-wepkrment elastically scatters elec-
trons from protons€ p! e p). This process is mediated either by the exchange of a Vidua
boson or by photon-exchange as in F2g3. At low energies (and at tree level) the heavy inter-
mediate vector boson dynamics can be largely ignored, pindwan e ective four-fermion contact
interaction between the electron and a given quark (sinoldhe four fermion contact interaction

for beta decay — the Fermi theory).
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Parameter Tree Level With Radiative Corrections
Cuy 3@ 3sifw) 3 AL § %S w)+
Cug 3( 1+ gsif w) 3 % 1+3 %in” w)+
Cis (1+4si® w) 29 1+3 %I W)+ s
Cou 31 4si? w) I @ 4si? W+ o
Cod (1 4sirt w) I @ 4si? W+ o
Cos 11 4sir? w) 11 4siP w+ o

Table 2.4: The weak couplings at tree level and with highdeocorrections.
e q e q
>\< >‘Z<
e q e q
Figure 2.3: The two possible tree-level amplitudes (loveeder in perturbation) contributing to the

interaction between an electron and a quark.

In general, the amplitude & boson exchange with an individual quark is:

|
L2 ig ? é qq | é |
M 2  2cosw : M2 2 M2 Iz (2.46)

In the limit that the four-momentum transfer is small conguhto Mz, i.e.,j 9 j Mgz, one

can neglect the-dependent terms in the propagator, and the interactiamcesdto a four-fermion

contact interaction, leading to the ective Hamiltonian density

2
HMC=iM= —2
8Mz cos w

ef

G
3 3, = -p%Jz J, (2.47)
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with the Fermi constant de ned as

Ge _ ¢ _g+g”
== 5= > (2.48)
2 8My, 8MZ
Therefore, the eective neutral current four-fermion operator is
NC _ .y Nc_ CF .

Using Eqn.2.42, Eqn. 2.49 can be decomposed into Lorentz vector componektég) V (e
andA(g) A (e), and axial vector component¥:(g) A (e) andA(g) V (€). A Lorentz vector
conserves parity and an axial vector violates parity. Nziylg the parity conserving terms which
have no contribution to the parity violating interaction @itude, and replacing thgy and ga

couplings with the weak charges, one is left wittakamura et al., 2010

PV Ge X M - 5 eq 5 !
Leg = $= Cige seq gq+Cye e q : (2.50)
2q=u;d;s

For the purposes of a proton weak charge measurement tHecanjaing at the quark vertex
needs to be suppressed. This is done in the Q-weak experay@nparticular choice of kinematics
including energy and scattering angle (see se@iémnd sectior8.1on the electron scattering and

experimental setup).

2.4 Weak Charges of the Proton and Neutron in the SU(3) Quark
Model

As mentioned above, the Q-weak experiment elasticallytessapolarized electrons from unpo-
larized protons. This process is mediated either by exahafi@ virtualZ°® boson or by photon
exchange as in Fi@.3.

The lowest order eective weak Lagrangian for the parity violation part of aeatlon-nucleon
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interactions is given by

G _ —
LPY = -p%giQ\Le sef f: (2.51)
or in terms of quarks as:
v Geo X =
Leq = Lo Ciq o (2.52)

q

which is Eqn.2.50 after neglecting the contributions @f(g) V (€) terms. The coupling in
Egn.2.51is the weak charge of the nucleon. In the SU(3) quark modelntitleon can be de-
composed into quarks of the three lightest avors and theeriircan be separated into isoscalar,
isovector and strange quark current parts. Thus the rel&titween the weak charge of the nu-
cleon and the quark weak couplings can be obtained througha¥wor decomposition. This is
discussed in more detail in the referencetifolf et al., 199, [Commins and Bucksbaum, 1983

and [Greiner and Muller, 20(JL In general, the weak charge of a fermion is then given by

Ql, = 20! =21 4Q;sir? w; (2.53)

wherel3f is the 3rd component of weak isospin &Qgis the hypercharge. At tree level, for instance,

the neutron has weak chargé and the proton's weak charge is
Q=1 4sirf w; (2.54)
which can be written as a linear combination of the quark togp introduced above:
Qi (SM) = 2(2Cy, + Cag) (2.55)
The Standard Model coecients take the value$lpkamura et al., 200

Cu=2= 0:09425 0:00010Q (2.56)

C1g=2 =+0:17070 0:00008
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for up and down quarks, respectively, so tQgf 0:0712.

2.5 The Parity Violating Asymmetry in Electron-Proton Scattering

At low energies particles undergo weak interactions musk feequently than they do electromag-
netic interactions, because the interaction rates depeiideomass of the exchanged patrticle — the
W andZzP bosons are very heavy and this mass& makes the interaction at low energies weak
and short-ranged. It is this short range behavior that mtieesveak interaction appear so weak
at lower energies. Note however that, at higher energiemhen shorter distances are probed, the
weak interaction is stronger than the electromagneticgacteon and a “probing” particle is much
more likely to interact weakly than electromagnetically.

The small size of the weak interaction makes precision mreasents of electro-weak observ-
ables challenging. However, discussed in the previousosecand as outlined in sectidh?, such
measurements can provide important insight into new physicerve as a precise con rmation of
the Standard Model.

Je erson National Laboratory in Newport News, Virginia, USAhg world's premier electron
scattering facility. The high beam luminosity and polati@a and high (parity) quality electron
beam make Jesrson National Laboratory the facility of choice to perfohigh precision parity
experiments with high energy electron beams.

The following sections contain a review of the parity violgt electron scattering (PVES)
methodology and provides a derivation of the connectionveeh the measurement observable,
the parity violating asymmetry, and the weak charge of tloegpr.

The basic electron-nucleon elastic scattering proceskhaars in Fig.2.4. For a relativistic
electron, the total energy ' p. So for elastic scattering, by energy and momentum consenya

we have
_ P1 )
B P1 '
+ —
1 (1 cos)

P3 (2.57)
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nal: [P3s=(psiiE3)] e N [Ps=(ps;iEa)]

initial: [P1=(p;iE1)] e N [P2=(p2;iE2) = (0;iM)]

Figure 2.4: Process of an electrenelastically scattered from a nucledh The kinematic infor-
mation for the electron and the nucleon is speci ed by theindmenta (a 4-momentum is de ned
asP = (iE; p), wherep is the 3-momentum of the particle aidis its total energy). We de ne the
initial e andN 4-momenta a®; andP,, and the nale andN 4-momenta a®3; andP,4. The rest
masses for the electron and the nucleonmaand M (m << M), respectively. A scattering angle
(not shown) is de ned as the angle betweggyandp; in the laboratory frame.

The 4-momentum transfé& between the incoming and outgoing electron is de ned as

Q P1 P3=i(E1 E3)i(p1 P3) : (2.58)

we have

Q*= (E1 E3)’+(p p3)*' 2E1Es(l cos): (2.59)

or (in terms of 3-momentum)

Q@ o =4pipssint 5 (2.60)

As mentioned above, the process of an electron scattermg & nucleon is a parity violating
process. The parity violation arises through the interfeeebetween the weak neutral-currer? (
exchange) and the purely electromagnetic contributiorteedransition amplitude (i.e., there is an
interference term between parity-conserving (PC) andypsidlating (PV) amplitudes due to
andz? exchange. See the discussion about combinations of thenarad axial vector couplings in
section2.3).

In the Born approximation (tree level), the amplitudes far €lectromagnetic and weak neutral
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currents are given by:

e
Gg .
Mz = EpF—EJZJZ : (2.62)

From sectior2.3we know that the matrix elements of the electroweak and wejadohic currents

are given by
j = Ue(ps) Ue(p1); (2.63)
j7 = Ue(Pa)(@) +0a  5)Ue(P1); (2.64)
J =un(ps) un(p2); (2.65)
J; = un(psa) ZUn(p2) : (2.66)

where

A ZMq F,N(@): (2.67)
= PN+ RN @) RN (2.68)

F, is the Dirac form factor ané is the Pauli form factorGa is the axial form factor. The form
factors are introduced to encapsulate the internal streicifithe nucleon. The weak couplings in
the hadronic current have been absorbed into the form fackarand F, can be related to Sachs

Form Factors$achs, 196

Ge(Q) = F1(Q) FoAQ%; (2.69)
Gm(Q%) = F1(Q) FaQ?Y); (2.70)

which are the Fourier transforms of the charge and magnietizaf the nucleon. The nucleon form
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factors play an important role in the PVES asymmetry exjwass Therefore, it is instructive to
give some details here.

In the Standard Model, the nucleons are comprised of quaikglaons, as well as virtual quark
anti-quark pairs. The electromagnetic and weak form faatontain contributions from the various
quark avors in the nucleon. Neglecting heavy quark conitiins to the nucleon EM structure
the proton and neutron are comprised ofid) and (idd) and a small fraction ofiu, dd andSs
con gurations (I, d and s are the up, down and strange quarks). The form factors carawar-
decomposed as a sum of avor form factors weighted by their &id weak charges respectively
as

X _ X X
Fh=  QF Fi= gF;  Gi= aG (2.72)
j j j
where QJ, g\j/ and gL are the electric, weak vector and axial vector charges farlquavor j,
respectively.Fl;jz, Ff’z andGij are the Dirac, Pauli and axial form factors for quark avorThe
vector currents for individual quark avors can be made iit=d in the EM and neutral currents

by factoring out the charges. Therefore one canEt}seF; which are common td* " and 3, ™.

Egns.2.65and2.66can then be rewritten as a sum of the underlying quarks dsgresn

" #
X .
_ i | i
I =) Q Fl L] un(pa): 2.72)
b ! #
N Y S - N B Y
L=0np) o Flr hF +ghGh s un(po) 2.73)

J

Using the Tabl&.3, the vector form factors in EqR2.71can be written out explicitly as

2 1 4 _

Flo=3Fl2 3 Flo* Fo s | (2.74)
8 ., 4 .,

Ff,= 1 §sm2 wFi, 1 §S|n2 w Fl,+F, (2.75)

1The contributions of heavier quarks are negligible as tfezg@nscale of Quantum Chromodynamics (QCDycp
is 200 MeV, and the next lightest quark after the strangekg(weith a mass of 95 Me¥¢?) on the mass scale is the charm
with a mass of 1.25 Gel®.
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or equivalently,

. 2 1

Gily = 3Gem 3 GE;M +Giy , (2.76)
) 8 . 4

GE'R'A =1 §sm2 w Gky 1 ,\—%sm2 w Gy +Giy (2.77)

whereGY

EM G%;M andGg,, are the electromagnetic form factors corresponding taitfieand s

quarks in the nucleon. And the axial form factor in EgGrv.1can be written out explicitly as
GZ= GY+GY+GS: (2.78)

Eqns.2.76— 2.77 are generic for the nucleons. To apply them to the proton atrae, one
can add nucleon species superscriggo n) on the form factors. Similar to the nucleon Sachs
form factors, the form factors for a given quark avor, mplied by the quark's electric charge,
correspond to the Fourier transforms for the charge and etagtion densities (in the Breit frame
— center of mass frame) of this quark avor inside the nucle@me should note that each avor
form factor includes both the quark and anti-quark contidms. For nucleons the andd avor
form factors contain contributions from both the valencd sea quarks, whereas theavor form
factors arise purely from thss sea.

Charge symmetry of the strong interactibimplies that:

Gd;p _ Gu;n

up _ ~dn .
G G EM ™ YEM’

Sp _ ~Sh .
EM ~ PEM Gem = Gz?n'\/' : (2.79)

where thes avor form factor is the same for both neutron and proton. Tneaking of these
equalities is generally at the level of 1% or le&&l[er, 1998]. Given the experimental precision,

charge symmetry violation can be generally neglected. $teoting charge symmetry violation,

2A good symmetry of the strong interactions is charge symynathich states that in exchanging th@i) and d(d_)
quarks, a proton becomes a neutron, and vice versa. In otireiswthe ; d) quarks in the proton are in the same wave
function as ¢; u) quarks in the neutron, and the strange quark wave functibtie proton and neutron are identical.
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Eqgns.2.76- 2.77can be rewritten for the proton and the neutron as:

Gib = 26Ly 5 Glu*Giy (2.80
Gey = %G%;M % G;I%;M + GE;'M ; ; (2.81)
GZP, ="1 gsinz W#GE;M "1 gsinz W# GLy + Gy (2.82)
Gz, = 1 gsinz w Gy, 1 gsinz w Giy+GEy - (2.83)

The avor form factors are normalized &2 = 0. The charges of the quarks are factored out,

the electric avor form factors represent the net numberghefquarks. Therefore we have
GL(0=2 Gl)=1 Gi()=0 (2.84)
These lead to the weak charge of the proton and neutron:

Q) =GEP(0) =1 4sif w; (2.85)

Qy=Gg"(0)= 1 (2.86)

The electron scattering cross-section is givenligifin and Shaw, 208

|
d Es 2.,
4 - IMQZE iMj < (2.87)

where the square of the scattering amplitude is given by
MiZ=iM +Mz =M +2RM Mz)+[Mz: (2.88)

jM j2 is the electromagnetic scattering probability, resultimly from photon exchangéM zj? is
the weak scattering probability resulting only from Z-bogxchange. Due to the large mass of the

Z-boson, this term is very small compared to the other temuscan be neglected M z and
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M M are the interference terms and give rise to the parity vigdatignal, due to the presence of
the axial vector coupling in thil z amplitudes.

The cross-section for electromagnetic elastic scattesfrrglativistic electrons from a nucleon
(accounting only for one photon exchange, but see refergiiceden et al., 2005for the discus-
sion about two photon exchanges) is given by

d _ Es® 0 .
- WoE iM 2 (2.89)
which, in terms of the electric and magnetic form factorshef mucleon, is given by
d _d GE+ Gi 2
- = + - .
5 T wex 1T 2 G, tan22 : (2.90)
where
QZ
YIVE (2.91)
and
2 0 2 -
d _ (=) E 02(=2) = (~¢ )?cog(=2) (2.92)

d wmot  4E2sirt(=2) Eo © 4EZsint(=2)[1 + 222 sir?(=2)]

( isthe ne-structure constant).

The di erential cross-sectioﬁ— vott describes the cross-section for electrons scattering from
a point-like spin-0 target with recoil correction. The Sdohm factorsGeg and Gy, are functions
of momentum transfer and are very well determined by expamniQatian et al., 2005 They
describe the static distribution and motion of electricrgkainside the nucleon, i.e., they provide
a description of the electromagnetic structure of the rarcldn the limit asQ? ! 0 (low energy
limit), Gg is equal to the normalized electric charge & coincides with the magnetic moment.
The di erential cross-sectioﬂ— depends on the fourth power of the electric charge since it is
proportional to 2, and the electromagnetic coupling constaris proportional toe?. The form

factorsGg andGy determined from “ordinary” (parity-conserving) electracattering should really
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be denoted a6, andG,, to emphasize that they are electromagnetic structureiturscprobed by
photon exchange.

The interference term in Eg&.88can be isolated by measuring the PV cross-section asymmetry
in elastic scattering. For a parity violation experimehg initial beam is de ned by two properties:
the particle momentum and the angular momentum. Both velétir orbital) angular momentum
with respect to the target particle as well as intrinsic dagmomentum are important. However,
while every e ort is made in the experiment to reduce the former to as clogero as possible,
the latter is maximized in a controlled way. The intrinsigalar momentum, or spin, refers to
the magnetic moment of the particle and is mostly longitatfor relativistic particles; meaning
that it is oriented either along the direction of particlenmemtum (right-handed helicity) or against
the direction of particle momentum (left-handed helicityhlelicity does not change sign under
a parity transformation, while momentum does. So a strioghiird way to “prepare” a parity
transformation is to reverse the helicity of a particle whiteping its momentum constant. For this
to be e cient, a goal of the experimental setup is to have the beahectrens maximally polarized
(prepared in states of well de ned helicity at any given pomtime), while the target particles are
prepared with zero average polarization.

The parity-violating asymmetiépy is de ned as the dierence between the number of scattered
electrons for one helicity state and the number of electszastered for the opposite helicity state,

divided by the sum of the two contributions:

d  d
d d
Apy= —R L. 2.93
PV = — T (2.93)
- + —
d d

where the subscriptll” and “R” refer to the electron beam helicity.

The weak neutral amplituds! z can be decomposed into a parity violating part and a parity



Chapter 2. Theory and Experimental Observables 32

conserving part, i.,eM = M5C+MPEV thus

- M M5V m M5V 5 04
VTIM Zrom MEVeMEVE M 2 (2.94)
where the parity conserving part is canceled out in the dogadidi erence. This leads to
! N N N
GeQ? ga "Ge GE'+ Gy G + iy GF"
APV = P= 2 2 ; (295)
4" 2 " GEN + GMN
where
=[1+21+ )taf(=2] 5 °=[ @+ )@ A (2.96)

are kinematical quantities withthe electron scattering angle in the target rest frame. Thatiy
Apy is the asymmetry in the cross section for elastic scattarigngitudinally polarized electrons
with positive and negative helicities, from an unpolarireatieon target.

Eqn.2.95is valid for all nucleons. For a proton targetthis in turn can be expressed, by using
the tree level electron vector and axial couplingg € 1+ 4sir? , andga = 1), as:

! z z : z
Ao = GpFQZ GG’ + G\JGY (1 4sirf w) OGMPGA":
42 G2+ (Gy)?

(2.97)

The Sachs weak neutral form facto’Eép(Qz) and Gf,lp(Qz) are introduced here to describe the
proton's electric and magnetic structure as probed byztlson. TheQ? ! 0 limit of GE(QZ)
gives the proton's weak charge.

Egn.2.97can be expressed in terms of the electric and magnetic fartoréaof the proton((sEp
andGMp), the electric and magnetic form factors of the neutr@@”(andGM”), the strange electric

and magnetic form factor$G€ andGy, ), the neutral weak axial form factor of the protc@i{’) by

3Use of a proton target @rs the simplest possible system on which to perform a losvegnsearch for new neutral
current physics in the semileptonic sector. As in the caseofron -decay, a combination of measurements (lifetime and
asymmetry parameter) allow one to perform an extractiomefcharged current vector coupling constant with minimal
hadronic complications.
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using the relations obtained from Eqs30—2.83

GEP=(1 4sif WG G GY; (2.98)
GiP=(1 4sirt WG, G, Gy (2.99)
GP= Gh+GS: (2.100)

One can then recast the asymmetry in the form

Apvie ) = fp;iz Ao+ Aot Ag+ A (2.101)
with
Ap=1 4sin,=QY; (2.102)
An= QY G(EGpji: (GGM;(;“’T ; (2.103)
A= Q5 G(ép;)%: (GGM:AS)E" ; (2.104)
Ae= QY ecH (2.105)

G2+ GPR

whereQ\‘;v, Qly» Qfy» andQy, are the proton weak charge, neutron weak charge, strandechaae

and electron weak charge, respectively.

The asymmetry (Eqrk.97) can therefore be rewritten as:

Apy = 4—6%[Q2Q5v NICDE (2.106)

whereFP is aQ?- and -dependent form factor, combining all hadronic contribng to the asymme-

try [Musolf et al., 199} [Erler et al., 200R At low momentum transfer (forward-angle scattering
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where ! 0, ! land 1), the above asymmetry equation can be rewritten as:
G
Apv(e P) = b5 QQ) + Q'BQ) : (2.107)

B(Q?) is a hadronic form factor term that contains the form fac®g, G,, andGZ, G,. Note that,
at low momentum transfer, tr[e\‘,’v term dominates and that under these kinematic conditibies, t
asymmetryApy is proportional tonQ\‘,’v. Therefore, neglecting radiative corrections, the legdin
term in the equation is simpig;,, = 1 4sirf . Thus, if the parity-violating asymmetrpy and
momentum transfe®? are measured very precisely, and the hadronic form factersxrapolated
from other experimental results (for details, see refexdiioung et al., 200]), the proton's weak

charge and hence the weak mixing angle can be determined.

2.6 Electro-Weak Radiative Corrections and the Running of he Weak
Mixing Angle

As shown in the previous sections, the value of the weak migingle ultimately determines the
strength of the weak interaction. However, as mentioned@bad shown in Fig2.8, this value is
not constant. To gain an understanding of why the value ofviek mixing angle (and therefore the
strength of the weak interaction) varies with energy, instiuctive to rst consider the analogous
e ectin the electromagnetic interaction.

The strength of the electromagnetic interaction is pararnzsd in terms of the ne structure
constant , since it is directly related to the electron charge — thepting constant in the quan-
tum electrodynamics (QED) context, and= €=4 . At low energy, corresponding to atomic
distance scales and above, the strength of the ne structomstant is measured to be 1=
137.035999084(51) Hlanneke et al., 2003 However, it has been experimentally veri ed that the
value of changes as the electromagnetic interaction is probed egasingly higher energies

(e.g. E = 1274 21 at 193 GeV) fbbiendi et al., 200} This variation is consistent with
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theory and is explained in terms of radiative correctionQED. In QED, the interaction between
particles is described in terms of virtual photon exchan@Qeantum mechanically, the amplitude
for observed interactions is a sum of all amplitudes forstidguishable (not directly observable)
processes, which includes all possible combinations aftrele-positron pair loops as a result of
virtual pair creation and annihilation. Each additionabgocorresponds to a higher order in per-
turbation and is referred to as the next order in radiativeection. The combination to all orders
in perturbation gives the interaction strength an energyeddence and produces the theoretical
prediction for the “running” of the ne structure constasie€ references/andl and Shaw, 1944
[Bjorken and Drell, 1991. Conceptually, this process may be envisioned as vigithatons form-
ing a photon cloud around the particle since they are coalijnemitted and reabsorbed. These are
then envisioned to temporarily transform into virtual &len-positron pairs that will be polarized
in the eld between the interacting charged particles (thxalled “vacuum polarization” eact).

The polarized electrons and positrons behave like a diedeantd produce a screeningect on
the bare particle charge. The screening@ is probed to a dierent extent at dierent distances
from the bare particle and thus leads to an energy depenaenaction strength. Radiative correc-
tions would account for the variation of the ective QED coupling ( 2) with energy scale, to
high precision, using perturbation theory techniques.

The same property is observed for the strong interactiorergvithe coupling strength varies
with energy due to gluons and quark anti-quark pair creadiath annihilation. However, contrary
to the photon, the gluon eld is a Yang-Mills eld (meaningugins carry a charge and can therefore
interact with each other) and the radiative corrections ats® include gluon loops in addition to
fermion (quark) loops. Together with the fact that gluorssdascribed in the Standard Model, are
massless (like the photon) this leads to asymptotic freeadrith means that, at very high energies,
or small probed distance, quarks are quasi-free and pattartheory can be used at high energies
only (see a discussion in referencarpss and Wilczek, 1973

In the weak interaction the intermediate vector bosons ageribed by Yang-Mills elds as

well and the radiative corrections here also include bosopd, as well as fermion loops. However,
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in this case the bosons are massive and perturbation thaotyecused to all orders. In addition one
now also has diagrams, in which both one or more photons aa@diomore heavyV or Z bosons
are exchanged in the same amplitude. One such example is-taled Z-box diagram as shown
in Fig. 2.5. Several classes of radiative corrections to electroweslniifies are summarized by
Langacker in reference.{ Pwhere typical diagrams are given, as shown in Rig,

2.6and2.7.

7

Figure 2.5: Typical reduced QED correctionsztexchange. Vacuum polarization diagrams are not

included.
e \\
\\ ’/

Figure 2.6: Typical one-loop self-energy diagrams, alsovkmas vacuum polarization or oblique

diagrams.

Figure 2.7: Electroweak vertex and box diagrams, involwivigndZ bosons.
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The weak mixing angle is uniquely related to neutr&?)(boson currents and the radiative
corrections related to-Z amplitudes in particular cause the change of the weakngiaingle with
respect to energy (see referenéel¢r and Ramsey-Musolf, 200)b This phenomenon is known
as the “running of the weak mixing angle”, which is a predintmade by the electroweak theory of
the Standard Model.

The curve in Fig2.8shows the variation of the weak mixing angle with energyescatogether
with the existing world data, verifying the running and soofi¢he proposed future measurements.
High energy measurements in electron-positron collid@egrments at the Z-pole x the value of
the weak mixing angle at the energy corresponding to the wifadse Z boson. The deviation of
the weak mixing angle from this value with energy is a restithe radiative corrections discussed
above. The turning point of the curve corresponds to the ntunetransfeQ = My. The Standard
Model predicts a shift of#0:007 of sirf \ at low momentum transfer with respect to the Z-pole
best tvalue of 023119 0:00014.

Accurate measurements of the weak mixing angle at varioey&s therefore provide a strin-
gent test of the Standard Model. Electro-weak radiativeeotions are calculated to high precision
and the line thickness in Fi@.8 represents the uncertainty of the theoretical calculatichhere
continues to be signi cant eort in further improving the uncertainty on these calculas (see ref-
erences $ibirtsev et al., 201J0and [Gorchtein and Horowitz, 20QR Therefore, if the precision in
a weak charge measurement is high enough and theoreticaftaimties do not pose a barrier to
interpretability, a statistically signi cant deviationrebveen the prediction and experimental value
will indicate possible “new physics” that is not includedtive current model.

There are several ways in which the Standard Model parasmederbe represented in the pres-
ence of higher-order radiative corrections. The authoteefeferences\Jarciano and Sirlin, 1943
[Marciano and Sirlin, 1984vho computed the (Z ) contributions af)? = 0 parameterize the elec-

troweak radiative eects in terms of parameters and such that the couplings of fermions in the
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Figure 2.8: Energy scale dependence of the weak mixing asigtew de ned in the modi ed
minimal subtractionjIS) schemelfrier and Ramsey-Musolf, 200kIshowing the current situation
and ongoing Q-weak experiment and other proposed expeigmen

presence of higher order corrections can be rede ned as:
Ql,= @I 4Q¢ si® w)+ : (2.108)

At the tree level, one has= 1= and ; = 0. Including the radiative corrections, the proton's

weak charge takes the forraijer et al., 200
Q\[/)v: [ net [ 4sir? AW"‘ 8]+ wwt zz+ z: (2.109)

The theoretical uncertainties of the proton's weak cha@&,)(determination from dierent
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source Qh=Ql, reference

uncertainty of sif \y determined from 0:8% [Erler et al., 2008

experiments at th&-pole ( sin® w(Mz))

hadronic contributions to the 0:4% [Erler et al., 200B

running of sif w ( sin® w(Q)nardonid

charge symmetry 0 Hrler et al., 200B
strong corrections toZ-box graphs 0:7% [Erler et al., 200B
7% [Gorchtein and Horowitz, 2009

6:6'52%  [Sibirtsev etal., 201
80 13% [Rislow and Carlson, 20]0
7.6 2:8% [Gorchteinetal., 2011

strong corrections tdVW-box graphs 0:1% [Erler et al., 200B

strong corrections tdZ-box graphs 0:01% [Erler et al., 200B

Table 2.5: Theoretical uncertainties for the determimatibthe proton's weak charge in the kine-
matics of the Q-weak experiment. The radiative correctiand the corresponding calculation
uncertainties of radiative corrections are compared tovdiee of the proton's weak charge of
Q\’fv = 0:0713 0:0008 that includes Standard Model contributions at treel lamd one-loop radia-
tive corrections.

source are summarized in Taties. As mentioned beforeQ\’,’v will be determined by measuring
the PV asymmetry and beyond the tree level, the PV asymmetrydceives corrections from
higher order radiative eects, such as vertex corrections, wave function renoratiiz, vacuum
polarization, and inelastic bremsstrahlung, which arel Webwn and included in standard data
analysesTjon et al., 200} The calculation in referencé-[ler et al., 200Bshowed that the eects
of strong interaction corrections to tM¢W and ZZ box graphs are well below the one percent
level. Less well determined are radiative correctionsragifrom the interference of Born and TBE

(two boson exchange) diagrams, both electromagneticand electroweak ) [Tjon et al., 200}

There are large discrepancies of current calculationshier Z-box graphs (as seen in the Table
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2.5). For example, the most recent calculation Byp[chiein et al., 201]lgave a correction to the
asymmetry equivalent to a shift in the proton weak chargdd®064 0:0020) at the kinematics
of the Q-weak experiment. The shift changes@i’v@value by 7.6%; the latter uncertainty leads to
a relative uncertainty of 2.8% in the determination of thetpn's weak charge. They obtain a new
Standard Model prediction for tr@\‘,’v in the kinematics of the Q-weak experiment ofQ067

0:0008 0:002072).

2.7 Q-weak and New Physics beyond the Standard Model

Precise measurements of the running of the weak mixing atglarious energies constitute tests
for physics beyond the Standard Model, as far as the cuilienty makes precise predictions of the
measured observable. To test the running of the weak mixiglpaone can conduct measurements
of observables which are related and sensitive to chang® iweak mixing angle. To date, the
running of the weak mixing angle, as predicted by the Stahtiéodel, has been con rmed, but
not at high precision. Compared to theoretical predictidghe running is not particularly well
constrained experimentally, as seen in R

The measurements performed at LEP.breu, 1993[Ackersta , 1997 [Abbiendi et al., 200p
and SLC® [Abe et al., 2000p[Abe et al., 2000p[Abe et al., 200]. near the Z-pole are the most
precise measurements of the weak mixing angle. The othee tmeasurements at lower energy,
APV (atomic parity violation) Qf, (SLAC E-158) Mgller (electron-electron) scattering, arDIS
(NuTeV, deep inelastic neutrino-nucleus scattering},ttes“running” with roughly the same large
uncertainties on the extracted value of’siy. The APV experimentfennett and Wieman, 1999
measured the weak charge of the Cesium nucl®ugC 9)) by exploiting parity-violating eects in
atomic Cesium, then extracting the weak mixing angle at \@myQ?. However, the reliability of
the result for siA \ is subject to theoretical atomic structure uncertaintiesisey-Musolf, 1999

A recent high-precision calculation of parity violationancesium atom was carried out by Porsev

4The Large Electron-Positron Collider at CERN (Europeandratory for Particle Physics at Geneva, Switzerland).
5The Stanford Linear Collider.
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et. al. [Porsev et al., 200Q9who combine previous measurements with calculationsexii@ct the
weak charge of the 133-Cs nucle@y(Cs) = 73:16(29)xp20)neon reducing theoretical uncer-
tainty by a factor of 2 compared to previous evaluations. Nti&eV experimentieller et al., 200p
(done at Fermilab) extracts the value of%sig at 3 GeV from deep inelastic scattering of neu-
trinos from a BeO target. The result has a slightly greatecipion than the one from atomic parity
violation, but the contributions and uncertainties from thdiative corrections, and possible isospin
symmetry violation can not be clearly interpreted yebrjdergan and Thomas, 2(05The E-158
experiment at SLAC/4nthony et al., 200[Anthony et al., 200]; which reports a measurement
of the weak charge of the electro@Y), is a parity violating Mgller scattering (electron-elect)
experiment at low momentum transf&pq = 0:026 Ge\?). The extracted value of Siny, within
statistical and systematic uncertainties, is consistettt thhe Standard Model expectation. Due to
this being a pure leptonic measurement, it has a very clgarpiretation, since hadronic uncertain-
ties are largely absent. However, the experimental uringytss still too large to signal new physics
or put signi cant constraints on the current model by itgqélfe implications of this measurement
are discussed in referenceqarnecki and Marciano, 20))0

The current situation motivates the preparation of new drigitecision experiments to deter-
mine sirf w at low energy to complement the Z-pole measurements. Thegkwollaboration
at Thomas Jeerson National Accelerator Facility is currently running experiment which will
precisely measure the parity violating asymmetry in etaskectron-proton scattering to infer the
proton's weak charge and hence the weak mixing angtexhmura et al., 20](Page et al., 2006
[Qweak-Collaboration, 20Q4As a fundamental property of the Standard Model, the pretoveak
charge has never been precisely measured. The Q-weakraepemvill provide the rst precise
measurement of the proton's weak charge.

To lowest order in perturbation theory, protons and elesrbave equal and opposite weak

charges: Q)Y = (1 4sir? ). This implies, for the extraction of siny from the weak charge
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measurements, that the uncertainty in the weak mixing asgle

. 1 e 1 QW o 1 QF .
sir? w = Z Q\r/)\’/e: Z Qp;e Q\r/)\'/e: Z W 1 A4sir? w - (2.110)
w w

The value of the weak mixing angle, 8iny, is numerically close to 0.23, which means that
(si® w)=si® w ' 0:087( Q{’=Qf¥) and small changes in giny make a big dierence on

Q\’,’v. Consequently, the factor2 makes a weak charge measurement on the proton or electron

particularly sensitive to deviations arising from new ghg% In contrast, the APV experiment

measurew(Z; N) for a heavy atom; due to the dominant neutron contributimnthe atom's

weak charge, the observatﬂ;é,’v is suppressed; the required experimental precision foARé is

about an order of magnitude larger than needed for direcgsuring the weak charge of proton

or electron to extract sfn to comparable accuracy. Moreover, the theoretical uricéiga in

the interpretation of parity violating elastic scatterimgiow Q? are small, which makes the parity

violating elastic scattering asymmetry interpretable aswa physics probe.

Comparing with the SLAC E-158 “e-e” scattering experimehée proposed)\‘,’veak“e-p” scat-
tering experiment will be performed at similar momentunmsfar, but with higher precision,
and signi cantly smaller statistical and systematic uta@ties. The Q-weak experiment aims
to reach a 4% measurement (Q\f,’v, which corresponds to an uncertainty 0f0:0008 in sirf
( (si? w)=sir® w 0:35%); the E-158 experiment has a combined statistical asisyatic un-
certainty of 9%, which corresponds to an uncertainty 60018 in sid w ( (sin® w)=si® w
0.79%) [Anthony et al., 200k

The sensitivity to new physics in terms of méassipling ratios can be estimated by adding a
new contact term to the electron quark Lagrangian (Egb2. New physics is then incorporated
by adding to the Standard Model Lagrangian a term of the fatrie[ et al., 200F

¢ - _—
L R = 7736 € haq o (2.111)

61t should be noted, however, that there areetlent radiative corrections @}, andQg,. As a result, the measured
values are quite dierent at lowQ? (Qfj, = 0:0713 0:0008 andQf, = 0:0403 0:0053 [Nakamura et al., 200



2.7. Q-weak and New Physics beyond the Standard Model 43

wheregis a new coupling constant, which sets the strength of thploaubetween quarks, leptons,
and possible new gauge particles with masses up. tdhe quark-speci ¢ coe cientsh@ are pro-
portional to the weak charges associated with possible neakwphysics. So the full Lagrangian

including the Standard Model and new physics can be writsen a
PV _ | PV PV .
L™ =Loy+Lnew: (2.112)

Including new physics, the measured weak charge is relatdttheory prediction according to

A Q® QM (2.113)
thus,
hew: QUXP (2.114)

since the SM errors are relatively small. Using the aboveadm=gjan expression for new physics in
Eqn.2.111 the statistical signi canceS) associated with the observation of a deviation from the

Standard Model prediction is

2
9_ng
s=4°"". (2.115)
GF Exp
é W
whereQg,, = 2(2h! + hd). On rearranging terms this yields
1 1 1
2 - (2.116)

?Q8, 2 2GS QEF’

The theoretical prediction is that the interaction strbrigiargely determined by and that the

couplings are of order 1. So taking Eghl16and settingnggW! 1, we nd

1 1

= o

= g EXp:2:3 TeV (2.117)
2 26 2 Qy
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for a 4% measurement @\‘,’V at 95% con dence level (CL). This result should be interpcetis
of order a few TeV. Fig2.9 shows a model independent mass limit with respect to ther alen
pendence of the relevant potential new physics. Therefodo Q-weak measurement could, for

example, see new physics processes mediated by new gaudigeepawith masses of up to a few

TeV.
6 -——
Anticipated ,:’ N
5 Q-weak Limit ’
(assuming SM) ’,’
< 4p
>
—
= 3
<|>
2
Present Limit
1 (all electron-N PV data
95% CL + recent JLab PVES results)
0 T T 3n 2%
h

Figure 2.9: Model independent mass limiioing et al., 200f— the bounds on the size of the
interaction represented by Edhl111 New physics is ruled out at the 95% con dence level below
the curve, whereas previous data constrained a lower bonrrdlevant new physics g > 0.4
TeV. y, is the avor mixing angle of potential new physics, whichs#te isospin dependence by
h¢ = cos  andhg = sin .

There are many models which have long been considered asgheniotivated extensions to
the Standard Model, such as: SUSY Loops,Z% RPV SUSY, Leptoquarks. The mass limits for
a particular model may vary from the above value (for a disicusof various models and the sen-
sitivity of a 4% Q\‘,’v measurement, see referenceansey-Musolf, 1999 [Erler et al., 200Band
references within). However, the model dependent anailyssrates the decisive role a Q-weak
measurement could play as discussed in referenee=fik-Collaboration, 2004 For example, a

particularly well-motivated class of new physics modelsdict the existence of extra TeV scalé
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bosons. In the simplest models based on Grand Uni ed ThedG&JT), one expectg 0:45, so
that one can study® bosons (with unit charges) up Mz 2:1 TeV. Z°bosons are predicted in
many extensions to the SM, ranging from the more classical @l technicolor models to super-
symmetry and string theories. The sensitivity to non-pedtive theories (such as technicolor and
other strong coupling dynamics) with 2 could evenreach 145 TeV. The latter observation
would tightly constrain theign of the new couplings of any new particles discovered at th€].H
which might be su cient information to choose between possible models (sder[et al., 200

[Qweak-Collaboration, 20(<and references within).
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SLAC: D DIS
All Data & Fits ey
&  0.16 Plotted at 1 ¢ :
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Q-weak
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Figure 2.10: The anticipated knowledge of the neutral weakcBve couplings after the
Q-weak measurement of the weak chargesupgetal.,, 200l The dotted contour dis-
plays the previous experimental limits (95% con dence Igyerler and Ramsey-Musolf, 200ba
[Nakamura et al., 20]@ogether with the prediction of the Standard Model (blatdc)s The lled
ellipse denotes the new constraint provided by recent higbigion PVES scattering measurements
on hydrogen, deuterium and helium targets (at 1 standardta®y), while the solid contour (95%
con dence level) indicates the full constraint obtaineddmmbining all results. All other experi-
mental limits shown are displayed at 1 standard deviation.



Chapter 2. Theory and Experimental Observables 46

The weak charge measurements are somewhat more resttigiveéhe collider measurements
in that they are only sensitive to new neutral-current ptg/svhich is parity violating. The var-
ious weak charge experiments actually probeedent combinations of new electron, up quark,
and down quark couplings. Fig.10 shows the present experimental constraints on the cou-
plings to light quarks (the weak charges of u-, d-quarks)vddrfrom the Cesium weak charge
results Bennett and Wieman, 19pand MIT-Batest?C [Souder et al., 199@nd SLAC Deuterium
[Prescott et al., 197 Parity violation measurements, as well as the anticipatemviedge after the
Q-weak measurement of the weak charges associated withi@rcampling to the electron and a
vector coupling to the up and down quarks. The phase spatingiocates a dramatic improvement
on the constraints (the narrow blue band). This impact ofQheeak measurement arises from its

high precision and complementarity to existing data.

2.8 Summary

In summary, the proton's weak charge is suppressed in ther@8Mhais sensitive to physics beyond
the SM. The aim of the Q-weak experiment is to make a precisesurement of the proton weak
charge and provide constraints on possible new physicsideye Standard Model. The following

chapter will introduce the experiment and its major compisie



Chapter 3

The Experiment

The three main parameters needed for a successful measureitiee proton weak charge include
the parity violating asymmetry, the momentum transfer, thedeam polarization. Many systematic
e ects must be studied and suppressed by experimental meffwds this, a variety of experimen-
tal equipment and methodologies must be used. This chapserides the Q-weak experimental
apparatus needed to perform the measurement. An overvigieis of all major or crucial pieces
of equipment used in the experiment. This includes the sp@as part of the continuous electron
beam facility, the beam monitors, the precision beam puleatry, the liquid hydrogen cryotarget,
spectrometer system, and various detector systems. Aatkthscussion about the maBerenkov
detectors and their performance, will follow in the next otes. The mairCerenkov detectors are

used to measure the parity violating asymmetry.

3.1 Overview

The Q-weak experiment will extract the proton's weak chdrgen a precision measurement of the
parity violating asymmetnApy in elastic e-p scattering. Neglecting the contributionhef hadronic

structure functiorB(Q?), the expected asymmetry can be estimated according to2EL6as:

a7



Chapter 3. The Experiment 48

G
Aev P QQ 2 107 (3.1)

whereGg = 1:17 105GeV 2, 1=137,Q°=0:026 Ge\?,Q} =1 4sirf  0:08.

In order to determin@f,’v to an uncertainty of 4%, the uncertainty in the asymmetryApv)
should be no greater than 110 8. There are many sources that can lead to a signi cant false
asymmetry, sincé\py itself is very smalt. Therefore, the e-p scattering experiment has to be

carried out with a high statistical precision and excellgaritrol of systematic eects, which in turn

requires:

a highly polarized, high current electron beam with a mesgyolarization accuracy of 1%

or bettef:

a reliable liquid hydrogen target with minimal density wettions while being operated at

high beam current;

a high power magnetic spectrometer with the capability tom$ahe elastically scattered elec-
trons onto the main detectors, while separating the elasticnelastic events; the spectrom-

eter also needs to be highly symmetric, to reduce systematiertainty sensitivities.

a low noise, stable integrating detector system with lagliel angle acceptance and uniform
response, which can eiently measure the high rate of elastically scatteredtrees in a

high radiation environment.

Eqn. 2.106 shows that the asymmetry is essentially proportionafp so the measure@?
uncertainty will to a large extent determine the accuraoyh@h we can extract the physics asym-
metry. Therefore, a goo@? determination is important. From Eqris57and2.59 we see that the
value of Q? can be determined by measuring the energy of the incidectrete (or the energy of

the scattered electrons) and the corresponding scattenigigs. In the experiment, the elastically

1Another important term entering the asymmetry Ezi06is the hadronic structure functid®(Q?), which depends
on the results of other experiments. In faB¢Q?) contributes 1 10 7 to the asymmetry; hencépy 0:3 ppm.
“Note that the experimental asymmetnAis, = PApy; thus, it is important to accurately measure the polaGzes.
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scattered electrons will be distributed across the mairafiet angular acceptance. In addition,
there will be a small dilution from inelastic events whiclisarfrom the target windows (mostly),
the detector wall and the general background in the expetah&all. In practice, th&? for the
elastic events needs to be measured, averaged over théodeteceptance and weighted by the

detector response to obtain the average momentum traii¥feandhQ? . This requires:

measuring the beam energy, determining the scattering amgl the energy of the elastically

scattered electrons;
nding the scattering vertex to determine the radiationrggdoss of the incident electron;

accurate measurements of the elastic electron and thesticeddectron contributions to the

detector signal;

suppressing background contributions.

To accomplish théQ?i andhQ* determination, a set of accurate tracking detectors is@yell
in the experimental setup. However, due to the statistioakrtainty requirement for measuring
Apy, the rate in the main experiment will be very high (about 80@2vvithin each main detector
acceptance at the planned beam current of 80 The tracking detectors cannot operate at such a
rate. To solve this problem, the experiment was designed wedicated tracking mode measure-
ments, using low beam current (less than 1 nA calibrationejadd then extrapolate the results to
high beam current operation (18@ production mode).

As the asymmetryApy) and the momentum transfe®f) are determined, the proton's weak
charge Q\‘,’v) can be extracted from EqR.107. The weak mixing angle can be obtained from
Eqgn.2.54 by taking into account high order radiative corrections(section2.6). The estimated
value forQ\’fv is about 00721 atQ? = 0:026 (Ge\tc)?.

The overall layout of the experiment is shown schematidallyig. 3.1. The key elements of the
experimental apparatus include a longitudinally polatizéectron beam, a liquid hydrogen target,

a room temperature 8-fold symmetric toroidal magnetic speweter, 8Cerenkov detectors for the
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measurement of scattered electrons at forward angles, setbétracking devices. The experiment
has two operating modes: one is a low-current calibratiodavfor theQ? acceptance mapping; the
other is a high-current production mode for the asymmettgrd@nation. The tracking detectors

cannot be used in high current production mode.

Region 2: HDC Region 3: VDC
Region 1: GEM Horizontal Drift Chambers Vertical Drift Chambers

Gas Electron Multiplier

Main
Cerenkov
Detectors

25 kw
LH2 Target

Lumi
Monitors

E .. =1.165GeV
lyeam = 180 UA
Polarization ~85%

beam

y

X< ! z {beam) Collimator QTOR Trigger Focal Plane

System Magnet Scintillator Scanner

Figure 3.1: The Q-weak experimental apparatus. The sedtiectrons are selected by a colli-
mator system and are steered by the QTOR magnet onto the @iergnkov detector bars. The
tracking detectors (shown in red) will be used during lowrent running (to be retracted during
high current running), to determine the momentum trangfier tzackgrounds, and to help charac-
terize the properties of the main detector system. Lumipesonitors are used to monitor target
density uctuations and provide a sensitive null asymmeésist.

In the experiment, the 85% 2 longitudinally polarized electron beam is incident on a 85 ¢
long liquid hydrogen target. The scattered electrons dextsl to the angle range of interest (5 -

12 degrees) by three collimators. The selected electrosstheough the toroidal magnetic eld of

3This is the design value, but the actual experimental valirgher.
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the Q-weak spectrometer with a eld integral of abouB DT m along the envelope of the elastic
electron trajectories. The magnetic eld de ects the dlasiectrons by about POand provides

a clean separation between the elastically scattered-@hscand inelastically scattered electrons.
The elastic electrons are focused onto a set of eight, 200 &&cm rectangular quartz bars. The
electrons then producgerenkov light as they pass through the bars. Tleeenkov photons are
detected by photo-multiplier tubes (PMTs). T@erenkov signal is read out either in current mode
to achieve the high statistical precision required for tegnametry measurement or in counting
mode for accurat®? determination. The inelastically scattered electrondarg out of the detector
acceptance by the spectrometer, so they only make a smalibegion to theCerenkov signal. A
typical distribution of elastic events atGerenkov detector is shown in Fig.2

The tracking system can precisely determine the 4-mometramsferQ? and the contribution
of inelastic scattering events to tRerenkov detector signal. The system includes three regbn
tracking chambers, a focal plane electron ux scanner (hot in Fig.3.1), trigger scintillators
and associated shielding. The regions are de ned accotdirige locations of dierent tracking
detectors.

The Region-I tracking chamber at the rst collimator is a gésctron multiplier (GEM) used to
locate the scattering vertex; the Region-Il horizontaitdtiambers (HDCs), which are surrounded
by the second two-stage collimator, combined with the Re¢iGEM can determine the scattering
angle of elastic electrons. The Region-lll system is logdtefront of mainCerenkov detectors. It
has two vertical drift chambers (VDCs), which are used tosueathe momentum of electrons, and
de ne patrticle trajectories incident on tli&erenkov bars.

The focal plane electron ux scanner consists of a smallvacdiirea quartZerenkov detector
and a pair of air-core light guide pipes. The scanr@®genkov signal is read out by PMTs in count-
ing mode for all beam currents. It can map the rate distidoutf the mainCerenkov bars at both
low beam current and high beam current so that@Remapping at low beam current can be ex-
trapolated to high beam current with con dence. The trigg@ntillators are mounted immediately

downstream of the Region-1ll VDCs and will provide the trgggand timing for the other tracking
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| track projection on main detector plane |

-E-400 h_2d
2 - Enlries 662595
- - Meanx  -0.3776
c 380 — . Mean y 3971
2 B ] . . .| RMS x 47.38 P
N oL L . |RMSY 5.104
2 - =", s, = lIntegral 5.585e:05
S It T rC—
—:' 17 .
et 1)

et BETLC LA
- " . - - L] II.I "u L] :. ) " .l. ” :. L]
28q - .I PR \.‘ L 1.| |.|I| |.'| \‘I L |.|:! [ \. |.1 L By
-l06 80 -60 40 20 o 20 40 60 80 100
position x [cm]

Figure 3.2: A measured distribution of elastic events &esenkov detector. The center of the
target is 650 cm upstream from the center of the magnetidrgpeeter, and the detector bar is in
the focal plane, located 578 cm downstream from the centéneoagnetic spectrometer. The
Y-coordinates run across the width of the detector bar. THmotdinates run along the detector
bar and are measured with respect to the detector centee tNait the X and Y axes are not to
scale. The Y direction corresponds to the scattering angléile the X direction corresponds to
the azimuthal angle. The color coded axis on the right indicates the relativenexege (in arbitrary
units).

detectors.

The uncertainty in the Q-weak measurement is the combmatfcstatistical and systematic
uncertainties. Any of the remaining systematic uncerigsninust be theoretically calculable with
uncertainties well below that of the combined statisticqad aystematic measurement uncertainty.
Table 3.1 shows the anticipated experimental uncertainties/¢ak-Collaboration, 20Q7in the Q-
weak experiment.

The ultimate goal of the experiment is to determ(b& with 4% combined statistical and sys-
tematic uncertainties. From Eq2.11Q we know this uncertainty corresponds t®:3% precision

for a determination of sth y atQ? 0:026 (GeVY.
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Source A=A Ql, =l
Statistical 2% 32%
Systematic: 2.6%
Hadronic structure corrections - 5%
Beam polarization D% 15%
AverageQ? determination 5% 10%
Helicity-correlated beam properties :5%0 07%
Background ®% 07%
Total 2:5% 41%

Table 3.1: The anticipated experimental uncertaintiefenQ-weak experiment

Hadronic corrections enter at ord®f in the parity-violating asymmetry, whereas the value of
Q\’fv enters at ordef)?. Therefore, decreasing the value @f reduces the uncertainties @ﬁv
However, this also decreases the size of the asymmetryngédager counting times necessary to
achieve a given statistical uncertainty. The optimizedigdbr Q? is about 0026 (GeV¥ based on
Monte Carlo simulation. This small momentum transfer regpilow beam energy (1:165 GeV)
and small scattering angle (512 ) for the elastic electrons.

Note that the nucleon structure contributidB&?) can be determined experimentally by ex-
trapolation from the other forward angle parity-violatiegperiments at highe®? than will be
employed for Q-weak@®? 0.026 Ge\). However, the extrapolation from these higher values of
Q% t0 0.026 GeV introduces some uncertainty into the extractiorQgf from the measured asym-
metry. From the program of PV measurements (SAMPLE, HAPREXAPPEX Il, GO, PVA4,
see references’pung et al., 200 Acha et al., 200)[ Armstrong et al., 200 Maas et al., 2009a
[Maas et al., 200, the uncertainty irQf}, due to thes&®?-dependent eects can be calculated (see
reference Qweak-Collaboration, 20(Qfor a detailed discussion).

The basic (as designed) parameters of the experiment asernpeel in Table.2. A 2500 hour
production measurement will determine the proton's weakrgh to 4% combined statistical
and systematic uncertainty. The experiment has complé&tedst data phase and acquisition of

production data is expected to be completed in May 2012.
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Parameter Value
Incident Beam Energy 165 GeV
Beam Polarization 85%

Beam Current 180A

LH, Target Thickness 35 cm (0.04)
Production Running Time 2544 hours
Nominal Scattering Angle 9

Scattering Angle Acceptance 3
Acceptance 49% of 2
Solid Angle = 37 msr
Acceptance Average®? hQ% = 0:026 (GeVc)?

Acceptance Averaged Physics Asymmetry hAI = 0:234 ppm

Acceptance Averaged Experimental AsymmetnpAi = 0:200 ppm

Integrated Cross section 4.0

Integrated Rate (all sectors) 6.5 GHz (0.81 GHz per sector)

Table 3.2: Basic parameters of the Q-weak experimeéntdak-Collaboration, 2007
3.2 Continuous Polarized Electron Beam

The high current, polarized electron beam for the Q-weakerpent is produced by the continuous
electron beam accelerator facility (CEBAF) at the Thomasedson National Accelerator Facility
(TINAF). The CEBAF accelerator consists of a polarizedtedecsource and injector and a set
of superconducting RF linear accelerators connected to eder by two arc sections which con-
tain steering magnets (a schematic diagram of the racesfzaged accelerator layout is shown in
Fig. 3.9). Itis a continuous-wavé, superconducting radio-frequency (SFR) acceleratorativey
at a fundamental frequency of 1497 MHz.

Three interlaced 499 MHz polarized electron beams seghbgt@20 RF phase are produced at
the polarized source and accelerated to an energy, 67.5 btedk&dmple, in the injector. The elec-
trons are then directed to the north linac, a nominal 600 Mgésconducting RF (radio-frequency)
linear accelerator (made from superconducting niobium &Hties which are cooled to approxi-

mately 4 K by liquid helium, to remove electrical resistaarel allowing the most ecient transfer

4A distinguishing feature of CEBAF is the continuous natufehe electron beam. Strictly, there is some beam
structure, but the pulses are very much shorter and clogettter with a bunch length of less than 1 picosecond.
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Figure 3.3: The continuous electron beam acceleratoitia@@EBAF) at Je erson Lab.

of energy to an electron), where they are accelerated to engyenf 667.5 MeV. After traversing
the north linac, the electrons are steered by magnets thrauf80 turn in the east recirculation
arc and then enter the south linac, identical to the nortclimAt the end of south linac, the one-
pass nominal 1267.5 MeV beam can be either extracted arepteted at the beam switch-yard for
redirection to the experimental end stations, labeled MaHall B, and Hall C, or steered through a
second turn in the west recirculation arc for further agegien. As the electron beam makes up to
ve successive orbits, its energy is increased up to a mawiofi 6 GeV. The electron beams can
be delivered (with some restrictions) simultaneously te¢texperimental halls with derent beam
currents and energies in each hall. When a polarized beaegjisred in one (or all) of the halls,
those restrictions increase. To obtain the Q-weak eneqji@465 MeV, the accelerated energies
and the injector energy are scaled down. The beam is diviettiethe hall before going through the
second pass.

The polarized electron beam is produced by the CEBAF p@adralectron source. The polar-

ized electrons can be generated by optical illumination efrained crystal of gallium arsenide
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(GaAs) with circularly polarized lightHierce et al., 1990[Prepost and Maruyama, 1995 The
circularly polarized laser light is produced using a Poskegll to reverse helicity with a xed
frequency in a pseudo random way over several states (evaberuof helicity states to form a

LT3 LI T

“pair”,“quartet”, “octet”). The Q-weak experiment reqeg the long-term delivery of high current
beam with high polarization (one year of beam at 180and polarization greater than 80%). This
in turn requires good photocathode material, a reliabl&dapphire laser and long photogun oper-
ating lifetime. A new type of photocathode material has bagopted by the Q-weak experiment
— strained-superlattice GaAs. This material provides anotion 90% with ve times greater
guantum e ciency than standard strained layer Ga®s: [uyama et al., 1992For the Q-weak ex-
periment the helicity will be changed everf90 s, referred to as a macropulse (MPS), in a random
way over a set of four helicity states (a quartet). The asymnigformed by taking the dierence

of the charge normalized detector yields between the twesstaith positive helicity and the two
states with negative helicity over the total yield in the deta In addition to the rapid helicity rever-
sal, an insertable half wave plate (IHWP) in the laser line wsed to change the helicity every day
or so in an independent, mechanical way in order to checkaleefasymmetries in the electronics
and accelerator.

The electron's polarization vector precesses relativastovelocity due to Larmor precession
when it passes through bending magnets in the acceleratmn Wers are used to compensate
for the precession of the electron's spin in the arcs betwieemorth and south linacs and the arc
going into Hall C. A Wien Iter has homogenous magnetic anelctlic elds (E andB) which are
perpendicular to each other and transverse to the velotityecelectronsx). If the Lorentz force
equilibrium condition E = ~ B)is ful lled, the electrons velocity will be unperturbed &y

travel through the crossed eld$ieiner et al., 2047
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3.3 Beam Property Monitor and Feedback Control

Fluctuations in beam properties introduce additionalistteal uncertainty as well as systematic
uncertainties in the form of false asymmetries (for exampl@e former is associated with random
uctuations, while the latter is associated with helicitgreelated uctuations. The beam condition
is speci ed by the beam current, the beam energy, the beaitiggoand angle at the target, and
the beam size at the target. To control uncertainties duautbuations in these parameters, the

following sets of observables are measured continuously:

beam charge and the charge elience Q Q
beam energy and the energy drence E E
beam position and the position change at the targgt X Y Y

beam angle and the angle change atthe target X° X% Y0 Y0

Table 3.3: Beam parameters

To remove helicity correlated beam charge uctuations,ian detector yield needs to be nor-
malized to the beam charge for the asymmetry measuremenéslirsear, low noise beam charge
monitor (BCM) is essential (knowledge of absolute chargmiy needed to determine the luminos-
ity). Q-weak makes use of non-invasive beam current meammewith a radiation-hard resonant
cylindrical “pillbox” RF cavity monitor (see Fig3.4). The electron beam passing through the cavity
will excite the resonant transverse electromagnetic wak¢0(L0 mode) at 1.497 GHz (the beam
acceleration frequency). An antenna (probe loop) readtheutesonant energy (the power induced
by the beam inside the cavity) and outputs a signal propwtito the current, thus providing a
measurement of the beam current.

The BCM output RF signals are down-converted to lower fragies, Itered to improve signal-
to-noise ratio, and converted to DC signals for digitizatioThe cavity BCM is very stable and

linear and has large dynamic range. However, since it collectsraabighich is proportional to

SDue to non-linearities in the signal chain, the RF beam noositnust be used at currents above 100 nA. But this
only has relevance for tracking mode running.
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Figure 3.4: Pillbox cavity beam current monitor (BCM). Beatactrons entering the cavity en-
counter an electric eld which slows them down in nitesinhalextracting power from the beam
and storing it temporarily in the cavity. While half the RFyer goes into heating the cavity walls,
the other half is extracted magnetically by a loop antenmhsamt to the processing electronics by
RF cable.

the beam intensity, it can only provide a relative measurgroéthe beam current. Therefore, the
BCM's were calibrated absolutely with respect to the Unsenitor®.

Beam position is measured with stripline beam position teosi(BPMs), which consist of four
1=4-wavelength antenna wireX{; X ;Y*;Y ) oriented parallel to the beam axis and positioned as
shown in Fig.3.5). The beam power couples into the antenna at 1.497 GHz asibtiie amplitude
on each wire depends on the distance between the antennheabgédm. Neglecting the nite
length and radii of the antennae, as well as the nite sizeheflieam, to rst order the coupling
of the beam to each antennaMs/ (constant+ r), wherer is the distance of the beam from the
BPM center Barry, 199]. Thus signals from the four antennae can be combined tordete the
position of the beam. Assuming the beam i¥at 0, thenr is simply X, and the beam position is

therefore
\VARRY

VRVl

(3.2)

BPM's are instrumented with Switched Electrode Electrefi8EE) — a sample-and-hold mod-

ule with which a single electronics chain is rapidly switdhmetween the antennasdwers, 1993

8An Unser monitor Kazimi et al., 199} can be self-cross-calibrated to an absolute current sourc
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_______

(a) 4-wire stripline BPM (b) A large, square-rastered beam is
shown o the central axis of the BPM.

Figure 3.5: Schematics of a 4-wire stripline beam positianitor

So the gain drifts are canceled out exactly andet drifts and nonlinearities in the electronics are
approximately canceled if the beam is roughly centeredénBRM so that th&/* andV signals
are of comparable magnitude. The 1.497 GHz signal is coeded a lower frequency by a RF
down-converter, then ltered and converted to a DC voltagyedigitizing.

These BPM's are stable, linear over large current range& beaod signal to noise ratio, and
have useful bandwidths well into the 10's of kHz range. Thisp &an be used to make relative
energy measurements by using the known dispersion of the bethe Hall C arc and measuring
the position in a BPM in the arc (absolute energy measuresyartmade in dedicated runs using
the superharpyan et al., 199pwhere the beam is set up in a dispersive tune). In additiaghdal-
wire BPM's, several sensitive cavity-type position morstare also available for the beam position
measurements.

The beam halo is monitored by using Lucite detector and iatitin counters to determine
whether the beam is interacting somewhere in the accelefidtere is a 2 mm thick aluminum halo
target with two apertures in the beamline. The aperturesbeamoved in and out of the beam as
necessary. If the halo is small enough then there will be mmhiinteraction with the halo target
as the beam passes through the hole in the target. One a&pertuthe halo target is an 8 mm

square opening, to be used to test the limit of the halo; theradperture is a 13 mm diameter
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hole, to be used as continuous halo monitor during productioning. The Q-weak halo monitors
(numbered from 3 to 8) are located immediately downstreatheohalo targets and upstream of the
Q-weak liquid hydrogen target (the locations of Q-weak matmitors are approximately indicated
by arrows on a part of Hall C beamline CAD layout in F&6. A complete beamline layout can be
found in referencefenesch, 20(). The beam halo can also be estimated using the main detecto
(or luminosity monitors) while employing hole targets ofyiag diameters as well as a solid target

for normalization.

Halo 6: lucite
Halo 8: scintillator
(on Qweak girder)

Halo 3/4/5: lucite
Halo 7: scintillator
(on halo girder)

Wl
Halo target / - | Q-weak target
N |

Figure 3.6: Locations of Q-weak halo monitors

The Q-weak experiment has helicity correlated beam reaugrgs (the Q-weak helicity corre-
lated beam speci cations are summarized in Tahk. In order to minimize helicity-correlated
beam property uctuations (intensity, energy, angle, aadrh position), a set of feedback control
systems is being commissioned.

An “IA” (Intensity Attenuator) feedback system is used tduee helicity-correlated beam in-
tensity asymmetries and a “PZT” (Piezo-electric transdufeedback system is used to control
helicity-correlated beam position changes. The IA systemsists of a Pockels cell sandwiched

between linear polarizers and a wave-plate. Applicatiorelatively small voltages<10 V) can be
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Beam Parameter Q-weak Speci cation
Maximum run-averaged helicity correlated charge asymmetd.1 ppm

Maximum run-averaged helicity correlated positionelience 40 nm

Maximum run-averaged helicity correlated angleatience 100 nrad

Maximum run-averaged helicity correlated energyedtence 10 ppb

Maximum beam Current 180A

Polarization 85% (with superlattice GaAs)

Table 3.4: Partial list of Q-weak beam speci cationg/feak-Collaboration, 2004

used to control the intensity of the laser beam. The interasiymmetry is measured continuously
using beam charge monitors in the hall. The measured asymmébbtained from a real-time
analyzer) are used to determine the needed control voltabe applied to the IA to decrease the
intensity asymmetry. Without a feedback system, the sistailleensity asymmetries that can be
achieved with careful setup ar€20-30 ppm. With the system on, asymmetries can be suppressed
down to about 0.2 ppm. The PZT system consists of a mirrorériaker beam path, mounted on a
Piezo-electric transducer. The angle of the mirror can lamgad by application of a voltage on the
Piezo-electric transducer. The laser position could besaell in a helicity-correlated way to com-
pensate for helicity-correlated beam position change aredsn the experimental hall. However,
the PZT system only allows adjustment of helicity-correthposition di erences, based on position
measurements close to the experimental target. The beatiopadso changes due to tuning of
the accelerator, therefore the system requires frequetdiliteration. In order to control both the
position and angle of the beam, a system based on correditmis implemented. The coils are
used to move the beam in the horizontal or vertical direstiona helicity-correlated manner, to
decrease both helicity-correlated position and anglerinces at the target. In addition, there is a
signi cant coupling between helicity-correlated positidi erences and intensity asymmetries due
to beam scraping on apertures in the injector. The coilsellstinate the problem of the coupling

between helicity-correlated position dirences and intensity asymmetries.
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3.4 Precision Beam Polarimetry

The Q-weak design beam polarizatidh(is 85%, and the measured asymmetmids, = PeApy.
The electron beam polarization must be measured with arudabamcertainty at the 1% level in
order to extract the physics asymmetry from the measuredagyries and determine the proton's
weak charge with the proposed overall uncertainty. Therottry in Q-weak is performed using
the existing Hall C Mgller polarimeter-fauger et al., 20(J1in combination with the new Hall C
Compton polarimeter. The Mgller polarimeter is capable ettdy than 1% measurements at low
currents € 10 A). The measurements using the Mgller polarimeter must baenira dedicated
runs. Each measurement will interrupt beam delivery to tlannexperiment, and must be done
periodically (every 3 to 4 days, for example). Each measargriakes 6-8 hours. In order to extend
the operating current range, a Compton polarimeter waaliedtin Hall C beam tunnel, upstream

of the existing Mgller polarimeter (see the beam-line laypoueference Benesch, 200).

3.4.1 Mgller Polarimeter

The Mgller polarimeter (see the schematic drawing in Big.and a top view photo in Fig3.8)
measures the electron beam polarization by using the eteetectron scattering process. It mea-
sures the asymmetry in doubly longitudinally polarized Mwkcattering, where both the incident
and target electron are polarized in the direction of therheend thus is sensitive to the longitudinal
polarization of the beam.

The beam polarization is obtained from measuring the asyingmeoduced when the beam hits
the polarized target. The target is a thin foil of pure irorgmetized by a superconducting solenoid
with a eld of 4 T in the direction of the beam. The scattered and recoitrees are focused by
a quadrupole magnet and passed through collimators to ehtbesdesired scattering angles, and
then defocused by a second quadrupole magnet and deteateihaidence by detectors placed
symmetrically on either side of the beam axis. The asymnmaggsured by the polarimeter has to

be corrected for backgrounds in order to extract the physitarization asymmetry. Coincidence
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Figure 3.7: Layout of the Hall C Mgller polarimeter. The sigmnducting solenoid is used to
drive the pure iron target foil into magnetic saturation.eThagnetic eld and the foil are oriented
perpendicular to the beam.
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Figure 3.8: Top view of the Hall C Mgller polarimeter.
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detection of the scattered and recoiling electrons allayepession of the signi cant backgrounds

from Mott scattering.
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Figure 3.9: Preliminary Mgller beam polarization measweets for the rst Q-weak production
run period (Run ). The x-axis represents the run number.eSaliminary results of the Compton
electron detector measurements (see the next sectionlsarshawn.

The most signi cant systematic uncertainty for the Mgllergrimeter is the target electron
polarization. The superconducting solenoid provides seild excess of 3 Tesla, perpendicular to
the foil plane, which drives the pure iron foil into magnesigturation. The electrons in the target
can then be polarized parallel (or anti—parallel) to theteten beam direction with a polarization
known to better than 0.5%. However, depolarization of tloa ifoil could happen due to beam—
heating e ects that limit the maximum beam current that the Mgller polater can handle. With
no rastering of the electron beaimthe Mgller polarimeter can be used up to &; with a beam
rastering area of 4 mn?, it can be used with beam currents up to 10 A typical operation of
the polarimeter will need about 15 minutes) to reach 1% statistics. During Q-weak production
running, measurements have been taken every 3 — 4 days3.¢ghows some preliminary results
of the Mgller beam polarization measurements. The meagwladzation has typically been better

than 85% with less than 1% uncertainty for each run.

"The beam position is rapidly moved within a small area by netigreoils to reduce the ects of heat build-up at a
point where the beam hit on the target.
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3.4.2 Compton Polarimeter

A new Hall C Compton polarimeter is being used for the Q-wegbkeeiment. The Compton po-
larimeter provides a non-invasive continuous, on-line sneament of the beam polarization at full
beam current. The apparatus for the Compton polarimetéudas a magnetic dipole chicane, a
green light laser, a photon detector, and an electron aefexs shown in Fig3.10. The polariza-
tion of the electron beam is measured by scattering lowegnehotons, generated by a polarized
laser system, from the polarized electron beam. The baitksed photons have an energy of order
10 MeV and are detected and energy-analyzed by a photorimater. The recoil electrons are
momentum-analyzed using a dipole magnet which separa¢es $ipatially from the main beam
and detected by an electron detector. The knowledge of thmptenergy and electron momentum
is used to extract the Compton scattering cross-sectiommagjry, from which the electron beam
polarization can be determined. During routine productioming, the beam is continuously routed
through the Compton chicane with the laser turned on. Thecttat asymmetries are recorded in

parallel with the rest of the data for the experiment.

Las,e r

_
\ o D=057 m
D1 b D4

o Photon
1.95m | D2 L 22m , D3 ] 1.95m Detector

111 m

1.25m

Figure 3.10: Schematic diagram of the Compton polarimetgout.

Since the backscattered photons are emitted in a narrowalomg the incident electron's di-
rection, the photon detector must be placed on axis with ldetren beam. A four—dipole chicane
is used to steer the beam to an interaction region, wherd im@rsect the beam of the high—power
laser system (see Fig.11), and then steer it back to its original path. This allows tangosition the

photon detector downstream of the interaction region witlnterference from the electron beam.



Chapter 3. The Experiment 66

- Chicane magnets
=

&

Figure 3.11: Compton region during installation (lookingnahstream). The Compton dipole chi-
cane is 10.6 m long, located immediately downstream of tHeGH&lgller polarimeter.

The Hall C Compton polarimeter makes use of a 10 W, 532 nm fyreentinuous wave laser
with a low-gain cavity (the cavity gain is about 100) and aicavity power of 300 W. The photon
detector is an undoped Csl scintillator operated in digitegrating mode via waveform digitizer.
Since the scattered electron loses some energy during thgtGo interaction, it will undergo
a larger de ection in the Compton dipole chicane than thenariy electron beam. The chicane
then acts as an electron spectrometer, and by measuringhéngiess of the electrons that have
been separated from the nominal beam path, one can form tim@tGo asymmetry using only the
electrons.

The electron detector\fartin et al., 2009 consists of semiconductor micro-strips, fabricated
from synthetic diamond (the prototyping and test are disedsn reference/J/ang et al., 200p. It
is a multi-strip device, used to sense the track of recoitted@s. The strips have 200n pitch,
will be oriented perpendicular to the bend plane of the magethat each strip will be sensitive to
the recoil electron momentum. The shape of the Compton aggmnm recoil momentum allows a
systematically clean determination of the incident etat{polarization.

Fig. 3.12 shows a very preliminary beam polarization result measbsedsing the diamond
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Figure 3.12: Preliminary beam polarization result measbseusing the diamond detector.

electron detector of the Compton polarimeter from a comianésg run. The uncertainty is only

statistical, but agrees at this level with other beam poéddidn measurements.

3.5 Liquid Hydrogen Cryotarget System

In order to achieve the statistical precision goal, the @vexperiment employs a high beam
current and a long target ask to provide a high luminosityheTpower deposited by a 18®\,
1.165 GeV electron beam in a 35 cm long liquid hydrogen tafg€t% radiation length) due to
ionization energy loss (at 4.65 Mé&ycm?) is about 2120 W (neglecting energy loss in the target
windows). Accounting for several hundred Watts of conductieat losses, circulation fan heat
load, reserve heat load for feedback control, etc., thé ¢oting power for Q-weak target is about
2500 W. The combination of high beam current and a long taagit make the Q-weak liquid

hydrogen cryotarget the highest power cryogenic targdienatorld.
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Figure 3.13: Schematic of the transverse ow target. The ¢opwe shows contours in the liquid
hydrogen ow velocity and the bottom gure is a CAD model ofetlactual designsfmith, 2009.

Since the current mode operation of the m@ierenkov detectors makes the experiment par-
ticularly sensitive to target density uctuations, theger was carefully designed to minimize the
density uctuations and associatedexts. The target uid dynamics has been modeled using AN-
SYS (a uid dynamics simulation code) in order to minimizespible boiling in the target. The
resulting design is that the target liquid and the windssic&ped liquid hydrogen cell are enclosed
in a cylindrical cell with transverse ow, rather than owahg the beam axis (see Fi§j13. Sim-
ulations have been used to design the body of the target toeetizat the design does not interfere
with the scattered electrons that are in the acceptances oh#in detectors.

The large Q-weak target cooling load is shared by the JLabJaiibn Refrigerator (ESR) and
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the Central Helium Lique er (CHL). The ESR supplies aboutd?$ of 15 atm 15 K coolant which
returns at 19 K and 3 atm with an enthalpy chand¢ = 31 Jg, corresponding to a maximum
cooling power of 775 W (about 30% of what is required for Q-lgyed he CHL is able to supply 25
g/s of 3 atm 4 K coolant which can be returned warm to the CHL at #&¢K1.2 atm, corresponding
to a 2575 W of cooling capacity. This combination of resosnmevides the required cooling power

and exibility to dynamically balance the relative loads the two refrigerators.

(a) The target scattering chamber shown fed by 4 (b) A view of the target cell inside the scattering
coolant transfer lines from the top chamber

Figure 3.14: Photons of target scattering chamber andtteedje

The target is azimuthally symmetric in order to minimize gemsitivity to helicity correlated
beam motion. The target window and wall thicknesses aremiiieid to reduce background con-
tributions to the detector signal. The cell windows are aisignt source of background due to
the aluminum asymmetry being about a factor of 10 larger tharasymmetry from hydrogen, as
well as due to the uncertainty in the theoretical predidiohthe scattering rate from aluminum.

Therefore, the cell windows were made as thin as possibl@ (6 thick aluminum) with thinner
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nipples where beam is incident on the target.
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Figure 3.15: Main detector noise frequency spectrum meddsiar liquid hydrogen target at beam
current 20 A (red) and 150 A (blue) with 3 mm 3 mm raster size. Note that the noise oor is
di erent for the two measurements, due to pedestal subtraction

The Q-weak liquid hydrogen target operated safely andbigliduring the rst run cycle from
November 2010 to May 2011, at the designed beam current. dtoparated routinely with 165
A of 1.165 GeV electrons and was tested for beam currents ¢d 480 A, without problems.
Fig. 3.15shows the main detector noise frequency spectrum measuréduid hydrogen target at

beam current 20A (red) and 150 A (blue). At very low frequency, the noise at 150\ is larger
than at 20 A due to random target density uctuations. However, theitioltll noise decreases
dramatically as the measurement frequency increases.e 8iecexperiment is running at a high
helicity reversal rate of 960 Hz, this target density udioa noise is not aecting the asymmetry
measurement. With a beam raster size of 4 mn?, the density uctuation noise contribution to

the asymmetry widths at 169 is only 45 ppm (79 ppm for a 3 3 mn? raster).
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3.6 Q-weak Spectrometer

The Q-weak spectrometer system consists of a set of acoeptEnning collimators, a magnet
to focus elastic electrons in the focal plane and to sepdnase from inelastic events, and a set
of tracking detectors to map out the distribution of elagtents on the focal plane, as well as

determine the initial momentum transfer.

3.6.1 Collimator and Shield Wall

Three lead collimators were designed and installed in thee@xent to de ne the experiment's
angular acceptance and clean up the scattered beam ogting)gdthe image of elastically scat-
tered electrons in the focal plane and therefore the sizepaattion of the main detectors. Their
geometries were re ned using simulations. R3gl9shows the collimator together with a Region 1
GEM chamber. The rst collimator serves as the initial cleprcollimator. The second collimator
(downstream of collimator one) serves as the acceptanceirtg collimator. The third collima-
tor (downstream of collimator two) serves as the nal clgamollimator before the beam enters
the toroidal magnet. All collimator apertures were caigfslirveyed after delivery and collima-
tor positions were surveyed after installation. There isagewcooled tungsten plug with a 14.7
mm diameter aperture in the center of the rst cleanup cdaton It is anged to the downstream
beampipe on one end and the target vacuum window on the bthiging backgrounds from beam
scraping on the downstream beam pipe.

Simulation indicates that the room backgrounds are exgeotbe signi cant during the asym-
metry measurement at high beam current — incident photes date to Bremsstrahlung processes
will be at the level of 200 MHz in air. A detector shielding Hgee Fig.3.16), surrounding Region
3, protects th&Cerenkov detectors, the Region 3 drift chambers, the triggiatillators and the fo-
cal plane scanner from room backgrounds during the asympmmetasurement (there is also a small
shielding hut erected between the rst and second collimat@und the Region 1 GEM chambers,

and a third shielding enclosure built around 6 racks of ed@its used mostly for the tracking sys-
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(a) Beam envelopes and main detector modules behind (b) Main detector shielding hut
the shield wall

Figure 3.16: (a) Beam envelops (blue) and main detector feedwed) behind the shield wall.
The shield wall is built with barite-loaded concrete (Legjgle fabrication) for high density in
minimal space. Stainless steel rebars are used to reirtfieamncrete. The apertures have complex
geometry with sub-cm tolerances. (b) CAD layout of the deteshield hut, which houses the main
detectors, the Region 3 drift chambers, the scintillationnters, and the focal plane scanner.

tem). The Q-weak detector shielding hut is large enough ¢oracnodate the detectors, associated
electronics and their support structures. The barite(B}&faded concrete front wall (wall thick-
ness of 1 meter) of the main detector shielding hut has artiuapdor each octant (see Fig.16(a))

and the apertures are suaiently large (20 cm upper clearance, 5 cm lower clearande3atb cm
side clearance with respect to the m&iarenkov detector) so as to not de ne the acceptance of the
detectors.

Although low energy Mgiller electrons are de ected out of tetector acceptance by the mag-
netic eld, their large cross-section and correspondinghhiate turns the collimators into intense
gamma ray sources. A line-of-sight blocking lintel wasafisd inside the toroidal magnet between
the two coils for each octant. The main detector sees abtt Qield from background reactions
on the collimators, in air, and on the shielding wall. Weaghby the background asymmetry, this

constitutes a 1% background.
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3.6.2 Toroidal Magnet

The Q-weak toroidal magnet, referred to as “QTOR” in the Gakvexperiment, serves to separate
the elastic and inelastic events and is used to focus théoceddsctrons onto the main detectors in
the focal plane for the asymmetry measurement. It is a iesisbn-free toroidal magnet with an

eight-fold symmetric structure. Its' eld is produced by atof eight identical racetrack-shaped
coil packages with = 45° gaps between them. The coils are driven by a DC power supjply wi

a maximum current of 9 KA.

(a) Magnetic eld mapping for the QTOR at MIT-Bates (b) QTOR shown on the Hall-C oor between the GEM
with a 3D eld mapper. and main detector shielding hut.

Figure 3.17: Q-weak toroidal magnetic eld spectrometer.

The QTOR magnet has a eld integral of about 0.6TTalong the central trajectory of the
elastically scattered electron. It is optimized to focussttally scattered electrons for the Q-weak
primary beam energy and angle, and is therefore not a momefuicusing spectrometer. There
is a strong correlation between the radial coordinate anchembum, so elastic scattering from
the liquid hydrogen target appears (poorly focused) atghtyi smaller radius (radius meaning
distance from the beam line in the focal plane), while inga#ly scattered electrons from threshold
pion production intercept the focal plane at slightly largadius (for a detailed discussion of the

QTOR focusing property, see referenc&dng, 2007). Positive particles with low momenta are
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bent inward and prevented from striking the opposite odigrthick shielding around the beamline.
The spectrometer focuses most of the collimated elastitreles into an envelope which is roughly
10 cm tall in the dispersive direction, but about 2 metersvindhe non-dispersive direction. Due to
large -dependent aberrations, some curvature of the elasti¢ emealope results in a moustache-
shaped image on the focal plane (as seen inF-{).

In order to achieve the proposed precision in the asymmesgsorement, a lot of work focused
on an in-depth study of the magnetic eld generated by the Q BPectrometer, including the mag-
netic eld simulation and development of analysis techeigjfior eld mapping [Vang, 2007. The
actual magnetic eld mapping was successfully conducted|@tBates Laboratory (see Fig3.17
(a)) using a 3-axis magnetic eld mapper. The magnet was idlized at MIT-Bates, transported
to JLab and installed in the experimental Hall C, where it wexaapped and calibrated to verify
the installation precision and magnet performance. Dupiogluction running, the nominal QTOR
current setting is 8920 A. Fig.17(b) shows the installed magnet with the completed main ttatec

shield house.

3.6.3 Tracking Detectors

Since the physics asymmetry is directly proportional toweak charge of the proton at 10@?

and the proportionality constant@?, a precise determination of the momentum transfer is atitic
The uncertainty ifQ? directly translates to an additional uncertainty in theaotion of the proton's
weak charge. The acceptance-weighted distributio®%fweighted by the analog response of the
Cerenkov detectors, needs to be determined to 1% accuramtter. In addition to the precisg?
determination, the tracking system is also used to helpmé@te the “dilution factor': the contribu-
tion of non-elastic scattering events to erenkov detector signal, such as inelastic events from
the target, events arising from the detector walls, and ameial background in the experimental
hall.

There are three regions of tracking detectors being dedigne constructed. The Region 1

8Bates Linear Accelerator Center of the Massachusettgutestof Technology, Danvers, USA
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tracking detectors, located upstream of the acceptanagre(second) collimator, are gas electron
multipliers (GEMSs). They are designed to have excellenttjpmsresolution for vertex determina-
tion. Region 2, located at the entrance of the QTOR spectemigouses a set of horizontal drift
chambers (HDC). Both the GEMs and HDCs are used to reconhstrescattering angle of elas-
tically scattered events to high accuracy, by utilizing $patial separation between them. Region
3, located just upstream of the focal plane with the mainaets, contains a set of vertical drift
chambers (VDCs). The VDCs are used to momentum-analyzecHitesed electrons, determine
the particle trajectories and map the electron detectioni@ncy across a main detector bar. In
addition, a set of trigger scintillators, located betwees Region 3 VDCs and the maerenkov
detectors, provide trigger and event timing reference, afatal plane ux pro le scanner in the
bottom ( oor) octant is used fof? extrapolation from low current to high current, as well aswo
itoring the beam optics and rate veri cation. Each set otkmag chambers (in all three regions)
instrument two opposite octants and are rotated to any gigtant during tracking measurements.
The tracking detectors are inoperable at high beam curdeming asymmetry measurement)
since the counting rate per octant at the focal plane is a&@tMHz at 180 A. For the Q? cali-
bration measurements, the beam current is reduced to suévels to allow the tracking detectors
to operate in single event counting mode and the triggerisgtee-scaled down to provide a man-
ageable data acquisition rate. The tracking detectorefgxtie GEM detectors) have been fully
commissioned and have been used successfully to deterh@madmentum transfer, measure the
electron detection eciency across the main detectors, and characterize baakdgoEach of the 8
octants has been characterized with the tracking systeme $letails of the tracking detectors are

introduced below.

Region 1. Gas Electron Multiplier (GEM)

The Region 1 tracking chambers act as scattering vertextdete However, rates at the entrance
to the spectrometer will be three orders of magnitude hidjinem at the focal plane, dominated by

low-energy Mgller electrons that fall within the collimatacceptance — the elastic rates at a beam
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current of 10 nA would approach 45 kHz, a large, low electrammantum ( 50 MeV) background
due to Mgller scattering will be present which is at least@diaof 100 larger than the elastic
rate [Forest, 200 This large signal from Mgller scattering will prevent thse of traditional drift
chambers. Hence, the GEM detectors (a high ux micro-patgaseous detector used to amplify
the ionized charge within a gas chamber and detect chargédi@s) are chosen for the Region 1
because they are radiation hard and can work at the angdipates.

A GEM consists of thin polymer foils, metal-clad on both sidend perforated by holes having
a radius on the order of 50m in a staggered grid pattern, in which the distance betwdgtant
holes is on the order of 100m. The foil acts as a pre-ampli er when immersed in the gaawa of
an ionization chamber. Charge multiplication occurs whnendlectrons pass through the foil holes
(the electrons are produced during ionization of the gag)setsides have had a electric potential
di erence applied to produce electric elds on the order of 4@ckV. The large ampli cation, in

excess of 16for a multi-stage device, facilitates single particle déten by charge collectors.

charged particle or KeV photon
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Figure 3.18: Schematic side view of an ionization basedingocchamber with three GEM preamps
and a 2-D readout board.

The chambers were constructed from Rohacell and copperkelatn foils with a berglass

support structure — the front entrance window to the detesta sheet of 1 mm thick Rohacell
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which supports a copper-clad kapton sheet BOthick, the walls of the ionization region are cre-
ated using a 8 mm thick berglass frames. The charge coliastanounted on the bottom of the
ionization chamber and then three GEM foils are stacked pr(dee Fig.3.18. The charge col-
lector has a pitch of 400m to provide su cient resolution. Once charge is accumulated at the
collector, pulse shaping and ampli cation electronics @sed to convert a charge equivalent of 500
electrons to a mV signal. The pulse shaping and ampli caélattronics are incorporated into the
multiplexing chip and wire-bonded to kapton leads that armected to individual charge collector
output channels. A multiplexing circuit is used to reducetlamber of electronics modules needed
to read out the charge collector signals.

The GEM detector has an active area of 10°cmn thickness of 6 mm and is located just
downstream of the rst collimator. Two identical detect@®e mounted on the opposite sides of
the beam on a rail system to move radially into the acceptémcw current (nA)Q? current
measurements or to move out of the acceptance at high beaemtsyr, during production running.

A rotation system is used to move the detector teedént octants (see Fig.19.

| \:I i

Figure 3.19: Photo of the Region 1 GEM, showing one GEM maliitighe rotatiotranslation
stage prior to completion of the GEM shielding hut.
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The design goal for the GEMs is to reach an average trackingemcy of 99% at an operating
event rate of 12 MHz with particle uxes of 500 Han?. To date, the GEMs have not been fully

commissioned.

Region 2: Horizontal Drift Chamber

The Region 2 tracking chambers are a set of horizontal dnimbers’ (HDCs) located just up-
stream of the QTOR magnet and downstream of the acceptamiagiésecond) collimator. They
are used to establish the initial scattered electron ti@jgdefore the magnet and the interaction
vertex by determining the track back to the target — theyrdstee the position and direction of the
scattered electrons at the magnet entrance, they can alsgedeto provide an accurate measure-
ment of the scattering vertex and angle in combination vhighRegion 1 GEMs, once these become
available, and are used to reject the secondary scatterargseat the collimator. When combined
with the exit angle determination (after the magnet) from Region 3 tracking detectors and the
QTOR eld map, the scattered particle’s momentum can berdeted. With measurements of the
scattered particle's momentum and scattering angleh@Re of elastically scattered electrons can
be determined.

The Region 2 HDCs, consisting of two sets of two self-cordishambers (with 42 cm sepa-
ration between the two chambers), are located 3.15 m (theeaps chamber) and 3.57 m (down-
stream) from the center of the Q-weak target at a radial mistaof about 0.7 m from the beam
centerline in a region where the residual eld from the QTORgmet is small (less than 3 G).
These chambers have a precision of about 0.6 mrad for the detgrmination and a spatial reso-
lution of 170 m. The measured single plane @encies are better than 99%. To reduce multiple
scattering, a small amount of material is used in the coatstm of these chambers. Each chamber
has an active area of approximately 50 cn70 cm and a radiation length of 0.075%. In order
to keep the chambers out of the ux of scattered particlemfreeighboring octants, the chamber

frames have a trapezoidal shape, being larger at the outieisrside.

Drift chambers are gas- lled devices that contain an arrwioes and use a high electric eld to detect charged
particles from ionization in the gas.
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Figure 3.20: Photo of the region 2 HDC's mounted on their orotinechanism, between the 2nd
and 3rd collimators.

The chambers are mounted on a small Ferris wheel rotatingtiutture on the opposite side
of the beam to form two “arms” xed 180apart. Each arm can be positioned radially. In order to
make alignment more reliable and reproducible, the chasrdoer pinned to the two positions — “in
beam” for the calibration runs and “parked” where they witlvgith the protection of the shielding
during production running. The arms are attached to a demiita so that they can be manually
rotated about the beam pipe. Fi§20 shows a photo of the region 2 HDC's mounted on their

motion mechanism.

Region 3: Focal Plane Chambers (VDC)

The Region 3 focal plane chambers are vertical drift chamlp¢DCs), a type of drift chamber
that tracks the scattered electron by collecting ioniratiat has traveled in the vertical direction,

to determine the location and angle of the scattered eleactoovnstream of the magnetic eld.
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They are used in conjunction with the Region 2 chambers, tabksh the de ection of particles
while traversing QTOR, and to map out the origin of the scatieelectrons that arrive at the main
detectors, so as to measure the ave@gdistribution of scattered electrons.

The elastic peak at the focal plane has a perpendicular-sgas®nal area of 18 200 cnf
(see Fig.3.2). To cover this area, the VDCs are designed to have an aataea about 50 cm
wide, and 2 m long. The chambers are oriented atwith respect to the nominal elastic scattering
trajectory. Each chamber is 10 cm thick (in beam directiom laas 3 high voltage planes and two
wire planes. The sense wires are 26 diameter gold-plated tungsten soldered onto photo-dtche
kapton foils. In order to ensure e&ient track reconstruction, the number of wire cells thatldo
be hit by the electrons in each plane are between 4 and 8. Trspaeing is about 5.5 mm which
yields an intrinsic position resolution of about 106. Two chambers, each has two wire planes,
de ne the particle trajectory with a set of 4 points, one p&ewplane. The two sets of chambers are
separated by 30 cm, hence provide excellent position anié aegonstruction. Two packages of
chambers (each package consists of two chambers) werewadt Each chamber has a footprint
of 2.3 m (in azimuthal direction) by 1 m (in radial directipmjeighs 374 kg, and has 2 planes each
with 281 sense wires. The two packages are placed at opposiagts so that two measurements
can be made at a time. A total of 4 measurements needs to beimadder to cover the entire
detector system.

The two opposing pairs of Region 3 VDCs and their associatgger scintillators are mounted
radially 3 meters away from the beam pipe, supported by aivgasgating support structure known
as the Region 3 Rotator, which can be rotated sequentiadiytabe beam line axis, so that tracking
data can be obtained in all 8 octants. The entire assembhadégg immediately upstream of the
main Cerenkov detectors, inside the shielding hut (see &&l). The chambers can slide radially
out of direct view of the beam (retracted to a “parked” posi}ito avoid damage during high current
production data-taking and can be repositioned with a mredquositioning reproducibility of better
than 3 mm.

The measured eciency of each individual plane is better than 99.8%, andréselution in
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Figure 3.21: Photo of the region 3 VDC's mounted on their motinechanism in the main detector
hut.

an individual plane is 220m. Fully reconstructed tracks from a pair of VDCs have a redicf

310 m.

Scintillation Counters

The event mode calibration system needs a trigger, whiclosged by two scintillation counters.
The scintillation counters also provide a time referenaetlie drift chambers and serve as rate
indicators while running at lower beam currents. The stattirs are Saint-Gobain BC408 {gH11,
Polyvinyl Toluene and Organic Fluors), which produce anrgyneeposition of 2 MeYem for 1
GeV electrons and scintillation yield of 10 photons per kd\éwergy deposition with a 1 ns rise
time, a 2.5 ns FWHM (full width at half maximum), and a 2 ns dettane. Each scintillator is 220
cm long, 30 cm wide and 1 cm thick — slightly larger area thanGlerenkov bars to shadow the
main detectors. Their long edge surfaces are diamond nalhedthe ends are 600 grit sanded. A
photograph of one of the two 2 meter long trigger scintillatawith PMTs is shown in Fig3.22.

The trigger scintillators are supported by aluminum framd anounted immediately down-

stream of the Region 3 VDC chamber package. As part of thedRe®jtracking package, they can
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Figure 3.22: Photo of a trigger scintillator on the bench.

travel together with VDCs and cover various octants.

The scintillation light is read out with 3 inch Photonis XB12 PMTs through UV transparent
“nger” light guides (Adiabatic Lucite) on both ends of theistillator with a coupling area of 30
cn?. The photon arrival time at each PMT might be eiient when the electrons pass through
di erent places on the scintillator due to the path lengtheince of the photon transportation
inside the scintillator. In order to make the trigger timingdependent of where the electron passes
through the trigger scintillator, a mean-timiérs used to decouple the hit position dependence.

The trigger scintillators must have sgient energy resolution and timing capabilities to iden-
tify multi-particle events and veto neutrals. Since plastiintillators have 1%/cm neutron de-
tection e ciencies, the false triggers from neutrals are minimizedniyimizing the thickness of
the scintillators to 1 cm, while keeping the thickness lageugh for su cient signal size from the
elastically scattered electrons. The timing resolutiaritie as-built trigger scintillators is measured

to be better than 460 ps.

19A mean-timer is an electronics module, which takes two tavsignals {; andt,) as inputs, and outputs an average
signal {; + t2)=2.
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Pro le Scanner

During production running conditions, current-mode diagjits must be employed to check that
the beam envelope has the correct shape and position attéwtateplane. In addition, as th@?
distribution is sampled at low beam currents, any changésgaier currents, such as the target
density changes due to target heating, have to be determirredifocal plane ux pro le scanner
is such a diagnostic device for the Q-weak experiment. Isist® of a small active area radiator,
operating at counting mode. The scanner can map th&igatadistribution of the mairCerenkov
detector at both low beam current and high beam current $thiaanomentum transfer mapping at
low beam current can be extrapolated to high beam currehtamit dence.

The scanner detector assembly uses two small (1 cincm 1 cm) fused silica radiators,
each coupled to a 2 inch PMT by an air-core light pipe. Highrgynelectrons passing through
the radiators emi€Cerenkov radiation in the form of UV and visible light. Quait used as the
radiator medium because of its radiation hardness andsiisety to neutral background. Air-core
light pipes, their inner surface made from a re ective miaieiare used to minimize backgrounds
arising from interaction of electrons with the light guideterial, for example light arising from
scintillation or fromCerenkov radiation.

A 2D linear motion system is used to scan the detector asyemtiie focal plane. The motion
system consists of two stainless-steel ball-screw drigbtes and has a motion range of 0.35 min
vertical direction and 2.5 m in horizontal direction. It isvén by servo-motors controlled remotely
by a computer. The detector assembly mounted on the mot&taraycan scan over the ducial area
of the main detector (see Fi§.23(a)). Because the maximum electron ux at the focal plane is
about 1 MHZcn?, the scanner will operate in counting mode. The PMT outplggsuare discrim-
inated. Coincidences between the two PMTs are counted ialergo generate position-dependent
rate information. Scaler rates are synchronized with nnagigstem position information to deduce
the electron spatial distribution in the focal plane (seg Bi23(b)). The scanner also provides a
useful trigger when acquiring raster images used to celnédoéam inside the beam collimator, and

to center the targets on the beam. The scanner is also usdddR Qcans, background studies, and
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(a) Focal plane pro le scanner (b) Flux distribution obtained by the scanner.

Figure 3.23: (a) Photo of the focal plane ux pro le scannf@) Scattered electron ux distribution
(in the bottom octant focal plane) obtained by the pro lersoer at 10 A beam current. The x-axis
is in horizontal direction, the y-axis is in vertical dirext. The z-axis indicates the rate per unit
area in an arbitrary unit.

spectrometer optics studies.

3.7 Main Detector

The main detector system employs a set of e@itenkov detectors. Each of them consists of two
1 meter long fused silica (Spectrosil 2000 synthetic qydrézs glued together end-to-end. These
radiation hard quartz bars are 18 cm wide and 1.25 cm thidk 200 m atness and a 25 A(RMS)
polish. The eight 2 meter long quai@erenkov detectors are placed in a special shielding emmaos
to reduce the background. All 8 main detector modules aralled on a Ferris wheel structure
that supports them at the desired radius. One spare modusedsfor background measurements.
Each detector has two 5 inch PMTs, equipped with two typesistoen made PMT bases: one for
high gain counting mode calibration running at nA level beamrents and one for low gain current
mode production running at beam currents up to 180 The main detector system plays a key

role in the Q-weak experiment and forms the main subjectisfttiesis. The main detector design,
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development, construction, installation, commissionisugd associated diagnostic data analysis to

verify the performance will be discussed in detail in thédwing chapter.

3.8 Luminosity Monitor

At very forward scattering angles (less thancbmpared to the central Q-weak scattering angle of
about 8), the scattered electron rate is much higher and the paidtgating asymmetry is much
smaller. Luminosity monitors (LUMIs — auxiliary current @ detector) can be placed close to
the beam line and serve as a “null-asymmetry” monitor andtagget density uctuation monitor.
The luminosity monitor will have a relatively small staitstl uncertainty per measurement period
as compared to the main detector, due to the high count rakesphysics asymmetry is expected
to be very small (about 1% of the main detector asymmetry)tdube low average)? at these
very forward angles. The smaller statistical uncertaingkenthe luminosity monitors much more
sensitive to target density uctuations as well as beamrpatar uctuations (indicated by increas-
ing asymmetry widths); since they are expected to have a rannehler asymmetry than the main
detector, a non-zero asymmetry would indicate the preseheefalse, helicity-correlated, ect
in the experiment. For example, after applying correcti@@iscussed in sectiof.5) for helicity-
correlated beam properties to the luminosity monitor, thmihosity monitor should be corrected
to zero asymmetry within uncertainties. Otherwise, thignsndication of unaccounted systematic
e ects that lead to a false asymmetry and need to be investigate

There are two sets of LUMIs installed in the experiment. Th& set is an array of 4 small
Cerenkov detectors situated on the upstream face of th@@owe de ning (second) collimator
(see Fig.3.24 (a)), looking at scattering angles slightly smaller thaat thf the mean experiment
scattering angle ( 5 ) and will detect mostly Mgller electrons. They are 7 cn27 cm 2 cm
Spectrosil 2000 quartz bars read out with 2 inch Hamamat3® [RBototubes with quartz windows
in photodiode mode, through air-core light guides from eant of the quartz radiators. These

detectors see a rate of about 133 GHz, and will be primarigduss target density uctuation
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(a) Four “U"-shaped upstream LUMIs mounted on the (b) Eight downstream LUMIs installed in the down-
upstream face of the primary collimator. stream beam pipe at the end of the beamline.

Figure 3.24: Photos of luminosity monitors.

monitors, because they will be relatively insensitive tdent beam angle and energy changes, and
will be sensitive to changes in most of the target, with dased sensitivity to the downstream end
of the target. The second set is an array of 8 si@allenkov detectors located far downstream (17
meters downstream of the Q-weak target), past the maintdetaad close to the beam dump (see
Fig. 3.24(b) and Fig.3.1). They are placed symmetrically about the beampipe at a 1s&Esttering
angle of about & , and will be used primarily as null asymmetry monitors to itmrthe helicity-
correlated beam properties. The downstream LUMIs havdtsétysonly to the downstream end
of the target. Each of the eight downstream LUMIs consis&sshall tapered piece of 4 cm3 cm

1.3 cm block of Spectrosil 2000 quartz (same asGeeenkov radiator). Since the detectors are
positioned in a harsh environment, tBerenkov light is transported away from the quartz radiator
located close to the beam centerline via 35 cm long air-dghe fuides, made out of a re ective
aluminum material (Anolux Miro IV PVD?), to a Hamamatsu 2 inch R375 phototube with a quartz
window, operating in photodiode mode. The active mediunhefdetectors is inserted into special

cups which penetrate the 60 cm diameter beampipe to withami8f the nominal beamline. These

Anomet Inc. http://www.anomet.com/mirfuture.html
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detectors see about 100 GHz of scattered electrons andmeeted to withstand a dose of 1.8 GRad
over the course of the experiment.

Although the designs of the upstream and downstream LUMIgrdiboth sets of detectors
were instrumented with radiation hard Spectrosil 2000 tgu@ne same quartz chosen for the main
Cerenkov detectors) to detect tlmrenkov light created by the incident electrons in a speci
angular range. Both sets of LUMIs were studied in both curferoduction) and event (tracking)
mode. These linear, unity-gain devices have a large phittoda current under regular operating
conditions (about 1 A) which is comparable to the photoanode current & A, expected for the
main detectors, so the same low-noise, high gain I-to-Vmpedesign developed for the Q-weak
main detector (see sectidn5.1) are used for LUMIs. The voltage output from the preampk és

then fed into the same chain of digitizing electronics thatded for the main detector.

Parameter Luminosity monitor Main detector

hAi 0.003 ppm -0.29 ppm

Count rate 29 GHget. 0.8 GHmlet.
Astat, cOmplete experiment 0.0008 ppm 0.005 ppm
Agtat, PEr pair 8 10° 5 10°

Energy sensitivity -0.0020 MeVt -0.0020 MeV1

Angle sensitivity -260 rad -27 rad?!

Position sensitivity -20 mt -18m?

Table 3.5: Luminosity monitor parameters at the nominab0stattering angle compared to the
main detector. The statistical uncertainties on the asytmynage for all eight LUMIs or main
detectors combined. The quoted sensitivities to beam peteainaariations are for a single detector,
before use is made of symmetry by averaging over detectors.

The expected parameters, such as physics asymmetnticthtsicertainty, and sensitivities to
beam parameter variations for the LUMIs, determined fromugiitions are compared to the same
parameters for the main detectors and are listed in TabléAs a target density uctuation monitor,
the most critical parameter is the LUMIs' statistical urtaérty per helicity pattern as to that of the
main detector. If the target density is varying on a time esc@mparable to the helicity reversal

time (but uncorrelated with the helicity state), it will addquadrature with the statistical width.
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The LUMIs are much more sensitive to target density uctoasi than the main detectors. They are
used during diagnostic measurements to determine the wptirarget operating parameters (beam
raster size, target pump speed, target temperature, &arng regular production running, the

LUMIs serve as an “early-warning” device to alert to any asin target and beam operating

conditions.
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Main Detector System

4.1 Overview

The Q-weak toroidal spectrometer de ects the scatteredtreles away from the beam line and
focuses the elastically scattered electrons onto the faaak to form eight approximately 200 cm
wide and 10 cm tall moustache-shaped pro les (see Eif). The event rate in the focal plane
is 830 MHz per octant. The scattered electrons are detegtezight fused silica (SpectroSil
2000 synthetic optical quartgyerenkov detectors (the concept diagram of@eeenkov detectors
is shown in Fig.4.2). Quartz was chosen as the active detector material, baséd cadiation
hardness, its low sensitivity to neutral background (etge absence of scintillation), its uniform
response (homogeneity of the material), and low intrinsis& (secondary absorption and emission
of light) [Adam et al., 200k The active volume of each of the eight detectors is 200 cni®y
cm by 1.25 cm and therefore covers the entire elastic prarfelding a small amount of inelastic
events and target window background; discussed later ipaa& section), as determined by the
acceptance de ning collimator, which selects about 4% @i and about 53% of 2in . The
active detector volume consists of two optically glued 1@0 long quartz pieces from a single
ingot. Two 5 inch (13 cm) photomultiplier tubes (PMT), onesath end of a detector are optically

glued to light guides. The light guides are actually simpllsion of the active quartz bar itself,

89
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also made of quartz (20 cni8 cm 1.25 cm), and in turn are optically glued to the active quartz
volume. This choice of geometry was mostly based on spatiastcaints, as well as nancial
constraints, accommodating all eight detectors in thel foeae, while covering the entire scattered
beam envelope in the chosen acceptance. However, extansivations have been carried out, to
ensure that the detectors satisfy the basic requiremeitite @xperiment, outlined below. The light
guide extensions remove the PMTs from the direct shine oélhstic electron envelope and allow

for lead shielding of the PMTs.
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Figure 4.1: Electron ux pro le on the focal plane, each beapot is about 2 m long.

Fig. 4.3shows the arrangement of the detectors in the focal plage4Hishows the geometry
of a single radiator and the average incident electrondiaijg with respect to the detector surface
(de ned by the surface that is coplanar with the focal pla®e seen from the gures, on average,

the scattered electrons traverse a distance of about 1.38ittnan incident angle of 22 as they
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Figure 4.2: Concept diagram of Q-we@lerenkov detector.

travel through the quartz.

If a relativistic electron of velocity ¢ that scatters into the quartz detector is moving faster than
the speed of light (i.e., its velocity is greater than thealggzhase velocity of light in the medium),
Cerenkov radiation is generatedep, 1994. The Cerenkov photons are emitted at a well de ned
Cerenkov polar angle ¢), uniformly in azimuthal angle () with respect to the electron trajectory,

forming a cone about the electron trajectory:
(4.1)

wheren(E) is the index of refraction of the radiation medium as a fiorctof the energye of
the emitted photon. Th€erenkov radiation threshold is a¢ = 0, i.e., = 1=. The index
of refraction of the fused silica radiator materialns= 1:482 at 280 nm (see Tabk.3), so the
Cerenkov threshold energy for an electron in the quartzdar i

S r

1 n
1 5 = Me ] 0:7 MeV, (4.2)

q q
En= p2+mi= (M 2+mi=me

in which pis the electron momentun is the static mass of the electron and (1  2) 3, Fig.4.5

shows the momentum threshold @érenkov radiation for several charged particles. Theaaeer
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Figure 4.3: Q-weak coordinate systems and schematic lafdhe mainCerenkov detectors in the
focal plane. There are eight sectors of the QTOR magnet, h@mectant 1, octant 2, and so on,
respectively. The octants are numbered in the clockwisstiim, where octant 1 is the horizontal
octant to beam left when looking downstream. The install®& coils are numbered from 2
through 9, with coil 2 located between Octant 3 and Octant 4 1025 ), and the coil numbers
increasing in the clockwise direction, as well. The octamnbering convention leads to a natural
convention for a right-handed global Cartesian coordisgtem — when looking downstream, the
positive X axis points to beam left horizontally, the pagtl axis points upward vertically, and the
positive Z axis points downstream along the beam axis. Thesponding cylindrical coordinates
use the positive X axis as reference for the azimuthal angl&he increases in the clockwise
direction, thus octant 1 would centered at 0, octant 2 would be centered at= 45, and so on
and so forth. Apart from the global coordinates, there atallooordinates de ned for each octant.
The octant local coordinate system has the positive X axistipg along the increasing radial
direction at the center of the octant, the positive Y axisifing along the increasing direction,
and the positive Z axis pointing downstream along the bewnlin octant 1, the local coordinates
are consistent with the global coordinates. The originsafbcoordinates are located at the same
point — the geometry center of the QTOR. The main detect@siamed as MD1 (or M1), MD2
(or M2), and so on, according to their corresponding octantlver. The two PMTs at the ends of
each quartz bar are marked as‘and “ ” (or “pos” for “positive” and “neg” for “negative”, or “p”
for “plus” and “m” for “minus”), according to its Y-locatiorn the local coordinate system. The
focal plane is th&Z = 578 cm plane.
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Figure 4.4: The geometry of a single main detector and theageancident electron trajectory with
respect to the main detector surface in the local coordmatem of the main detector. The average
incident angle () is 22 .

number of photos produced] is given by the Frank-Tamm equatiofrfink and Tamm, 1937

Z 72 1 ! Z 252
N= — 1 ———— dEdx= ——sin? ¢(E)dEdx; 4.3
s 22(E) s c(E) (4.3)
wherererzm—?é2 ' 370 eVlcm ! for Z = 1 (Z is the charge of the particle in unit of the electron

charge) x is the path length, traversed by the particle in the mediune dverage number of photo-

electrons observedNg.e ) is then given by:

Z
Npe = 370L  (E)sin® c(E)dE; (4.4)

wherelL is the total path length of the electron through the radiat@entimeters, is the overall
detection e ciency for collecting theCerenkov light and transducing it into photo-electroBss
the photon energy in electron-voltgE = 2 ~=, is the photon wavelength; = 197 MeV fm

is the reduced Planck constant).can be factorized as = o get With the geometrical photon
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collection e ciency (o) varying substantially for dierent tracks while the photon detectione
ciency (det) remains nearly track independent. In the following distws, the detected number of
photo-electrondN,e. might be directly referred to as “light yield” instead of thetual light yield

N, to involve in the e ciency of light collection and light detection.

Figure 4.5: Momentum threshold Gferenkov radiation for several charged particlés.¢k, 2007.

For Q-weak scattered electrons of about 1.1 Gp¥:(m. = 1:1 GeV, ' 1), theCerenkov
angle is ¢ = arccos(in ) ' 47 . From Eqgn4.3and4.4, each electron produces on average 1000
optical photons between 200 nm (6.19 eV) to 800 nm (1.55 egstmf which are in the UV range
and at shorter wavelength (see Hig6). These are emitted in a 47 cone (with respect to the
incoming electron trajectory). From Monte Carlo simulati@about 250 photons of these arrive at
both PMT photocathodes (meaning about 125 photons per gdttbtude) by total internal re ection
(TIR), and the detected number of photo-electrons is ab®ut2D. Therefore, the total collection
e ciency (o) is about 25% and the the detection@ency (qet) is about 7%.

Total internal re ection occurs at medium boundary if thghli incident angle is larger than

a particular critical angle with respect to the normal to sheface. The critical angle {|r) is
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Figure 4.6:Cerenkov light wavelength distribution — the number of mmst per nm wavelength
per cm track length (see Egh.29 versus wavelength.

determined by refractive index:

. Ngij
SIN TIR= ar : (4.5)
Nquartz

Table4.1lists the alignment tolerances @krenkov angle with respect to the critical angle of the
total internal re ection for various refractive index. Fig.7 shows theCerenkov angle and the TIR

critical angle versus the refractive index.

refractive index c( ' 1) TIR Alignment
n [degree] [degree] tolerance [degree]
1.30 39.7 50.2
1.35 42.2 47.7
1.40 44.4 45.5
1.45 46.3 43.6 2.8
1.50 48.1 41.8 6.4
1.55 49.8 40.1 9.6
1.60 51.3 38.6 12.6

Table 4.1: The alignment tolerances@érenkov angle with respect to the critical angle of thel tota
internal re ection for various index of refraction.
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Figure 4.7:Cerenkov angle and TIR critical angle versus the refradtidex [Viack, 200]. The
black dashed lines indicate the refractive index range aftguAssuming perpendicular incidence,
Cerenkov light is trapped by total internal re ection whédretmagenta curve faCerenkov angle

( cer) crosses above the red curve for TIR critical anglgg). Cerenkov light from ' 1 particle

is trapped fom > 1:425. So the light from the 1.1 GeV electron is trapped in quiaar. The light
from background particle with< 0:889 cannot be trapped in quartz bar.

Figure 4.8:Cerenkov lights (magenta) escape from quartz bar (red)auner-perpendicular inci-
dence of the beam (blue).

Not the entireCerenkov cone can be trapped since the beam incidence iermmnulicular to
the quartz bar surface (see Fig8). Many photons are lost due to bevelled edges on the quartz
and slight index of refraction mismatches between the thpgieal coupling materials used in the

detector construction (UV transmitting glue, quartz andTPMndow glass). The amount of light
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produced by a given electron track and theceency with which this light is transported to the
PMTs depends closely on the geometry and the orientatidmealetectors, relative to the incoming
electron trajectory. The 130 mm PMTs convert @erenkov light to a current, with a peak quantum
e ciency of about 23% at 270 nm. So with about 8 photo-electpmrsPMT photocathode per
electron track and an event rate of about 830 MHz per det¢lotoestimated cathode current for
each PMT is about 1.1 nA. In production runs the PMTs are dpénaith a 7 stage base providing
a low gain of between 1000 and 2000, depending on the overallemcy of the detector and
the exact event rates (including backgrounds). The noni®h&l anode current is then around
2 A. The previous chapter discussed the considerable softtdph background from electron
bremsstrahlung during high current running. To increasesifinal to background ratio the addition
of a lead pre-radiator (a sheet of lead in front of the quatt&@ volume, as seen by the scattered
electrons) was modeled (see HgP). After initial test, all Q-weak detectors are now equippéth
pre-radiators. A detailed discussion of the various comseges and bene ts of the pre-radiator are
discussed in a separate section below. Details about thdations that were performed to model
the detector and make speci ¢ design, geometry, and positimices are given in a separate section
below.

To achieve the goal measurement accuracy for Q-weak witlémvailable beam time requires
high event rates which, in turn requires detector currentienaperation. Current mode operation
does not allow evefthreshold cuts and no discriminator settings can be appfiedhat back-
grounds must be suppressed by a particular detector designgdre-radiator) and material choice
(i.e. quartz). The eects of various backgrounds in the main detectors are disdus a separate
section. Current mode operation also means that all noiseas® must be properly accounted for
and suppressed as much as possible (e.g. small excess egpis®lltounting statistics). Anything
that contributes to the RMS width in the current mode sigie}ssin the signal, regardless of the
origin (backgrounds, shower activity, electronic noisi,)e The contribution from excess noise
factors is reduced for higher number of photo-electronatedeat the cathode of a PMT. The higher

the number of photo-electrons, the closer the detectotoparate to the elastic electron counting
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Figure 4.9: Simulated shower activities in the lead praatad

statistics limit. Even more importantly, the higher the m@nof photo-electrons, the higher the
mean current out of the PMTs and the smaller the RMS width énntieasured asymmetry. So
a higher number of photo-electrons for a given electron ewglh mean a higher accuracy mea-
surement for a given amount of time. Knowledge of the phd@ateon number allows consistency
checks with respect to detector yield (current) and asymymweétths by providing a means to cal-
culate the expected RMS width and compare this to the width gethe data. Noise sources in
the main detector and the performance of the detectors easiise¢he data, are discussed in detall
in a separate section of this chapter. Measuring the nunmbghaio-electrons must be done in
pulse counting mode, with a careful single photo-electralibcation. This is done at low beam
current and requires a derent set of bases (higher gain), allowing for a clear séijpar@etween
single photo-electron counts and actual events. The phletriron e ciency tests and measure-

ment results are described in detail in a separate sectiba.high gain PMT bases are switched
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manually with the low gain bases, used during current modgd(gtion) running. Another conse-
guence of current mode running is that any non-linearityhinesponse of the detector system to
small changes in electron numbers (i.e. those that are #gdae to parity violation) for dierent
mean currents will translate into variations in the asyrmmpatean at dierent beam currents or
for di erent detector gain settings. This can give rise to an aatiy shifted or false asymmetry
measurement. Detector non-linearity has been measurduedmench and again during data tak-
ing, using current mode runs. Non-linearity tests are dised in a separate section. Due to their
length the main detectors produce a slight position depdnignt yield. For an electron event that
traverses the active detector volume close to one of thesedge relatively large distance optical
photons from that event have to traverse before reachin§ME at the opposite end will result in
more light loss than for an electron event that traversesiétector close to a given PMT. When
combined with the fact that the scattered electron momemitotte on a detector is not uniform
(e.g. di erent electron intercept points on the detector surfacespond to a slightly dierentQ?),
as well as the fact that the electron rate across the bar isniform, this creates a sma(@2 bias.
This is another unique problem in current mode operatiorcivban also produce shifted or false
asymmetries, but can be largely removed by adding the two Bigfiials for each detector, before
forming asymmetries (see chapter 3). The light yield magpiate distribution, an@? bias tests
and measurement results are discussed in a separate section

In current mode, the PMT anode signal is pre-ampli ed imnageliy after the PMT and then
routed directly into a set of integrating ADCs. When the ekpent switches to low current pulsed
mode, the bases are switched, with the low gain base rengaattimched to the signal cable that runs
to the pre-ampli er. The high gain base anode signal is atddo a di erent set of fast ampli ers,
before being routed to a typical counting mode DAQ setup.hBetups are further described in a
separate section below.

Continuous monitoring must be performed to check for gaabity and yield versus asym-
metry or yield versus beam current stability. Periodic nmmg must be done for single photo-

electron calibration and light transmission. To faciktdhe periodic tests, each main detector is
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equipped with a set of LEDs. Some important parameters, asithe measured gains for the PMT

bases, single photo-electron numbers, are given in segtibimn the appendix.

4.2 Design Criteria

The main detector is designed to measure the parity viglagsymmetry; the most important factor
is therefore the statistical uncertainty of the asymmeteasurement. The asymmetd) (is mea-
sured in a “quartet” helicity pattern. The statistical utaimty in the asymmetry due to counting

statistics is:

A
Acount= P—=—— (4.6)
Npat

whereNpat is the total number of helicity patterns in the measuremadt & is determined by the
counting statistics, given by the standard deviatioA.of
The measured asymmet#yin a single helicity pattern is given by

N* N
Apat = N+ N ; 4.7

whereN* andN are the number of scattered electrons detected by the mudntdein the %”

and “ " helicity states, respectively. The derivativesfWwith respect to these are:
@ 1 N* N 2N
= + = ; 4.8
@t N*+N (N*+N )2 N2, (48)
+ +
@ _ 1 N N 2N : (4.9)

@ ~N*+N  (N*+N )2 N2

whereNp: = N* + N is the total number of detected electrons in this patterr. ti® present
discussion, The measurements are assumed to be indepandeherefore the covariance is zero.
Thus the uncertainty is obtained by

», (AN )Z _'_(4N+)2 2
N+ N -
Nt Nt

(4.10)
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The Poisson distribution gives the uncertaintiedNdnandN , i.e., n+ = pW and n = pN_.
Using the fact that the asymmetry is small, such tNat' N %Ntot, and substituting the
expressions for n+ and § into Eqn.4.10yields

N )°N* + (N*)°N _ 4N*N 1

4 3 N
Niot Niot Niot
Therefore, the uncertainty of the asymmetry for the entimggal of measurement is determined as

1 1
g = = o= (4.12)
Npat

A
Acount= |5 r——
Npat

whereNe. = Nt Npat is the total number of electrons detected by the detectohenentire
measurement. For example, assuming the beam current moechehte measured in one detector
is 4.4 MHZ A, the total electron rate at 150A beam current on all detectors will be 5.3 GHz.
At a 960 Hz helicity reversal rate, the detected electron memis 22 10’ per quartet pattern.
Therefore, based on pure counting statistics (Eqghl), the expected asymmetry width, will be
213 ppm per quartet.

Egn.4.12simply follows from counting statistics. However, there apises in the detector and
electronics which contribute additional random unceties such as the shot noise caused by the
uctuations in the number of photo-electrons per incidecdttered electron and the thermal noise
produced by the feedback resistors in the preampli er andQDI the contribution from all noise
sources, i.e., the quadrature sum of all additional randoceainties, is absorbed in a single factor

, one obtains

p

The factor is referred to as the excess noise factor, and the “excess’nnithe measurement of
A is the fractional amount by which the statistical uncettain A exceeds the counting statistics

value;:

p
excess noise 1+ 2 1: (4.14)
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The excess noise directly acts the beam time required to reach the goal statisticalgioa. The

number of total detected electrons is given by

Z
Ne: =S ipeam FA\)detdt; (4.15)

whereRget is the detector accepted electron rate normalized to bear@ntipesm The factorsis

the “live time” ratio of the measurement, which is de ned as:

helicity state reversal settling time
helicity pattern duration

(4.16)

The factors appears here because the “settling tim&i.fe which is the time needed to settle
the Pockels cell after a helicity state reversal) needs torbigted for the asymmetry calculation.
For a helicity state reversal rate of 960 Hzeile = 70 S andTsapie = 972 s out of a total of
1-960Hz= 1042 s, so the “live time” ratiosis 972=1042= 0:933.

Assuming a constant beam currégi;mand using Eqnst.12 4.13and4.15 one has

. P 1+ 2 é
Nei: = S Rdet Ibeam Theam= A ; (4.17)

which gives the integrated beam time

1+ 2 _
Sﬁdetlbeam( A)2 .

Theam= (4.18)

The integrated beam time is proportional to the excess rader squared. Without considering
possible background contributions, the factors dominated by detector intrinsic noise and the
most important performance criteria for the main detecdherefore the detector excess noise or
resolution.

The electron detection eciency in the main detectors depends on the amount of cetldigtht

at the photocathode and the corresponding number of phettrens emitted from the cathode.
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The number of photo-electrons emitted from the cathodeissBo distributed around the mean. In

other words, the variance of the detected number of phetctveins is given by
pe = pn_pe ; (4.19)

wherenye is the mean number of photo-electrons. For large valueggthe distribution becomes

Gaussian. The relative uncertainty in the mean number abpblectrons is then

1
pe
— = p— 4.20

This relation gives the lower limit for detector resolutjdiut other processes usually contribute as
well and increase the excess noise. These include randani&é noise, the charge collection in
the PMT (multiplication noise at the dynodes), positionetagient light yield, and shower uctua-
tions in the pre-radiator and radiator itself (this inclsaly source due to the main detector itself.
Contributions from other sources, such as target boilinmgptsconsidered here).

The nature of the Q-weak current mode signal (tiny changdasathelicity reversal rate on
top of a DC current) requires the detector to have a goodriilye#o correctly measure the small
rate changes in the detector due to the parity signal (i.evéad false asymmetries). Reference
[Mack, 2004 gives an evaluation of the requirement for the detectadiity by calculate the dig-
itized detector respongg(l) (e.g. ADC channels) in terms of beam currénR(l) is a function of

the number of scattered electrons striking the quartz twt@d):
R(N) = a+ bN + cN?; (4.21)

wherea; b; c are coe cient, andc represents a small quadratic detector response. An ideadtde

would be perfectly linear with no et @ = ¢ = 0). The average scattered electron rate striking the
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detector can be estimated with the luminoslty lfy:
N =kL(1 PApy); (4.22)

which includes the helicity-dependentext of the physics asymmetApy and beam polarization
(P). The scattering cross-section and detector acceptamcabsorbed in a constakt and the
subscripts represent one or the other helicity state. The luminosifyraportional to the beam

current and the target density:
L= 1= o+ D= o+ o I?% (4.23)

where the target density variation with beam current is patarized by (1) = o1+ 1). o
is the nominal target density (without density uctuationedto beam heating ects), and is a

coe cient. Above expressions yield the system response:
h i h io
R()=a+bk(l PAsy) ol + o 1?2 +ck(l PAsy) ol + o 1% ~: (4.24)
To second order i, and rst order inApy, this becomes
h i
R (I)=a+bk o(1 PApy)l + bko (1 PApy)+ck® 3(1 2PApy) I%: (4.25)

The coe cients of thd? term represent the nonlinearity. These terms arise both faoget density
changes (via the parameter) and detector nonlinearities (viatltee cient). Thus, there appears
to be no bene t in having a detector chain with linearity fatter than relative magnitudé, which
past experience suggestsO61%). Therefore, a detector chain linearity of an order o&ken at
0O(0:1%) level would not limit the overall linearity, and the defier system nonlinearity of less
than 1% would be acceptable (see refereridadk, 2004 for a detailed analysis of the detector

nonlinearity and how the asymmetry measurement ected by the nonlinearities). A system with
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nonlinearity that is 1-2 orders of magnitude smaller thaa thniterion would be ideal, since the
corrections for nonlinearities in the detector system laea negligible.

From above discussion, a larger light yield improves the@&groperties and brings the exper-
iment closer to counting statistics. In order to operatselm counting statistics, we demand that

the additional statistical contribution to the measuredrasetry be less than 5%/ack, 2007:

s
2

1+ P& <1+59 (4.26)
Np:e

whereNg.e is the observed number of photo-electrons apd is the RMS of the number of photo-
electrons. Assuming pe = pN_pe the number of photo-electrons should be greater than 10.
During production running, the detectors will be operatedurrent-mode since the high rate
makes it impossible to count individual events, the PMTs laaskes were speci cally selected (de-
signed) to operate well at low gain and produce a continutaldescurrent signal. Current mode
operation makes event cuts impossible and therefore faheedetectors to be well designed (or

selected) to satisfy the following requirements:

the detectors must be insensitive to pion background antbphmackground,

the detectors must operate close to counting statistid¢slavit thermal noise, so that the RMS

width in the detector signal is dominated by single event@ebectron numbers.
the detectors must be insensitive to radiation damage dhbaakgrounds,
the detectors must operate with mod@3tbias and less than 1% integral nonlinearity,

the detectors must incorporate engineered solutions tamza or monitor cross-talk be-

tween the apparatus and the helicity reversal signal.

the detectors have mechanical and optical properties varelstable over the lifetime of the

experiment,
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While the main detector itself has limited use in trackingdede.g. in the determination of
the momentum transfer), aside from using it as an altematigger, some of the performance
diagnostic tests for the main detectors are done in traakiode. The most important diagnostics
include light yield uniformity tests across the bar (rethte Q? bias) and the determination of the
number photo-electrons per scattered electron eventcfdet ciency). These two tests are related
and are discussed in detall, later on in this chapter. Inrdocdeerform these tests, the main detectors
must also be able to operate in pulse mode and this requigbsglain operation (as opposed to the
low gain operation in current mode mentioned above). Thenrdatectors therefore operate with
two di erent sets of bases, one for low gain current mode operationgdproduction running and
one for high gain pulse mode operation during tracking mamhs.r Both of these are discussed in
detail further on in this chapter.

As mentioned above, the main detectors consist of a set ot @0 cm long, 18 cm wide
and 1.25 cm thick quartz bars. The bars consist of two opticdlied two 100 cm long, 18 cm
wide and 1.25 cm thick polished synthetic quartz pieces. hBawg quartz bar has two 20 cm
long, 18 cm wide and 1.25 cm thick rectangular quartz lightlgsi coupled to its two ends, and
each quartz light guide has a 130 mm photomultiplier tube TP&ttached on its surface. The
extensions keep the PMTs out of the main envelope of scdtéeetrons and allow the PMTs to be
lead shielded. This choice of geometry was mostly based atie$ponstraints, accommodating all
eight detectors in the focal plane, while covering the ergtattered beam envelope in the chosen
acceptance. As further described below, the geometry asitigno of the detectors was validated
using extensive electron and optical photon simulationsurrent mode, the PMT anode signal is
pre-ampli ed immediately after the PMT and then routed dilg into a set of integrating ADCs.
When the experiment switches to low current pulsed modeb#ses are switched, with the low
gain base remaining attached to the signal cable that rutietpre-ampli er. The high gain base
anode signal is attached to a drent set of high speed ampli ers, before being routed tqpical
counting mode DAQ setup. Both setups are further descrileéalvb The detectors are mounted

coplanar with the focal plane, as shown in Hg3.
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4.3 Simulations and Detector Design

The detector design is based on extensive Monte Carlo siimnga which have been compared (and
to some degree benchmarked) with commissioning and priogudata. Simulations were done to
study the light production and transport in the quartz barstudy e ects of quartz bar surface
properties, to determine quartz bar and light guide shapgégaometries, quartz bar tilt angle, to
study the eect of position dependent light yield, etc. Apart from thedsts of detector design
and performance, simulations were also performed to stadidround and? distribution. These
simulations address questions that are not only importatitet detector design itself, but also very
important to understanding the entire experiment.

The simulations discussed in this thesis have been dewklmsed on the Geant4 framewdrk
The basic method is to set up detailed as-built geometriiseadetectors and shielding, implement
the as measured magnetic eld of the spectrometer. Patinléhe simulations are tracked from
the target to the detectors. The scattered electron eventgeaerated by an event generator and the
target forms the source within the simulation. By turningadimelevant physics processes along the
particle trajectories, the detector response can be sietufar various chosen geometries, which
remains the only thing to be changed, provided the relevlaysipal processes are properly imple-
mented. The simulation results are benchmarked by conmgp#ram to independent experimental
results wherever possible and the resulting deviationshere used to modify the simulation code
until consistent results are obtained or a reasonable tatsr can be assigned to the simulations
results. The detector design is optimized through severd gerations.

In the simulation, the primary scattering event is generatdependently by an event generator,
including the e-p elastic scattering in the target, elaatid quasi-elastic electron scattering on the
aluminum nuclei in the target cell windows. The latter psxe/as considered explicitly because its
asymmetry is about ten times greater at a given scatteriglg dman it is for e-p elastic scattering

in the liquid hydrogen target. The implemented physicatpsses include all electromagnetic pro-

1Developed at CERN, Geant4 is an object oriented programinargework for the simulation of the passage of
particles through matter. It is a toolkit including usefibraries to describe matter, interaction and particlegpantation.
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cesses and low energy hadronic processes above a cut.vahis allows for secondary e-p elastic
and inelastic scattering in the target, Mgller scattermghie target, generation of electromagnetic
shower products in the target and any other geometry impigeden the simulation. Th€erenkov
and scintillation light production in the main detector gadars are the major physics processes of
interests.

A complete simulation of the signals expected in the deteating the geometrical setup shown
in Fig. 4.10was performed. The simulation had all the geometry showhen gure, except the

aluminum beam-pipe and its lead shielding. The main deteaoce implemented in particular

Figure 4.10: Visualization of Q-weak Geant4 simulation.orfrleft to right, the geometries of
the liquid hydrogen target cell and its aluminum scattexdkhgmber window, the rst collimator,
the Region 1 GEMSs, the second collimator, the Region HDGs,tlird collimator, the QTOR
spectrometer, the shielding wall,the Region 3 VDCs, tlgget scintillator and the main detectors
are shown, together with a few simulated trajectories ofelastic scattered electrons. The as-
built dimensions are used for the target, the collimatons] shielding wall, which are especially
important with respect t@? simulations and rate predictions.

2Cut value de nes the extent to which a particle is trackedtsGire de ned in distance, which are converted into
energy based on the material. The cut value is 1 mm in thislation.
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detail, as shown in Fig4.1], including the quartz bars, glue joints, lightguides, PMdstector
housing, PMT housing, PMT lead shield, pre-radiator, quber holders and detector windows
(covers). As many details as possible were modeled in thelatian, such as the small mismatch
between two quartz bars. The simulation also investigatedconsequences (e.g. light loss) of
possible defects, such as quartz bar/antight guide misalignment, oversized bevels and chipped
edges. The rectangular light guides were 20 cm long, 1.25hark &and 18 cm wide without any
reduction in width or thickness. The geometry of the lighidgs and PMT attachment for the main
Cerenkov detectors is selected based on light transmiasidicollection performance, as well as by
the spatial constraints set by the distance between neigigbdetectors and freedom for position
adjustability in the radial direction, while keeping the P#lout of the scattered beam pro le as
much as possible. In the simulations, the detectors welialipiplaced 570 cm downstream of the
QTOR center (in the simulated focal plane) and 326 cm radséhdce from the beam center. These
numbers were replaced with as-installed numbers (578 crmstogam of the QTOR center and 335
cm radial distance from the beam center).

The implemented detector geometry was used in simulatiatinstiae Cerenkov process turned
on, to determine the overall eiency of the detectors for various design choices, sucletectbr
thickness, pre-radiator thickness and light guide gegm@&tre simulation included all relevant ma-
terial properties, including wavelength spectra, inderedfaction, surface re ectivity (speci cally
of the PMT photocathode), and surface roughness (spebji calthe quartz pieces). For example,
prototype tests and simulations showed that the size aighpmliality of the bevels was important.
The simulations indicated (as compared to the prototyps)tdsat the unpolished bevels on a quartz
bar prototype reduced the number of photo-electrons bytatfi%. Based on this, the nal quartz
bars have polished bevels of less than 0.5 mm.

The quartz bar thickness was optimized using simulationsdliyng a compromise between the
need to maximize photo-electron yield and the need to mir@rshower noisejericke, 200k In
other words, the optimal quartz bar thickness was detehigesimultaneously minimizing contri-

butions to the Q-weak uncertainty from photo-electron dedteon shower noise. The simulation
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Figure 4.11: Visualization of the main detector implemé&otain the Q-weak Geant4 simulation.
The detector housing is removed so that the inner strucamée seen.

was performed for several derent detector thicknesses between 0.5 and 3 cm. The diginb
of the combined noise factors shows a minimum around 1 cnkribgs. The number of photo-
electrons increases by a about a factor of two over a randeaddiess from 1-2 cm. The optimum
thickness appears to be 2-2.5 cm, with a shallow minimum kviiépends on the surface re ectivity
assumptions. However, the net excess noise is a nearly Amatbgiendent 3%. A thickness of
1.25 cm was selected to conservatively provide enough piletdrons while keeping the excess
noise from shower generation (about /£%) under control.
A similar procedure was performed to nd the ideal thicknéssthe pre-radiator. Simulations

were performed with the lead radiator thickness varied betwl and 4 cm. The shower maximum
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in terms of the number of secondary particles produced ghd yiield reach a maximum at about
2 cm, while the excess noise has a minimum at about the saoiadsis, as shown in Fig.12

Based on this, the thickness for the lead pre-radiator waseshto be 2 cm.

Figure 4.12: Preradiator shower noise

The optimalCerenkov detector light guide geometry was determined imylsiting the light
yield for various con gurations, such as with the PMT on tlige or on the face of the light guide
for rectangular, trapezoidal, or wedge guide geometriegjithout light guide (PMT on the active
guartz volume edge only). It appears that the rectanguht ¢juide with the PMT on the face of the
guide produces the largest mean number of photo-electrwhthat the geometry has no signi cant
e ect on the excess noise due to light yield variatioRsifcke, 2006h

The detector tilt angle (de ned in Figt.13@)) was also optimized through a series of simu-
lations. Simulations were carried out to determine the exewise as a function of detector tilt
angle (see Fig4.13Db)), the light yield uniformity as a function of electront Ipositions along the
length of the quartz bar and tilt angle, as well as the uniftyrof the Q? distribution across the
quartz bar. The light yield is signi cantly more uniform farzero tilt angle, albeit being less than
for other angles. Considering the complications of desigphiastallation, the optimal tilt angle is

zero — perpendicular to the beam direction. The requireriegrihe number of photo-electrons per
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detector (more than 10 p.e., see sectldd) still can be met at zero tilt angle.

(a) De nition of the tilt angle (b) Noise vs tilt angle

Figure 4.13: Main detector tilt angle simulation. Due to thet that the excess noise varies by
only 1.5% for the various tilt angles, but especially sirtoe light yield uniformity across the bar is
signi cantly better (see below), a 0 degree tilt angle wassan.

The simulation studies of total light yield in the detectodicate that the light yield could be
di erent as the electron incident position changes. 4i4 shows the simulated total light yield
spectrum and the light yield correlation between the two BMit the same quartz bar, without the
pre-radiator. These were simulated at zero detector tikeafsee Fig4.13(a)). This is the nominal
angle, for which theCerenkov bars are perpendicular to the beam. The long teértbhigher light
yield in Fig.4.14(a) and the curvature of the light yield correlation in Fgl4(b) is an indication
that the light yield is dependent on the electron incidersitimns — a combined ect of the shower
activities in the quartz bar, the various path lengths ofttheersed electrons in the quartz bar, and
the various light transmission distances in the quartz bar.

In order to verify this position dependence, simulationseygerformed to determine the light
yield distribution as a function of electron hit position tie quartz bar. Figd.15(a) shows the
light yield distribution along the quartz bar, while Fig.15 (b) shows the light yield distribution
across the quartz bar (radial direction, as de ned by thedioate system). The position dependent
light yield (nonuniformity of light yield) can be seen in tp#ts — the light yield is approximately

uniform across the quartz bar with some edge events (the@hschit on the edge of the quartz bar
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Figure 4.14: Total light yield and light yield correlatioetiwveen two PMTs

at the inner radius side) which produce a smaller amounghbfdi(as seen in Fig.15(b)), but the

light yield is much more nonuniform along the quartz bar.sltonuniformity can be more clearly
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Figure 4.15: Position dependent light yield on erenkov bar. The colored axes indicate the rate
of electrons in arbitrary unit.

identi ed by plotting the light yield pro le along the quaztbar, as seen in Fig..16 which shows
the variation of light yields (from the left hand side PMTght hand side PMT and the sum of both
PMTSs) along theCerenkov bar at zero tilt angle.

The hit position dependence of the light yield willect not only the excess noise in the detector,
but also the light-weightetiQ?i determination, and therefore needs to be optimized. Tipemie

dence with respect to the detector tilt angle (see Fifj3 was studied in the simulation and the
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Figure 4.16: Simulated variation of the light yield as a fiimc of electron hit positions along the
Cerenkov bar at zero detector tilt angle.

result indicated that the non-uniformity is minimized ata@detector tilt angle. For example, when
the detector tilt angle is 22 degrees, so that the mean ehecémtral trajectory is perpendicular to
the quartz bar front surface, the total light yield is highteain it is for the con guration with the
detector at zero tilt angle, but the non-uniformity of thghli yield is along the bar increases, as seen
in Fig. 4.17. The simulated light yield distributions were benchmarkeath cosmic ray tests and
during commissioning with beam (see sectibf.3, with good agreement between the simulation

and the tests.
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Figure 4.17: Simulated variation of the light yield along tberenkov bar, with the mean electron
trajectory at normal incidence on the quartz bar).
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The parity violating asymmetry is proportional@3, so thehQ?i needs to be determined with an
uncertainty of less than 0.5% (see TaBl&). The determination dfiQ?i requires knowledge of the
acceptance, cross section, and radiative correctionsréongstrahlung. Simulations indicate that
the Q? is not uniformly distributed on the detector plane, as sedfig.4.18 In addition, each event
which is accepted by the main detector will produceadent amount of light, depending on its hit
location on the quartz bar (see the event rate distribuhidfig. 3.2and Fig.3.23. The convolution
of nonuniformQ? and light yield distributions produces a sligi@?i bias, which must be taken into
account. To remove any remaining bias, &for each electron track must be weighted by the

light produced by that electron in the detector, to get thetiveightedQ?i .

Figure 4.18: Elastic event distribution 67

For example, simulations and data indicate that eventstheaniddle of the radiator will have
a lower light yield (see Figd.16 4.47 and4.48). Lower Q? events are focused in the center of the
detector. The combination of the two ects then biases th@? upward by about 1.5%, as seen in

Fig. 4.19
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Figure 4.19: Momentum transfer determined from simulatidfhe red curve indicates th®?
distribution before light-weighting, and the blue curvdizates the light-weighte®? distribution.

4.4 Detector Construction

4.4.1 Radiator and Light Guide

As mentioned above, the purpose of the main detectors istéztdkhe electrons in the elastic en-
velope while, as much as possible, suppressing all formadfdround. This includes background
from material activation and shower activity, neutral bgrckind and electrons other than those in
the elastic envelope. Particles below @erenkov threshold do not produce a signal in the detectors.
This includes low energy photons and neutrons. In additisartg is known to be a poor scintilla-
tor. This was veri ed by bench measurements (this is disedig®low). Together with the fact that
guartz is very radiation hard, it is the material of choice@eweak. The most important properties
and speci cations for the main detectors radiators and lighdes are summarized in Takle

When selecting radiator material, a major concern is ramtidiardness. The detectors will ac-
quire a radiation dose of approximately 100 kRad by the ernti@Experiment (see sectidnt.1
for a simple dose estimation). This high dose environmeuldc@pidly damage the light transmis-

sion for many other commonly used detector materials, sadtuaite, for example. As mentioned
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Parameter Value

Material Spectrosfii 2000 synthetic fused silica
Quartz Bar Dimension 200cm18cm 1.25cm

Light Guide Dimension 20cm 18cm 1.25cm

Polishing Quality Optical polish (25 A RMS)

Bevel Size (beveled on every edge) 1.5mm

Detector position z 577 cm from QTOR magnet center
Detector radial position r 331 cm from beam axis

Table 4.2:Cerenkov radiator and light guide parameters

in the overview, every scattered electron that hits theateteat a di erent location has a slightly
di erentQ? (see Fig4.18). So radiation damage, giving rise to a decrease in optiaasmission,
will produce aQ? bias, since more light will be detected for soié values than for others (see
the simulated distributions of light response @fidependence in sectighd). Since Q-weak has
a nite Q? acceptance, this bias would shift the me&@fwvalue that is ultimately used to extract the
weak charge of the proton from the measured asymmetry. A 4&sunement of the proton weak
charge requires a 0.5% determination of the ave@@eand a radiation damaged detector would
make it hard to satisfy this requirement. An additional peaibwould be that the amount of radia-
tion damage is time dependent, and would cause tkeetee mearQ)? to shift with time. Of course,
all of this comes together with a general decrease in ligitlyicausing the statistical eiency of
the experiment to diminish with time.

The synthetic fused silica by Saint-Gobain Qurthe Spectrosii 2000 material, is selected
for the radiator and light guide because this material is@antly radiation-hard for the Q-weak
application and produces negligible light via scintiketiand luminescence. The Spectrbs2000
has exceptional purity (contaminants at the ppm level, lmifrfke and uorescence-free), low lu-

minescence, low scintillation, excellent optical transsion from 180 nm in the deep UV through

3Saint-Gobain Quartd)ttp://www.quartz.saint-gobain.com/

4This type of quartz was used successfully in PEP Il at SLAC —ehservable radiation damage after a 2 GRad
dose Ecklund et al., 200]L The same grade of quartz is also being used in the HAPPExpEriment {\cha et al., 200)/
for the very forward angle (less than)luminosity monitors Glesener, 20(J5with  1-2 GRad over the course of the
entire run.
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to 2000 nm in the IR. The key properties of SpectfdslD00 are listed in Tablé.3.

Property Value

Density 2.21 e

UV Transmittance 99.5% (at 193.4 nm), 99.9% (at 248 nm), 10 mm pathlength
IR Transmittance 95.0% For wavelengths below 2000 nm, 10 mm pathlength
Refractive Index see Tablke.3 (1.4667 at 435.83 nm, for example)

Refractive Index Homogeneity < 25 10 ©, up to 200 mm

SiO, 99.999%

Bubbles < 0.03 mnt/100 cn?

Table 4.3: Material properties of SpectrdsR000 synthetic fused silica

The length (200 cm) and width (18 cm) of quartz bar are detegthby the elastic beam spot size
on the focal plane, which are enough to cover the entireielesgion in one octant with minimum
inelastic contaminations. The thickness (1.25 cm) waswipéd using simulations, by balancing
the competing aspects of maximizing light yield and minimizshower activity and background,
since shower activity increases excess noise and thickectdes are more sensitive to background
(see sectiont.3). The systematic variations in bar thickness a0 m (or 1%), with point-to-
point variations in thickness due to 25 A RMS polishing. lderto reduce costs, 100 cm long
qguartz bars were purchased and then glued in to the 200 cnaldivg volume of the detector. All
surfaces are polished with a standard optical-grade nisH.edges are beveled t0ol1.5 mm to
avoid being easily chipped. The detectors are instrumemiitdl 30 mm PMTs and bases, optically
attached to the active quartz volume by light guides, asaéx@dl in the overview.

Each optical assembly is 2.40 m long, including two 100 cngladiators and two 20 cm long
light guides. These pieces were glued together, resultirigree main glue joints: light guide to
radiator, radiator to radiator and radiator to light guidiég. 4.20 shows the quartz bars and light
guides in the process of being glued together to form a dpiEsembly). The 130 mm PMTs are
directly glued onto the face of the light guide. The optidalegused to attach the quartz pieces and
the PMTs is SES406 by Shin-EtSuThe glue was chosen for its mechanical strength, stakie lig

5Silicone elastomer made by Shin-Etsu Chemical Co., Ltd.
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transmission under high radiation doses. The glue wastésteadiation damage for doses up to
1 MRad at &°Co facility (the Nuclear Services of North Carolina Statauérsity). In order to get
reliable glue joints, surface priming, glue mixing ratidue layer thickness and gluing procedure
had been carefully studied and a controlled gluing procedw#s established (see Appendix2 for

a detailed description of the gluing procedure).

Figure 4.20: Assembly of the quartz components of the maiectier. Two of the eight assemblies
are shown.

4.4.2 Preradiator

Soft backgrounds (e.g. low energy photons) are presenywhere and come from every direction.
Photons with energies at or beld®(100) keV will not produce light in the detectors, since dmar
does not scintillate\Jlack, 2007. However, photons above that energy can pair produceensid
the quartz and the electron-positron pair can makeenkov light. Extensive simulation (see sec-

tion 4.3) studies were carried out to determine the bene ts (and tmseguences) of using a lead
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pre-radiator in front of the quartz (as viewed by an inconsngttered electron, shown in Fi§9).
The bene ts are two fold: (1) soft photon background frormmairy electron bremsstrahlung, which
is incident on the detector from the same general directiotha scattered beam envelope, is re-
duced by absorption in the lead pre-radiator and (2) thereles in the scattered envelope shower
in the pre-radiator, producing on average 8 outgoing edestof slightly lower energy for every in-
coming electron. Each of the shower electrons makes as nglttak the single incoming electron
would have, so that the pre-radiator provides a large gathersignal, while the isotropic back-
ground remains the same. The former bene t is a simple shiglshechanism, while latter actively

increases the signal to background ratio.

Figure 4.21: Shower pro le in lead. The number of electromswdd be multipilied by a normaliza-
tion factor of 0.79 [itller, 1977.

Lead radiation length is 0.5 cmilpkamura et al., 20]0Shower maximum is reached at about 4
radiation lengths as shown in Fig21 The pre-radiator for the main detectors was correspohding
chosen to be 2 cm thick.

Although the pre-radiator will improve the signal to baakgnd ratio, the light yield uctuations
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due to uctuations in the number of the shower particles poedadditional excess noise. In the

design process, simulations were used to show that a miniofdi% in excess noise is achieved

for a 2 cm pre-radiator thickness (see Fdl2). The apparent disadvantage of running with a pre-
radiator is therefore a correspondingly longer runningetijabout 370 additional hours). However,

the resulting reduction in relative background contribatio the signal more than makes up for this
additional time requirement.

During commissioning, half of the main detectors had patars installed and the other half
were bare. A suite of studies and tests was performed foetdbtors, including background studies,
beam position sensitivity tests, light yield tests, and Rib&e studies. Based on a comparison of
the results between the two sets of detectors, it was detidequip all detectors with pre-radiators

for production running.

4.4.3 Photomultiplier Tubes

To convert theCerenkov light to a current signal, the main detectors u€em® photomultiplier
tubes (PMT), with S20 photocathode, UV transmitting glagsdew, SbCs dynodes and DC cou-
pling with an electrostatic shield at cathode potentiale PMT dimensions are shown in Fi§22
The model of PMT is 9312WKB (was D753WKB), made by Electromdsi (ET Enterprises Ltd.).
This is a custom variant of model 9312KB with enhanced UV #eitg. 9312KB itself is the S20
photocathode version of model 9390KB which is a cheap, camd®80 mm diameter photomul-
tiplier with blue-green sensitive bi-alkali photocathoaled 10 stages of high gain, high stability,
SbCs dynodes with linear focus design for good linearity ttmihg (see below for a discussion on
PMT linearity). 9312WKB is sensitive in the wavelength rarfgom 200 to 900 nm, with a peak
guantum e ciency of about 23% at 270 nm (see FHg24).

The material and size of the PMT window have been selecteedoas considerations of light
yield and detector performance stability with the purpofenaximizing the number of photo-
electrons and reducing ects of radiation damage in the detectors. The numb&eoénkov pho-

tons producedN) per unit path length of a particlelx) with chargeZeand per unit energy interval
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Figure 4.22: Dimensions of 130 mm 9312WKB photomultipligiod. Unit: mm

of the photonsdE), is given by [Nakamura et al., 2010

" #
d?N z2 272 1
dEdx- o S = e © e (4.27)
' 370sirf ¢(E) eV 'em? (Z = 1), (4.28)
or, equivalently, " ”
BN 2 72 1
g -7 ! 720y (4.29)

The wavelength distribution of th€erenkov light °N=dxd versus ) for quartz is shown in
Fig. 4.6. This shows that most of the light is produced at short wangtle (UV enhanced). To
collect as much light as possible, the PMTs used in Q-wealeaugpped with UV transmitting
glass, as opposed to regular borosilicate glass (seé i§.

By selecting PMTs with UV glass windows which have a low wawejth cuto at roughly 250

nm (i.e., 50% of maximum quantum eiency)®, we will be able to maintain a stable detector

5This short wavelength cutocan be raised further, for example, to 350 nm, by gluing dtem the PMT
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Figure 4.23.Cerenkov light collections by PMT with derent PMT window. The window transmis-
sion e ciency and the quantum eiency of a bi-alkali photocathode have been taken intowatico
[Mack, 2002

performance and a good light yield even in the case of rasiatamage at very low wavelengths.
In addition, because of the light loss due to re ection at M T window, a larger PMT window
with a larger active area results in a better light collett®o ciency. A 130 mm PMT provides a
photocathode diameter of 110 mm or an active area @5 cnt.

The main detector PMTs use a multialkali S20 §K&b:Cs) photocathode. The S20 photocath-
ode has a peak quantum eiency of about 23% at about 260 nm and has nitecéency down to
200 nm (see Fig4.24and Table A.4). By comparison, standard bi-alkali cathodes have a sharp
cuto at about 300 nm, resulting in a lot of light loss. The S20 cdéhis therefore well matched to
the Cerenkov light wavelengths in quartz.

In addition, the S20 photocathode was selected because d losv sheet resistance. The main

detector PMT photocathode current in current mode operagion the order of several nA, due to

windows if we nd that the quartz bars damage more quicklyntfaund in tests by the BaBar DIRC group
[Cohen-Tanugi et al., 2003
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Figure 4.24: Quantum eciency (QE) for the S20 photocathode with UV glass, as coetty the
QE for a regular bi-alkali photocathode with a lime glassdaw.

the combination of high rates and high photo-electron numbkhis is a relatively high, continuous
photocathode current and can produce large potential dxopss the face of the photocathode
if the photocathode has a high sheet resistance (see regefeck, 2009 for a discussion of
photocathode voltage drop). For example, use of standaatkdii photocathodes would lead to
potential drops across the photocathode of many 10's o§vditnon-equipotential photocathode
will induce poor electrostatic focusing and cause the Idsslarge fraction of the photo-electrons.
At high load (larger than 1 nA cathode current), the S20 ptetttode has a very low voltage drop
over a large photocathode area, since it has 3 orders of tndgrsmaller resistivity than standard
bi-alkali photocathodes. Therefore, theeets of voltage drop, such as poor electrostatic focusing,
loss of collection eciency, and potentially poor linearity, are negligible.

A disadvantage of the S20 photocathode is its higher thermiemission rate, resulting in
a relatively large dark current (a factor of 33 times lardernt bi-alkali at 20 C) which slightly
complicates the interpretation of pulsed mode data, foealet e ciency tests. A 130 mm PMT
with an S20 photocathode has a typical dark rate of approgctdO kHz if triggered at 0.5 p.e.

(photo-electron) level. This is not an issue in current msidee the dark current dilution is small
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(less than 10%, estimated by:

dark current 100 kHz 1 pe

<10 % _
detector yield 0:8 GHz 10 pe: 107 (4.30)

where the full beam current rate is approximately 0.8 GH#hwai 10 p.e. per track response for
one PMT), but it makes it more dicult to quantify soft background pulses consisting of 1 phot
electron in event modé

The main detector PMTs have a 10 stage dynode structure Shifts dynodes. Compared to
other types of dynode material, SbCs dynodes reduce thallsat¢rate e ect”, which causes the
gain in a PMT to vary with the average current in a PMT. This canse non-linear responses of
the PMT to slight changes in electron event rate (such asxieceed event rate changes due to the
helicity reversal) and therefore constitutes an imporarssible systematic ect for Q-weak (see
section4.6.2for a more detailed discussion of the detector non-linieariand associated tests).

A change in elastic electron event rate on the detector magecthe gain of a PMT to shift
slightly, even when the bias voltages are perfectly stabte space charge ects are negligible.
The electron bombardment of the last few dynodes is coraider cause the secondary emission
coe cient to change, leading to a net gain change. The magnitiutie @ ect can vary by a factor
of several between individual PMTs of the same type. Thigled the “rate eect” or “short-term
instability” although the independent variable is mor@hkthe current or power dissipation on the
last several dynode&§mashita, 197]] Yamashita, 1979 Vincenzi et al., 198}

The SbCs dynodes are designed to reduce the ratet §/incenzi et al., 198}k However, even
with S20 photocathodes, stable voltage dividers, and gietgi space charge ects, the residual
rate e ect with SbCs dynodes might prevent us from meeting the saicin of less than 0.1%
nonlinearity. The time constant for such gain changes ig@dér00.1 second\]lack, 2003. If the
helicity reversal frequency is increased so that the tinbervial of rate changes is well below 0.1

second, the “rate eect” might be suppressed. The high helicity reversal rat®aéf Hz for Q-

"Soft background and dark rate can be disentangled to sommetdmt varying the beam current since soft background
is proportional to beam current, but dark rate does not aharith beam current.
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weak was chosen in part to suppresg@s that could cause false asymmetries, which includes the
described “rate eect”.

As mentioned above, with the high event rate in productiod@enthe expected cathode current
is a few nA. To reduce non-linearity ects, such as those described above, the PMTs will be
operated at low gain during production running. This is eebd by using only the rst 7 dynode
stages and keeping the remaining stages and anode at théissmeltage as dynode 7, as well as
operating the PMT at a relatively low bias of around 1100 8/¢éee sectiod.4.4on a description
of the current mode PMT base). The corresponding anodentugevell matched with the 1
M transfer gain current-to-voltage preampli ers and therent mode integrating ADCs, used to
digitize the main detector signal during production ruignisee sectiod.5.2on a description of the
current mode main detector DAQ). Non-linearities are o$éesoncern when the main detectors
are operated in pulse mode, since thed itself is reduced (lower power deposition) and because
small changes in PMT pulse height have n@et on the data. In pulsed mode, all the dynodes are
used and the dynode bias is optimized for relatively higin gaithat individual pulses in the quartz
bars can be observed. There are no stringent requiremetitaiog or linearity in this application,
but we do need at least 4@ain to be able to calibrate the photo-electronceency of the main
detectors, by measuring clear single photo-electron pdd&eever, even if all 10 stages are used
to reach a maximum gain of ¥0the single photo-electron pulse height, when terminatem50 |,
is only 0.8 mV. For this reason, fast linear ampli ers will beed to see the single photo-electron
peak, instead of using higher gain PMTs which would haveltesin larger non-linearities in
production running.

In addition to the build-in electrostatic shield at the caté potential (inside the PMT itself),
there are three other types of add-on shielding: electiosthielding, magnetic shielding, and
radiation shielding. The electrostatic shielding is inmpésted in the form of an aluminum PMT
housing, which also provide physical protection for the P& serves as a light tight housing

(see sectior.4.5for a description of the detector housing and mounting #ireg. The magnetic
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shielding is a double layer, mu-metal caseserted between the PMT housing and the PMT itself
(see Fig4.28. The mu-metal is oated electrically, to reduce noise pigk and insulations were
carefully inserted to avoid possible high voltage sparks/ben the mu-metal and the photocathode.
In the experiment, stray elds from QTOR at the PMT locatiaare less than 0.1 Gauss, hence
Earth's eld dominates. Sensitivity tests at xed cathode tst dynode voltage have shown that
the earth's eld has negligible eects when the PMT is shielded with this double layer mu-metal
Beam optics simulations show that the main detector PMTdomated outside of the beam
envelope. However, upstream multiple scattering evertdsaoondary shower beam can potentially
hit the PMT region and produce background in the PMT signal.reluce this eect, radiation
shielding in the form of 5 cm thick lead bricks is mounted jimsfront of the PMTs and below the
PMTs at the inner radius side. This provides 10 radiatiogtlenattenuation foD(1) GeV particles

(electrons) coming from the upstream direction and frombisemline.

4.4.4 PMT Bases

The main detector PMTs are used alternately in both curmethipallsed modes, requiring them to
operate over a wide range of gain $1:010°). In current mode, the PMTs need to be highly linear
and therefore operate at low gain, while in event mode, th&®ieed to have a high gain to obtain
single photo-electron resolution. To satisfy both requieats, two types of PMT bases, a set of low
gain bases and a set of high gain bases were built, to optitmzEMT gain and linearity in both
current mode and event mode.

Considerations of PMT lifetime limit the maximum anode emtrto about 6 A, and thus (for
a xed photocathode current of 6 nA) a maximum gain df000. To achieve this low gain, while
maintaining the high inter-dynode voltages required foedr operation, only the rst 7 active
stages of the PMT are used. The remaining stages are tiethéogsdectrically as a single anode.
For pulsed mode operation, the bases are switched to thertggin bases, which use all 10 dynode

stages, to reach a gain of2  1(P.

8 Mu-metal is a nickel-iron alloy that has very high magnetcmeability so as to screen and attenuate low-frequency
magnetic elds.
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The PMT gain is determined by a particular high voltage aividesign and the applied bias
voltage, constrained by the manufacturer's maximum ratfiog voltage and total gain. PMT base
designs were developed based on simulations, using a sipilegain — voltage divider model

[Mack, 2009. The PMT gain for stagecan be modeled as:
G= V", (4.31)

whereV; is the voltages applied on stage; and ; are gain parameters. Foractive dynodes, the
total gain can be expressed as:

G= G = iV, e (4.32)

Assuming the gain parameters are the same for all stagesxappate values of; and ; then can
be derived from the vendor's catalog, and improved and re tigough prototype tests. The PMT
base can be modeled as a voltage divider network, contaitéad resistors and zener diodes (zener
diode is used to provide a xed voltage for a certain dynodd)is model is used to calculate the
currents, voltages and nominal gains for an unloaded bagzera anode current, and to estimate
the changes in PMT gain at vary anode current by solving tindimesar problem of determining the
state of a voltage divider as the load varies. This model do¢nclude other PMT performance
limiting factors, such as the dynode rateeet, the space charge ects. The exact properties of the
base-PMT assemblies were determined during bench testimgadotypes and on the nal bases
[Anderson, 2000 Gericke, 2006 MacEwan, 201

The current mode PMT base is critical for production paviglation measurements. The prin-
cipal requirements are less than 0.1% nonlinearity &t ddin and 6 nA photocathode current
[Mack, 2009. The voltage divider incorporates two zener diodes to r thias voltage between
the cathode and rst dynode and to keep the rst-stage mlidagion noise independent of applied
high voltage. The zener diodes are also used on the nal stdgge the ampli ed currents are
largest, to try and keep the currents stable and reducebp@ssin-linearities. All other stages are

identical resistor stages (see FHg25. At xed supply voltage, any change in the voltage across
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one resistor (V) must be equal and opposite to the voltage changé/( in the other resistor, thus
the net gain for these two stages does not change to rst émdeY. In practice, in order to yield

high linearity, the resistive dynodes need to be well matche

Figure 4.25: Schematic diagram for the low gain current nieldd@ base. The voltage drop between
the cathode-d1 region is due to two 140 V, 5 W rated zener di¢dE Z2) and the same for the
nal stage (Z3, Z4). R1 — R5 are identical /k0.5 W resistors. Rs is a 10/k0.5 W loadsafty
resistor.

A load/safety resistor (1-10 k) is added in the divider between the anode and ground to keep t
anode at the ground potential if the anode output is disatrddrom the preampli er. Subsequent
reconnection of the preampli er to the anode could potdigtdamage the preampli er if the anode
is charged. In some pulsed mode applications, the peakntutem greatly exceed the divider
current, so some local storage of charge is needed beyondyiiugle stray capacitance. In our
current mode application, the divider current is at lea€d fithes larger than the anode current
and should be able to recharge the dynodes to their nomitalges on pico second time scales
after a small perturbation such as a statistical uctuattora major perturbation such as a spark.
Therefore, the current mode divider does not include argrves capacitors. Modern high voltage
power supplies have very low ripple, so the current modeddivalso does not include decoupling
Iter capacitor to minimize stored energy which could daredlge power supply or the PMT in the
event a spark is generatedick, 2009.

By increasing or decreasing the high voltages, the gain eaadjusted by a factor of 4. All cur-
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rent mode PMT and base assemblies were fully tested andot@iazad during bench tests and then
again during detector commissioning. The full set of benwh@mmissioning tests is described in
section4.6.

The pulsed mode PMT base is needed for event mode measusemieich will be used to
search for background and to map out the electron hit positapendent response of the detector.
The principle requirements for the pulsed mode divider aesonable linearity, sucient gain and
bandwidth to achieve single photo-electron resolutiam;esmuch of a 1-10 MeV low energy photon
background may show up as single photo-electrons in thetdeseand dilute the measurements.
Hence, to obtain background spectra which can be intepieteerms of a fractional dilution, it is

important that the detector be linear over a dynamic rangeuwghly 1-100 photo-electrons.

Figure 4.26: Schematic diagram for the high gain pulsed nRM& base. R1is a 180 k2 W
resistor. R9isa 112 k2 W resistor. Rsis a 1 M 0.5 W loadsafty resistor. Other resistors are 56
k/ 0.5W. C1- C3 (100 nF) are reservoir capacitors.

The divider design (as shown in Fig.26) is a compromise between the requirements for rea-
sonable gain, linearity, and stability with respect to tanges. Because of the low photo-electron
number (10 p.e. per PMT without pre-radiator, 50 p.e. per RMth pre-radiator), relatively low
gain (1¢ ), and long risetime for this PMT (of order 10 ns), the peakeuts are estimated only at

the level of:
(50pe) (1:6 101°C) 10°
10 ns

1 mA; (4.33)

which which also means there wouldn't be a large amount ofinearity (the manufacturer spec-
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i ed PMT nonlinearity is less than 1% at this level of peak mmnt). Good pulse linearity can be
assured by using low inductance reservoir capacitors omtidase stages. The divider includes
alM loadsafety resistor between the anode and ground to prevenstite from charging up
when disconnected. In addition, re ections from patch pam@edance mismatches would appear
as low amplitude pulses or oscillations that could compdicae analysis of background contribu-
tions that produce low amplitude pulses. The Isatkty resister is also used to back-terminate the
divider so as to minimize the re ections. Like the currentded®MT bases, the pulsed mode PMT

base assemblies were fully tested and characterized oretteh land during commissioning.

4.4.5 Main Detector Mounting and Support Structure

The main detector mounting and support structure consisishousing for each quartz and PMT
assembly, a so-called exoskeleton around each housing, g&eral support structure for all eight
detectors, referred to as the Ferris wheel (see4&§). The housing provides the mounting struc-
ture for the glued quartz and PMT assemblies and are destgrmathimize tension on the various
glue joints and torsion on the bar itself, which could destatal internal re ection. The housing
also provides light tight dark environment for the detestoilhe housing is mounted inside the
exoskeletons, which are designed to reinforce the mechlsstiength of the main detector housing
and provide mounting structures for PMT lead radiation ldsi@nd the lead pre-radiators. The
exoskeletons also provide the mounting interface to theadiveupport structure (the Ferris wheel).
The Ferris wheel locates the main detectors at their degiglaees in the focal plane (according to
the simulated location of the scattered beam envelope).afthehment of the exoskeletons to the
Ferris wheel incorporates manual radial motion capabslitvith a range of about 15 cm. The nal
position of the detectors was carefully surveyed. All syraed alignment markers are attached
to the quartz-PMT housings. The Ferris wheel incorporasdsectrays and work platforms with
ladders, for maintenance access. All the mechanical stegtwvere built with aluminum in order
to provide a “low-Z” (short radiation length hence less skhowackground) and iron-free (to avoid

the possibility of being magnetized) environment arouraldbtectors. Use of other materials was
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restricted to places where extra strength was required imbiuded bolts, where the stainless steel

and copper were used.

Figure 4.27: Exploded view of the radiator module. The fi@mitrance) and back (exit) “windows”
are not shown. The assembly consists of 38 bolted parts.

The detector housing must satisfy a number of design cantsrand requirements, such as
light tightness, minimizing light transportation lossrash and stress free mounting of the quartz
bars, supporting quartz bars and glue joints in any oriEmatminimizing showering, allowing
fairly easy access to service the PMTs and provide easyataé#ise PMT bases to switch quickly
between production (current) and tracking (pulse) modghtiight seals are implemented by using
gaskets and black liquid tape. The light transportatios issninimized by reducing surface contact
of housing material with the quartz bars (which destroyaltioternal re ection). The housing also
allows for possible lining on the inside, with re ective neaial. Showering is minimized by using
low-Z materials, and minimizing the amount of material axduhe detector. The housing consists

of an aluminum frame and thin entrance and exit windows, nfiame Poron — a exible 0.64 cm
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thick black radiation hard elastom&r The window material is stretched across the housing front
and back and clamped down by aluminum bars, to ensure thatmtaat is made with the quartz
surface. The exploded view of the detector housing assemvhbigh includes frame, PMT housing
and quartz bar mounting brackets, is shown in Big.7 (see appendipd.5 for the detailed CAD

drawings of the detector housing ¢ricke, 200).

Figure 4.28: PMT housing portion cut along the bar. The psitg of the PMT on the light guide,
as well as housing design to accommodate mounting of the etiaghield, are shown.

9Stockwell Elastomerics, Inc. 4749 Tolbut Street, Philpti, PA 19136-1512
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The aluminum frame (quartz bar housing walls) of the modetpiire the use of stainless steel
Helicoil inserts for the tapped holes to prevent strippifighoeads. The PMTs housing is located
at the outer edge of the module. The tubular region of the Pblisimg is welded to the plate that
attaches to the quartz housing walls. The design accomemdat4 mm variation in the overall
length of the quartz bar assembly. The overall length of theute is 95.5 inches (about 243 cm)
and the overall width is 9.5 inches (about 24 cm). The thisknend width of the housing walls
are 0.75 inch (1.91 cm) and 2 inch (5.08 cm), respectivelye PMT housing (see Figt.28 has
a large opening to accommodate variations in PMT positmpmin the light guide. The magnetic
shielding for the PMT is xed inside the PMT housing and thare isolated electrical feed-through

connectors on the lid (top plate) to drive LEDs inside theeditr housing, for diagnostic purposes.

Figure 4.29: Quartz holding bracket with silicone insedsdtrain relief and cushioning (7.62 cm
long for the side brackets and 5.08 cm long for the quartz bdrheackets.

The quartz bar inside the housing is held by “C-shaped” nmingrtrackets (see Figt.29.
The thinner side of the bracket is towards incident elesirém minimize electron showering in the
brackets. The brackets have a bolt hole diameter that exdeat of the bolt by about 2 mm, so

that they can be adjusted to conform to the glued form of tlatguassembly and can be tightened
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without introducing additional strain on the glue jointsndagh pressure needs to be produced by
the brackets on the quartz bar and all glue joints to prewaative motion of the quartz pieces and
loss of light coupling when the detector is moved. The breckssentially allow one to build the
housing around the glued quartz bar, rather than havingi tbdi quartz bar into the housing, which

minimizes the stress on the glue joints on the quartz bar.

(a) Assembled main detectors (b) Detectors stored on a shelf

Figure 4.30: (a) A photo of assembled main detectors withsimgubut without window material.
The gaps between the quartz bar and frame and the thinnédelsamn the electron incident side
(coming from the bottom in the picture) reduce showeringe bars across the quartz assembly,
between the two side walls, shown in the photo are for temmp@apport of the frame. (b) Five
fully assembled main detectors stored on a shelf, and caetpltested for light tightness and optical
coupling with cosmic rays.

An in-situ mounting scheme for the quartz bar and the PMTsusasd in assembling the quartz-
PMT assembly and the housing, with the purpose of proteging joints and accommodating the
small variations of component size and shape. The basiegure used was: gluing the two half
quartz bars to get the full length quartz bar, mounting theeguartz bar and light guide assembly
in its nal position inside the housing when the glue is sttl(building the housing around the
quartz bar), then attaching the PMT housing as well as the R841F with the glue applied on the
PMT window before attaching the top plate, centering the Riith the designed top plate opening,
removing the PMT housing after the glue on the PMT window ifles cleaning the quartz bar

assembly, reattaching the PMT housing and covering theeteith the poron windows to close
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up the detector entirely. The photo in Fi¢.30 (a) shows the assembled detector with housing
before covering the detector with the poron windows. Thetpho Fig. 4.30 (b) shows the fully
assembled detectors stored on a shelf.

The detector optical assembly and housing must be reirddrga frame of extruded aluminum
struts — the exoskeleton (see Hg31). As mentioned above, the exoskeleton performs severs) job
such as stabilizing the housing, supporting the lead radizhielding for the PMTSs, supporting the
panels of lead pre-radiators, and providing interface tgdior attachment with radial adjustment
(see below). The exoskeleton was designed to safely supportbs (about 227 kg) of weight in

di erent orientations with minimal de ection.

Figure 4.31: Exoskeleton of the detector optical asseniuyteusing. The detector optical assem-
bly and housing are loaded into the exoskeleton from the dowam side.

The exoskeleton has clips at the upstream side. These ckpssad to clamp the 2 cm thick
pre-radiator tiles and 5 cm thick lead bricks for shielding PMT. Another set of lead brick PMT
shields are inserted into holding boxes attached to thetmotf the exoskeleton at the PMT position

to shield the radiations against beamline background.
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A Ferris wheel was designed to support the Q-weak main dete(see Fig4.32. The Ferris
wheel has an octagonal structure which lines up the eight aetiectors with the scattered electron
beam pro les on the focal plane, as created by the eight s€ZT®R. The Ferris wheel is located
just downstream of the focal plane with access platformsghown) and detector supporting arms.
The main detectors are mounted on the supporting arms inadaht (see the schematic view of

the main detector array mounted on the Ferris wheel in&&f).

Figure 4.32: Schematic view of the main detector array m@chhsupport structure. The detector
modules, including detector assembly and exoskeletonmareted on the Ferris Wheel (purple)
with detector support arms (orange).

The detector radial positions within the support structtee be adjusted, to compensate for
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any possible variation in electron optics, as compareddaimulation predicted scattered electron
pro le, and to cancel out any small survey and alignmentrstrd@he radial adjustment devices are
ball-screw linear translation stages with encoders sdltegposition can be ne-adjusted with high
reproducibility. The translation linear stages are atacto the hard end plates of the exoskeleton
and their movable tables are bolted on the support arms (geé.B3. A 15 cm moving range of

the table gives enough exibility for the radial positionjastment.

Figure 4.33: Schematic view of the radial adjustment (Ingkiownstream). The pre-radiator clips
(purple) and the PMT front radiation shield clips (orange)ioe exoskeleton are also shown.
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4.4.6 Diagnostic System

The detector performance, such as electronic noise lavethe signal processing electronics needs
to be checked periodically. The detector system noise prence can be checked by introducing
low noise inputs during occasional beam-oeriods. These test signals need to have a comparable
amplitude to the beam on signal. By replacing the signal fedastic electrons with an equiva-
lent amount of LED light into the PMT, the statistical nois&lthh can be reduced by a factor of
1=pw 10 Running the main detectors with LEDs is also a sensitiveftessuch excess noise
sources as after-pulsing or sparking.

An even more sensitive test (approaching the shot noisd) limto replace the light sources
altogether with a current source at the input to ktite-V ampli er. The shot noise limit is more
than 2 orders of magnitude smaller than the electron traatlssital uncertainty, so a current source
could allow a sensitive test of ampli er and ADC noise.

Because the LED and current source runs have so little norsg@ared to the counting statistics
of electron tracks, the time needed to identify excess raigesigni cant level is very short. For
example, if an excess noise factor of 10% is considered ahhbte for concern, from Eqmt.13
and4.14, the counting statistical uncertainty would be only ine&ﬂibypm 1= 0:5%.
This would yield a 100% change in the predicted noise levalroEED run or a 1000% change in
the expected level using a current source. Thus, even ooad&would be plenty of time to make
a determination of whether the apparatus itself (in the mtesef beam) was a signi cant source of
excess noise. By monitoring these noise levels interntijtéinroughout the experiment, we will be
able to track potentially increasing noise levels from atidn damage to the ampli er, etc.

Each battery source is an electrostatically shielded boxtaining a 9 V battery and a resistor.
They are con gured either as a voltage source or as a curmenmts, and can be used to test the
current mode front-end electronics and make measuremegtiits electronics pedestal contribution

to the signal. The battery sources were installed closegd®Ts and preampli ers. Each main

1A more careful analysis is required which talﬁe_s the singletglelectron resolution into account, but the simple
scaling argument above is only optimistic by perhaga
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detector includes a set of 2.5 mm green LEDsinstalled at either end of the housing, one close
to each PMT. The LEDs are used to simulate the light prodndtiche quartz bar, check the light
transportation, calibrate the single photo-electron spet, and validate noise level.

The LEDs in the detectors are driven either by a DC power suppla pulse generator to
perform single photo-electron calibrations and linear@sts. Due to the nonidentical response of
each individual PMT to the LED light, a power supply disttibm panel is needed to provide light
emission adjustment for individual LED. The LED power sypg@istribution panel [Vang, 201
(as shown schematically in Fig.34) is powered by either an external DC power supply or an
external short pulse generator. For the LED light emisstahibty, a mirrored current source drive
circuit on each LED with light emission feed back would haesib ideal. However, a regulated

voltage source was chosen to simplify the circuit.

Figure 4.34: Schematic diagram of LED power distributiongia

The luminous intensity of an LEO Y has a temperature dependence ashpbert, 200b

| = |0 exp[ (T To):T]_]; (4.34)

where lg is the luminous intensity alg = 300 K, T; is LED characteristic temperature and
T1 100 K. The LED light emission will exponentially decreaseahnincreasing temperature.

This temperature drift has large ects on the PMT output, especially at the beginning when the

The green LEDs have560 nm wavelength. A better performance can be acquiredibg lsue LEDs ( 470 nm)
or UV LEDs (<400 nm) whose wavelengths are closer to the wavelengthdfipedCerenkov lights in the quartz bar.
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LED starts to warm up. In order to avoid using a complicatedperature compensation circuit to
produce constant LED luminosity, the LEDs will be turned oradvance, before making a diag-
nostic measurement. Short time measurement should theratde afiter LEDs have stabilized, to

reduce the eects of luminosity drift.

4.5 Electronics and Data Readout (DAQ)

To make a precise measurement of a parity violating asynynpeissible, suppression of noise
and systematic escts is paramount. In principle, the faster the helicityersal, the better the
suppression. To see how this works, it is most convenierdk in the frequency domain. With an
unpolarized beam, the signal from one of the main detectof #Would be a DC current of about
6 A with noise from various sources, mostly the shot noise htlt glow drifts in the detector gain
and other experimental components. If the electrons aggtlafinally polarized, the current will be
decreased slightly in the positive helicity state and iaseal slightly in the negative helicity state. If
the helicity repeatedly reversed at some frequency, thetpérity signal” would be a small, mostly
square-wave signal superimposed on the the DC (mean) canponcluding the drifts.

To extract the small parity signal from the other drifts, weegrate the signal over each helicity
state and take the dérence between the positive and negative states. Any drifictuation in the
signal with a signi cantly lower frequency than the heliciteversal frequency will "look” like a
constant DC oset over a small range of consecutive helicity states. Ifraqudar pattern is chosen
(such as # +”7or" ++ ) from a sequence of consecutive helicity states to cateullae
asymmetry (rather than simply using “ + + ::."), then the parity violating component can be
separated from slower drifts, even if these increase oredserlinearly with time, over the helicity
pattern. Any signal uctuations (noise) at frequencies i@ signi cantly larger than the helicity
reversal frequency will be integrated over by electroniering in the ADCs and by software inte-
gration. The challenge in all aspects of the experimentsigdeis to ensure that all uctuations in

the signal ( other than the parity signal) with a frequencgratlose to the chosen helicity reversal
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are (1) random with respect to the helicity state and (2) kmalmplitude compared to the expected
parity signal. If these two conditions can be satis ed thieese uctuations will average to a zero

mean within an uncertainty that becomes part of the ovexaktemental uncertainty.

45.1 Electronics

As described before, the Q-weak experiment will run botlow beam current countigvent mode
for calibration and in integratidourrent mode for asymmetry measurements. Two independent s
of electronics — event mode electronics and current modgretacs, are designed for the main
detector to run in these two derent modes. In event mode, the beam current is reducecthd
level so that the event rate is reduced drastically. Thecttatecan then work in pulse counting mode
and individual pulses can be processed. The event modeagimst use conventional techniques to
measure charge, timing and rate, etc, and will not be discussdetail here. In current mode, the
beam current is increased tol50 A or higher, to meet the requirement of measuring the0:3
ppm parity-violating asymmetry with a statistical preoisiof 5 10 2 in about 2500 hours. This
beam current will produce an event rate of about 800 MHz irhedcdhe 8 octants. This is too
high for conventional pulse counting techniques. Custordereectronics’ are needed for current
mode measurements. Details of the current mode electrarédstroduced below.

A block diagram of the Q-weak current mode front-end elett®is shown in Fig4.35 The
gure shows how a 5 A current signal is produced from the high count rate in orth®® detectors.
It is assumed that typically 50 photo-electrons will be askd at the photomultiplier tube (PMT)
cathode for each eveht. The gain of the photomultiplier will then be adjusted tolgti& A at
the anode under normal running conditions. The curreniasifyjom the photomultiplier tube goes
to a low noise trans-impedance (current-to-voltage) ppiaen located close to the PMTs. At the
output end, the ampli er provides a line driver, capable @intaining the signal amplitude over the

more than 100 meter distance to the DAQ room, where the siguditized by VME based digital

2Designed and built by researchers at TRIUMF and the UnityeciManitoba.

3Simulation, bench and beam test (see related sectionssrchigipter) showed that, on average, about 8 photo-
electrons per event can be detected by a single PMT on a bar& dpar (without pre-radiator); about 50 photo-electrons
per event can be detected by a single PMT if the quartz banipped with a 2 cm thick lead pre-radiator.
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integrators located in the electronics cage outside ther@rpntal area. The whole system must be

very low noise so that beam-aull asymmetry tests can be made in a short time.

Figure 4.35: Schematic of the current mode signal chain.

The 5 A signal from a PMT with beam on the detectors is consideraloligier than a 5 A
signal from a battery because it is made from large, 50,00taege lumps rather than from single

electrons. This “shot noise™, i.e. the standard deviation of current uctuations, isegivby

| = IOZQI f; (4.35)

Ishotnoise™

wherel is the current,Q is the charge quantum, andf is the equivalent noise bandwidth. If
the bandwidth is limited by a simple one-pole low-pass hgth half-power frequencyf 3gg, the
equivalent noise bandwidth isf 34g. If the limit is set by integrating the signal fdr seconds, the
equivalent noise bandwidth lzéf

The custom VME signal integrators must integrate the sigmat a time period depending on
the helicity reversal rate. Two schemes have been conslideréhe 120 Hz' scheme, each helicity

state will last 130 second. The current mode electronics will integrate timeeat over the helicity

14Shot noise is a type of electronic noise that occurs when i number of particles that carry energy (such as
electrons in an electronic circuit or photons in an optioaide) is small enough to give rise to detectable statistica
uctuations in a measurement.
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state in four 1120 second blocks. The scheme would be insensitive to noiselléiples of the 60
Hz power line frequency; the factor of 4 in over sampling veblet us check if signi cant line noise
was being canceled by thé30 second integral. In the "1 kHz' scheme, each helicityestall only
last 250 seconds, and the charge will be digitized as four, onksetbnd long, integral blocks.
There are many reasons for choosing the faster reversdil,asusuppression of beam line noise or
target boiling noise. Prior experience with liquid hydradarget [\rmstrong et al., 200dndicates
that the noise from target boiling is limited to low frequ@s; and that bubbling is not seen on a
time scale of a few ms. This observation has been validatddeb@-weak data, as seen in the main
detector signals (see Fig.15. The need for four integral blocks per helicity state is a®tlear as
for the 120 Hz' case, but the electronics were designeddegure that capability.

This integration method requires that the analog signatiwatth is small compared to the
sampling rate, so that the signal is approximately congiaet one time bin. Limiting the analog
bandwidth is also important so that signal frequenciesdrighan twice the sampling rate do not
“alias' ° back into the passband. Therefore, the digital integrassrénsharp cuto Iter built in.
However, the analog bandwidth cannot be made too low. Tocaldandwidth will give too little
spread in the individual samples and will not average owtstldit' ADC noise. Also, the signal
we are looking for is a small current synchronized with thicitg state; a very small bandwidth
could slow the response of the electronics, resulting ibttiereal signal cannot be followed. When
looking at in the time domain, the dead time between helisiites (about 70s) is much larger
than the signal rise-time, so the current is steady on itsvaue before integration begins.

Table4.4 summarizes the main noise sources undeegdint running modes. The main noise
source during production data taking is shot noise due tadahdom arrival of electrons at the
detectors (i.e. counting statistics). Preamp noise capaddwer than the thermal noise (Johnson
noise) in the 1 M feedback resistor. This white noise, with a density= 4kgT R; (wherekg is

Boltzmann's constant in joules per kelvihis the resistor's absolute temperature in kelvins, Risl

15Aliasing refers to an eect that causes derent signals to become indistinguishable (or aliases efamother) when
sampled. It also refers to the distortion or artifact thautes when the signal reconstructed from samples igrint
from the original continuous signal.
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Condition Noise on/M20s Noise on/L000 s
integral (ppm) integral (ppm)
Beam-ON shot noise 430 1240
Shot noise during LED tests 61 175
Shot noise during battery tests 1.9 5.5
Preampli er noise 0.7 2.0
Digital integrator noise 1-2 1-2

Table 4.4: Comparisons of noise contributions fromestent sources. This noise is reduced during
beam o tests when the charge quantum of the/signal is smaller. It is assumed = 50000
electrons for beam orQ = 1000 electrons for LED tests, ami@l = 1 electron for battery tests. If
other sources of noise are small compared to shot noisehieime to achieve a given statistical
precision is proportional to the square root of charge quar(see Eqré.35).

the resistor value in Ohmeg = 127nV:pm at room temperature), is added in quadrature with the
shot noise. The input resistor also contributes noise, iteea which depends on the capacitance
of the input cable. Simulations at TRIUMF indicate aroun@® mllpm [Ramsay, 2006 Since

the ampli er noise for a modern preamp is several factorenflielow this, we assume the resistor
noise dominates. As a fraction of 5V, it is 2 ppm for a 1 ms iraéign. For the VME based
digital signal integrator, the noise depends on detailshefdesign, but is esctively one or two
least signi cant bits on a 20 bit number. Internally, theeigtators use 18 bit ADCs with typically
0.5 LSB RMS noise that is further reduced by averaging mlalfp00 to 1000) samples over the

integration period.

Figure 4.36: Photo of the low-noise preampli er built at TURWIF.
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The current mode PMT anode signal is sent to a nearby, high garrent to voltagelto-

V) operational front-end ampli er through a low-capacitanmaxial cable. The photo of the low
noise preampli er is shown in Figt.36 The schematic diagram of the ampli er design is shown
in Fig. 4.37. The design is based on 5 m of RG-62 cable on input. The inpatpratected with

a combination of resistors and diodes. The noise in the ggdardominated by the combination
of input cable capacitance (longer cable means more inp#octi@nce and increasing noise), the
value of the input protection resistor and the feedbaclstasiA bandwidth of 30 kHz will follow

a helicity reversal settling time of 70s. Thel-to-V ampli er is followed by a cable-driving stage
with an optional o set voltage. This stage must drive the large capacitive (oate than 100 m

RG-58 cable to the VME digital integrator in the counting el

Figure 4.37: Schematic diagram of TRIUMF low noise trangéaance preampli er.

The main detector pre-ampli ers have a bandwidth of 26 kHa &ans-impedance gain of 0.5
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M ,1M ,2M ,4M ' Fora typical PMT anode current of negative & and a trans-
impedance gain of 1 M, the invertingl-to-V ampli er gives an output of positive 6 V.

The custom VME digital integrator is located outside theezkpental area due to concerns
about single-event upsets and long term radiation damaggeblbck diagram of the design is shown
in Fig. 4.38 An instrumentation ampli er at the input provides commondg noise rejection and
is followed by an anti-aliasing Iter. The combination of front-end trans-impedance angsland
anti-alias lter allows the system settling time and noissbwidth to be controlled separately. An
18-bit ADC operates at a xed sampling rate, being contll®y signals derived from external
clock and gate signals. The combination of 18-bit precisiod fast sampling allows us to spread
even our lowest noise signal over 9 channels (FWHM). The wubp each ADC in the module
is summed for a selectable number of samples and made deditathe DAQ system through the
VME interface. All control, summation and VME logic residesa Field Programmable Gate Array
(FPGA).

The method of integration is a simple rectangular approtioma The integration scheme is as
follows. The integration periodl, is divided inton equal time bins of width t and the signal is
sampled at the middle of each bin; the integral izimes the sum of the samples.

Each VME module consist of eight integrator channels. Theufetakes 10 V to +10 V
input signals at 10 k input impedance on quasi-cérential isolated BNC connectors (the BNC
outer conductor is connected to ground by a 100rksistor) for input signals. The module is
gated by an external NIM signal (e.g. MPS trigger) and cldckg a 20 MHz NIM signal from
the accelerator source. An internal gate and an internal 2@ 8lock can be self-generated by the
module, for testing. The sampling rate is set as a fractiah@ftlock, from 68 ksps (kilo samples
per second) to 500 ksps with 20 MHz clock. The input signaés kered with a 50 kHz, 5-pole

anti-aliasing Iter and then integrated by the 18 bit ADC asampling rate selectable up to 500

18The Q-weak luminosity monitors use the same pre-ampli buswith di erent gain and bandwidth. The luminosity
monitor pre-ampli ers have a bandwidth of 17 kHz and trampédance gainsof 0.5M1M ,25M ,50M .

7Anti-aliasing means removing signal components that haviglaer frequency than is able to be properly resolved
by the recording (or sampling) device. This removal is doe®ie (re)sampling at a lower resolution. Anti-aliasing is
often done using an analog anti-aliasing lter to removedheof-band component of the input signal prior to sampling
with an analog-to-digital converter.
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Figure 4.38: The top gure is a schematic showing how a cursggnal at the PMT anode (left)
becomes a voltage signal at the ADC inputs in the countingé&dright). The bottom gure is a
block diagram of one of the VME sampling ADC modules.

ksps. Integration time is software selectable — set as a medber of samples (e.g. 2000 samples
= 4 ms at 500 ksps). The integration can be started at a seltctedgate-to-trigger delay) after
the leading edge of the gate, then runs for the pre-set nuoilsmples. The overall sum of the
integration is available to the DAQ software on the VME busa&®2-bit data word. It can also be
divided into 4 sub-blocks (time intervals) as selectedugtothe VME. The sum lls up in 130 s at
500 ksps with no dead time between the intervals. The ougetbu ered inside the VME module
(individual block sums and the total sum are stored for edd¢hen8 channels) so that the previous
helicity integral can be read out while the next one is beirtggrated. The main registers of the
module used for setting operation parameters are listedhbite.5.

The principal requirement for the main detector high vadtagstem is to provide isolated (from

other electronics), stable and low noise high voltages abttie PMTs can be operated safely over
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Figure 4.39: Photo of the TRIUMF VME digital integrator (b-500 kHz sampling ADC). The
on-board FPGA sums samples during a helicity state, givingcmivalent precision of 25-bits.

VME Register Value Operation Parameter

PERIOD.MULT [0;255] Sample Frequeney SystemClock(PERIOD.MULT + 40)
SAMPLE_ PERBLK [1;16383] Total Samples (SAMPLE_PERBLK) (Number of Blocks)
GATE_DELAY [0;255] Gate to Trigger Delay 2.5 s+ (Sample Period GATE_DELAY)

INT_GATE_FREQ [165535] Internal Gate Frequensy(100 kHzZHINT _GATE_FREQ)

Table 4.5: Main registers of the TRIUMF VME integrator.

the long period of experiment without introducing signirtanoise (60 Hz pickup), or systematic
e ects in the form of helicity correlated HV changes. The maximcurrent for both current mode
and event mode PMT bases is 3 mA, which is consistent with t(hRENE® high voltage power

supplies. The CAEN A1733N cards are used for the main deatecto

The CAEN A1733N cards can provide negative 3 kV up to 3 mA pépuiuchannel, and are

18CAEN - Costruzioni Apparecchiature Elettroniche Nuclegup.A. - is a provider of electronic instrumentation for
radiation and low light sensors, located at Viareggioyltal
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hosted by CAEN SY2527 high voltage mainframe, powered fronsalation transformer. Sepa-
rate high voltage mainframes are used for event mode PMTskas# current mode PMT bases.

There are a total of 55 channels for the main detector sysasntisted in Tablet.6. To ensure

Event mode PMTs 16 (1 per PMT, 2 PMTs per detector, 8 detgctors
Background detector 2 (1 per PMT, 2 PMTSs)

Event mode spares 8 (1 per octant)

Event mode total 26

Current mode PMTs 16 (1 per PMT, 2 PMTs per detector, 8 dat&cto
Background detector 2 (1 per PMT, 2 PMTS)

Current mode spares 8 (1 per octant)

Auxiliary detectors 3 (1 per detector)

Current mode total 29

Table 4.6: High voltage channel arrangement of the mairctiateystem

DC isolation, each PMT base was connected to its pre-ampdiral high voltage supply. Channel
to channel interconnection or intermediate grounding wasdad. The CAEN HV system has a
potentiometer-adjustable high voltage limit, which wiiptin the event of overcurrent, and will
alarm in the event of under-voltage or over-voltage. The H¥itlstatus software for the HV
system allows one to quickly download current mode or puileede HV settings along with some
administrative protection, and to read back both the HV &ecttrrent drawn by the PMT bases.
An AC power line phase monitor was built for giving a phasesrefice to the DAQ system,
to test for 60 Hz AC power line pickup. It takes AC power lingrsals (110 V) and reduces the
amplitude to about 5 V by using an isolated transformer sbti@aTRIUMF digital integrator can
be used to digitize this signal. The phase monitor consistsvo isolated outputs, which have
opposite phases with respect to each other, feeding intoRtM&gMF digital integrator (10 K input
impedance) through two BNC connectors. The output signalitudes (Vpp) of the phase monitor
can be adjusted through a panel mount potentiometer. Timalstgiality is determined by the
quality of the transformer. Normally, a small commerciansformer has considerable waveform

distortion. In order to reduce clipping, ring ects and distortion of the output waveform, a resister
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is used to limit the primary current of the transformer toueel saturation and damp the ring current

o .

4.5.2 Data Acquisition

The experiment requires two distinct modes of data acdunsitcurrent mode measurement of
the main detector signals, and low current tracking modesoreanents, in which individual par-
ticles will trigger the DAQ (pulse counting). These two DA@hemes will be implemented as
two essentially independent systems with separate haedwaseparate crates and with individual
DAQ/analysis software, with some sharing of beamline instruat&Em electronics. Beam feedback
is analyzed in real-time to calculate helicity correlatedim properties such as current, position and
energy to provide prompt diagnostic information. The rissaf these calculations can be used to
feedback on the beam and reduce thesects.

The data ow in the DAQ chain is the transformation of the datam the detectors and the
detector control into CODA (CEBAFR® Online Data Acquisition) format for further physics anal-
ysis. CODA is a software tool kit of data acquisition systatasigned and commonly used at
Je erson lab, for the data acquisition management, monitaaimd) storage of data. The Q-weak
CODA system consists of several embedded ROCs (“readoutodiens”) running the VxWorks
real-time kernel and communicating with back-end Linuxogsses (event builder, event transfer,
event recorder). The entire chain is controlled by the rurirod GUI through the run control server.
The data is stored on dikkpe as raw data les, which can be decoded and analyzed by tise
Q-weak analysis software.

The Q-weak analysis software includes the CODA event dectiuke track reconstruction en-
gine, and the parity analysis engine. Its framework is degigsuch that each major hardware
component will be represented by a subsystem class. The deédctor class is the utmost im-
portant subsystem which contain routines to unpack the @, goerform calibrations and event

processing, Il histograms and Ntuples, and communicate@ssed data to other classes for further

19Continuous Electron Beam Accelerator Facility.
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processing.

The main mode of the experiment is the parity productionrénty mode, which produces high
rates in the main detectors, resulting from the high lumitgague to a thick target and large beam
currents. The preampli ed main detector PMT signals are@achby the integrating ADCs. These
ADC modules integrate the current from each of two photoipligtr tubes on each main detector.
The electronics and the parity mode DAQ work at a 960 Hz hgligiversal raté’. The integrated
signals are readout at the helicity reversal rate, with a datte of about 4.5 Mk (independent
of beam current). The main detector current mode data atiqoiss designed for experimental
asymmetry measurements, so the readout of the TRIUMF ADGQuitasddescribed in sectigh5.1)
forms the core of the DAQ system.

In addition to digitizing the current from the main deted®WITs and several background detec-
tors, the same type of ADC is used to digitize beam line inftiom which is collected at the same
rate as the main detector data. The beam line data includ&sBBPMs and luminosity monitors.
The ADCs for these signals are located in a separate cratesarty small helicity correlations in
beam parameter signals will not @ct the main detector ADCs.

The rate and volume of data for main detector current modeisitign is modest compared to
typical DAQ and analysis capabilities. Assuming a 32 bitadabrd per ADC channel, 16 ADC
channels for the main detectors, and a 50% overhead for i&atle main detector event size is
about 64 bytes. With a readout rate of 1000 Hz, the main d®tdeta rate is about 64 kilobytes per
second. However, the beamline instruments occupy a lamg@auof ADC channels, resulting in
a total data rate of about 4.5 M8 At this rate, a 2500 hour run would produce a data set oftabou
40 TB.

The Q-weak apparatus will be partially instrumented withicking detectors as described in
section3.6.3 in order to study the experimental acceptance and backdrddeasurements with the
tracking system will be done at low beam current, so thaviddal particles can be tracked through

the magnet. For this mode of measurement, the main detektdrgelse amplitude spectrum and

20until now the JLab helicity reversal rate has always been 30 H
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timing information will be recorded. The tracking data aisgfion operates in pulse counting mode,
triggering on individual particles. The front-end electics are all VME?! modules, using CAEN
V792 charge ADC for PMT amplitudes, the JLab F1 TDC for timaignals, and JLab SIS3801
scaler for event counting. The tracking DAQ can be operagednaindependent system, with the
option of reading beam line information. This DAQ has evestd-out rates up to 6 kHz.

All vital parameters in the experiment are monitored in teaé and a few percent of the data is
analyzed on-line (meaning within minutes of taking the flafarst pass analysis (with a minimum
of data quality cuts and linear regression) of the complata det taken during a shift is processed

in about 48 hours, depending on availability of computirgpreces.

4.6 BencliBeam Testing and Detector Diagnostics

Since the main detectors are used to measure the parityinglasymmetry with high accuracy,
their performance needs to be carefully established. Foecumode measurements this primarily
means measuring how close the detectors operate to costétigtics, how linear they are, and
how insensitive to background they are. For the rst two aspeanother important consideration is
how stable they are, or can be expected stay, over the |datinthe experiment. The determination
of the main detector counting statistics performance reguneasurements of photo-electron yield
and electronic noise performance. This quantity (sometineéerred to as detector resolution) is
expressed in terms of excess noise above single event rgustitistics € pﬁ) and gives rise to
a non-zero width in the signal. Linearity refers to both #irigy with respect to yield variations
as well linearity with respect to distance between a givenTRivid the electron hit location. The
former could produce false asymmetries or at least additicontributions to the RMS width in the
signal, if it is not controlled. The latter would produce enmaron bias, if it is not controlled, as
discussed before. Long term stability of theseets is determined primarily by ects of radiation

damage, electronic stability and general aging (spediycal the PMTSs). The following describes

2YME is a computer bus standard, widely used for the eleatsomi the eld of nuclear and particle physics.
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some tests that were done on the bench, before the dete@ogsnstalled, and data that was taken
after the detectors were installed, and provides the padoce condition of the main detectors at

the beginning and during the rst Q-weak run cycle.

4.6.1 Radiation Hardness

For a 1 GeV electron the total mean stopping power in fuséchgitlensity 2.2 £m?) is about 1.7
MeV/(g/lcn?) (see reference\akamura et al., 20])) The stopping power can also be calculated
with the ESTAR prograrff. Assuming an electron rate of 800 MHz distributed uniforralier a
200 cm 12 cm area (the approximate size of high rate region of thiéesed electron pro le on
the detector) with an average incident angle of % 2500 hours, the deposited energy on a 1.25

cm thick quartz radiator is:

8 1B Hz 1.7 Mev=g=n?) 2:2gTm® 1:25cnrcos(22) 2500 hrs 3600 seshr

=37 10'°MeV; (4.36)

so the absorbed dose (deposited enfenggs) is estimated as:

37 10 Mev=2:2gcm® 200cm 12cm 1:25cm)=56 10 MeV=yg; (4.37)

i.e., average doésis about

56 10> MeV=g (100 Rag6:24 10°MeV=g)=9:0 10*Rad 100 kRad (4.38)

The highest rate on the radiator is about 1.2 MidZ, corresponding to an absorbed dose of 400
kRad. Therefore, allowing for non-uniformities and showgr a maximum value of 0.4 MRad is

assumed. A pre-radiator placed in front of the quartz bdrimgtease the dose by a factor of about

Zhttp://physics.nist.gov/PhysRefData/Star/Text/ESTAR .html
23The unit of absorbed radiation dose is Rad, which is de nethaslose causing 0.01 joule of energy to be absorbed
per kilogram of matter. 100 Rad 6:24 10° MeV=g.
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7 for 1 GeV electrons and the main detectors should therdfeiasensitive up to about 700 kRad

radiation damage.

Figure 4.40: Setup for radiation damage measurement.

In order to determine the radiation hardness of the mairctat® several fused silia samples
were irradiated with 8°Co to 1.1 MRad, at the Nuclear Services of North CarolinaeSttiver-
sity, then the light transmission was measured. #ig0shows the setup for the light transmission
measurement. The setup consists of a monochrometer thatisshdeam of light with speci ed
frequencies through the quartz samples. The traversetlifigtetected by a PMT in the integrat-
ing sphere. By applying Fresnel correctiofigzfht, 200}, an absolute transmission measurement
with uncertainties of 0.2% was achieved. From the Fi§j41, a few percents loss due to radia-
tion damage to a glue joint could be seen, but the fused shosved no change after 1.1 MRad
irradiation[Viack, 2007.

In addition, a prototype of the TRIUMF low noise preampli eas exposed to 18 kRad (ex-
ceeded the 1 kRad speci cation by more than an order of mad@jtat the Jeerson laboratory
137Cs irradiation facility. During and following the irradiah, no signi cant performance deterio-

ration and increase in noise were seerfk, 2004.
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Figure 4.41: Light transmission after irradiation.

4.6.2 PMT-Base Linearity

From sectiord.2, the detector system nonlinearity of less than 1% would lsef@eble. The elec-
tronics including preampli er and TRIUMF digital integmat are linear to within 1 part in 0
[Ramsay, 200k The nonlinearity is dominated by the contributions frdme PMT and base, since
there could be a signi cant nonlinear response in the PM3$eBeombination, such as a gain shift
due to the dynode rate ect (the manufacturer catalog value is 0.0%3 %4\), and the space charge
e ects near the anode. Any nonlinear response in the PMT wilsiakes small current changes
around some mean DC current could cause a false asymmettrys(iforrelated with the helicity
sequence) and increase the asymmetry RMS width.

The PMT-Base linearity was tested on the bench with a seaditto-LED technique. In this
technique, one LED is operated in DC mode to provide a rabtilarge, adjustable mean cathode

current, while the other LED is operated in AC mode as a smalt-magnitude signal, as shown
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Figure 4.42: The dierential non-linearity measurement of the low gain PMTdasmbination
using two LEDs: one producing a DC set and the other producing a small additional AC change.
A waveform generator (WFG) produces a sequence of pulses/iotide AC LED, while a spectrum
ampli er (SPA) and a picoammeter (PA) measures the PMT armodent.

in Fig. 4.42 The AC component can be measured separately from the DCar@mnpby using
either a lock-in-ampli er or a spectrum analyzer, which ¢snphase locked to the AC LED signal
(the latter was used for this study). The measured varigiiothe AC signal amplitude (at the PMT
anode), as a function of DC anode current are then used toraonthe non-linearity of the PMT
by placing an upper bound on its size (in the absence of amlagibdgerved non-linearity).
Non-linearity equal to any change in the A, amplitude. The ACV,, amplitude around
the mean DC oset were repeatedly measured using a spectrum analyzey.(BiRAmeasurements
were repeated for various DC sets and the results (see Fgd3 showed an upper bound of 0.05%
non-linearity at the load of 6 A with PMT bases providing a gain of 2000 (note that Q-weak is
currently running at a PMT base gain of 200). Therefore, therdetector PMT-Base combination
is known to be linear to between 10to 10 . The two LEDs technique can be extended to directly

applied on the main detectors which are instrumented withdiagnostic LEDs.
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Figure 4.43: PMT-Base linearity (%) versus PMT anode currBauring production run, the PMT
is operated in the 7-stages current mode at an anode cufraipoat 6 A.

4.6.3 Detector Performance

The main detector system including detectors, electraanck shielding is expected to have good
performance in many aspects. For example, the system igeddo be easily switched from one
running mode to another for production parity violationrasyetry measurement (current mode) or
for background studies ar@? measurement (pulse counting mode). This is realized bychimiy
PMT bases with dierent gain settings: current mode base gain 200, event nasgedain 2 10°.
Apart from these types of operational performance, thergibgformance of detectors were mostly
studied through simulations, bench tests, beam tests @adadalysis on production runs. These
performances are mainly represented by radiation hardtighs yield, linearity, resolution and
e ciency, as discussed below.

The pedestals are the detector yield measured during begrarad at nominal detector oper-
ation conditions and settings. The pedestal is determigetddopreampli er o set and background

(such as the PMT dark currents) at no-beam condition andNtS Ridth re ects the electronics
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chain noise level. The stability of detector pedestal irrenir mode Yped directly relates to the

detector yield determination and thusezts the detector linearity and asymmetry calculation.

Main Detector Pedestal vs. Run Number
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Figure 4.44: Main detector pedestal vs. run number (the lare just for guiding eyes).

In order to monitor the main detector pedestal stabilityrdirae, pedestal versus run number
and the pedestal variance for a selected period are plattedyi 4.44 and Fig.4.45, respectively.
The large shifts in pedestals are mainly due to hardwareggsasuch as switching PMT bases and
pre-ampli ers. As an example, over this running period, axmmum RMS change of about 24 mV
on the 73 mV mean pedestal of detector “mdlneg” can be oldelvig. 4.45indicates that the
pedestals indeed are very stable over a long period of tinenofing.

The number of photo-electrons detected by the PMT has a depea on the electron hit posi-
tion, caused by th€erenkov light transportation loss in the optical assembhe Cerenkov light

production and transportation were studied using MontdoCamulations and tested extensively
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Main Detector Pedestal Variance
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Figure 4.45: Main detector pedestal variance.

with cosmic ray muons. For the cosmic muon test, the setupiste of a fully assembled main
detector sandwiched between two scintillators. The dkEtdrs have small active areas so that the
positions and angles of incident cosmic ray can be apprdeijnade ned. The coincidence of two
scintillator signals form a trigger for the electronics igitize the pulse generated by terenkov
light in the quartz bar. Figt.46shows an example result of a light yield spectrum (pulse &ngd
spectrum), in which the single photo-electron peak can eerlsl identi ed. However, the muon
track is only nominally perpendicular to the detector stefeso the nite angle acceptance of the
trigger scintillators may signi cantly broaden the widtfimuons traverse the detector at various
angles and therefore broaden the photo-electron spectrum)

The position-dependent response of the detector was dtbglimmoving the trigger scintillators

to di erent positions along the quartz bar. The number of ph@&octeins from each PMT and the
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Figure 4.46: Representative pulse height distributionosnaic ray test.

sum of photo-electrons are plotted with respect to the gmighosition of cosmic ray. As shown in
Fig. 4.47, the mean number of photo-electrons is about 20 and a certailinearity can be seen
due to light transportation loss, which agrees with the &tinn expectation (see Fig..16 for

reference). This nonlinearity suggests that the two PMT¢hersame quartz bar should be gain-

Light Distribution along Cerenkov Detector #1 ]
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Figure 4.47: Light yield distribution on théerenkov detector 1

matched and the PMT yield signals from the two bar ends sHoeislimmed so that the total light
yield is independent of position to within a few percent. Example, the plots in Figl.48generated
from the event mode run data con rmed this expectation. Thmeraed light yield from two PMTs

has a atter distribution along the quartz bar (see Figt8 (a)), especially at the middle region.
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Since the middle region has much higher rate than the redose ¢o the PMTs (see Fig.48(b)),

the e ects of the non-uniformity of light yield are further suppsed.

md 4 light response
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(a) Light yield distribution along the quartz bar: numberpbioto-electrons in md4m PMT (blue), number of photo-
electrons in md4m PMT (red), summed number of photo-elast(green).

400 Entries 245011
o Mean x -0.03557
% 350 |g " Meany 102.4

300 |8 . 10| RMs x

-

100 8 T "'|.I:|-.-||!|||.. a _‘ﬁl :__....-

50 ..l- Y ] LI ] ‘- e » o

40 60

0 position x [cmiloo

(b) Light yield distribution along the quartz bar with ratelicated by the colored axis.

Figure 4.48: Hit position dependent photo-electron yieidtwe pre-radiated main detector 4, using
data from event mode run 8676. The summed mean light yieldli80 photo-electrons per track (a
factor of 6 more light than the bare bar which has no a pre-radiator.)

The light yield non-uniformity discussed above, togethéhvhe non-uniformQ? distribution
on the quartz bar produces a sm@fl bias. Simulations suggest this ect will shift the hQ?i by
about 1.5% (see sectigh3for reference). For the as-installed detectors, the reéngted individ-
ual tracks from event mode runs give the distributionQ3fon the main detectors. By weighting
theseQ? with the main detector light yield distribution, the ligheightednQ?i can be acquired (the
details of Q-weak track reconstruction and momentum deétetion are discussed in references
[Pan, 201P[Deconinck, 200]). Fig. 4.49 shows an example of the accept®d distribution and
main detector light yield weighting using event mode run®6BhehQ?i is shifted upward by about

1.6%, which agrees with the simulation expectation.
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Figure 4.49: Accepte@? distribution and light weighting.

As discussed in sectioh.2, the detector resolution essentially determines wheth&obthe
experiment operates close to counting statistics. Edilgives the best resolution that the main
detector can reach. From the data, the detector resolwiobe obtained from the full width at half
maximum (FWHM= 2:354 where the factor 2.354 relates the standard deviation oftes$san
distribution to its FWHM) of the light yield spectrum — the ADspectrum in event mode (see

Fig. 4.51). The detector resolution is then de ned as:

(4.39)

mean pedestal

The resolutiorR indeed is the major portion which contributes to the factam Eqn.4.14%4, thus it
can be used to estimate the excess noise.

Fig.4.50shows a simulated total photo-electron yield on the maiaaet. The position depen-
dent photo-electron yields and the electron showing in tteetg bar add a long tail on the spectrum,

resulting in a lower detector resolution. Considering dhly shot noise from photo-electron yield

2There are also other sources such as target density ututitat contribute to the excess noise.
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Figure 4.50: Simulated total light yield on the main deteetithout pre-radiator (blue line). An
ideal Poisson distribution (red line) centered at 16 p.sh@ved for comparison.

uctuations with mean value centered at 16 p.e., for exanple best resolution that the main de-
tector can reach is:f 16 = 0:25, corresponding to an excess noise factoPm = 1.031.
The detector signals have a much broader spectrum, duedo miise contributions, such as the
showing in pre-radiator, the target density uctuationsl dickground. A typical ADC spectrum
of a pre-radiated main detector is shown in Figh(, giving a resolution of 47% and excess noise
factor of 1.105 (i.e., 10.5% excess noise).

From Eqn4.20 a larger photo-electron number implies a better deteesmlution. The shower
in the pre-radiator will increase the light yield, but theosler utuation will also add statistical
spread. Therefore, a good pre-radiator design is essamti@himize the excess noise (as discussed
in section4.4.2. Analysis on the Q-weak event mode data gives that the geamsolution for
detectors with and without pre-radiators are 46% and 47%pewtively. The preradiated detector
has a higher resolution than the detector without a preatadimeaning that there is large width
contributions from background. This also indicates thatgte-radiator design has been optimized.

If the integrated beam time required to reach the statlsticeertainty goal of the asymmetry

measurement due to pure counting statistiCB:ign: and the actual integrated beam time required
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[ Main Detector #7 - ADC Spectrum | htemp
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Figure 4.51: An example of a main detector ADC spectrum (R&ir28 Detector 7). The x-axis

indicates the ADC channel number, corresponding to the eurabphoto-electrons. The y-axis
indicates the number of counts in each ADC channel. The pedafsthe spectrum represents the
0 set of electronics chain.

to reach the same goalTs then we have
Teount=" T; (4.40)
where" is the e ciency of the detector system. By using E4riS§ it is easy to nd

wo_ Tcount _ 1 .
For 16 p.e. light yield, for instance, the excess noise faistd.031 and the highest eiency the
detector can reach iss1:0312 = 94:1%. For the as-installed detector with a 47% resolution and a
excess noise factor of 1.105, the@ency is E1:105 = 81:9% 2°.

In order to reach the statistical uncertainty goal withinnaited beam time, the detector e

25This includes all eects from the entire experiment.
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ciency must be high, therefore, the excess noise must bé Em#ie Q-weak experiment. Apart
from the shot noise discussed above, another excess naigE 396 the electronic noise which is
dominated by the current noise of the preampli er and the A&I®.2 ppmpm. Although an
individual read of the 18 bit ADC has a least bit error of 7.6rpat 12 full scale (dynamic range),
this is reduced to a negligible level by rapid sampling. Maisurces in the radiator and PMTs
are of equal or greater importance to the electronic noise shower uctuations in the 1.25 cm
thick quartz bars contribute about 2.5% excess noise. Gihrces of excess noise are mostly
electron luminosity-independent (such as cosmic raykistrithe PMT glass envelope). Individ-
ual PMTs could show excess noise from luminosity-dependauitiplication noise, sparking, or
after-pulsing. Multiplication noise can be thought of as ffingle photo-electron resolution and is
a relatively small eect for large photo-electron numbers. Sparking can resutt the charging up
of insulated structures or (in a current-mode applicatfailyre to hold the electrostatic shield at
cathode potential. After-pulsing is due to the ionizatidmesidual gas (or helium contamination),
yielding large, late “echos” of the original signal.

The main detector performance, such as the widths via réso|linearity in helicity-correlated
corrections and backgrounds, impacts the uncertainty efagymmetry measurement in many
places. As discussed above, a critical performance @iferi the main detectors is how close
they operate to counting statistics, so that the measurteraarreach the statistical uncertainty goal
within the requested beam time. However, this is really asuemof how well the experiment as
a whole is working, since the measured asymmetry width deduthe eect of the main detector
resolution together with all of the ects of various backgrounds, target ndieding, measured
beam properties, detector noise, etc. in quadrature. Tétewssy to evaluate this crucial metric is
to compare the measured asymmetry width with that expected & simulation based exclusively
on counting statistics for a single helicity quartet. Theatence (in quadrature) is a measure of
the excess noise in the experiment, the reduction of whichame of the primary commissioning
goals.

Taking a speci ¢ run, production run 8911 for example. Thergwate is 6.12 GHz for the 165
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A beam current during that run. With a helicity reversal rat®60 Hz, a settling time of 70s,
and a measured detector resolution (with the pre-radjaddr6%, which contributes 10.1% excess
noise above counting statistics (the combined excess nbisieowering, photo-electron statistics,

and nonuniform light collection), the expected asymmetigthvis

1 p
:-pﬁ 1+ 2 (4.42)
| O
- 5 = ! 1+ (46%F
. 6
612 10Hz o 70 10°s 4

= 205 ppm 1101% = 226 ppm

i.e., a 226 ppm asymmetry width should be seen. Adding a 70 pwth contribution due to
the target boiling (an upper limit for boiling derived frorhet data), and using a measured beam
current monitor (BCM) resolution of 67 ppm for a pair of BCMs)d adding the contributions in

guadrature, the lowest asymmetry RMS width we should betaldee is about:

q p
expected™ et tzarget+ 2om = 226+ 7C7+ 672 ppm= 246 ppm (4.43)

An asymmetry width of 254 ppm was measured for that run, utirgaverage of two BCMs for

normalization. That means for this example the unaccouiateeixcess noise is

q P—
unaccounted= rzneasured gxpectedz 254 246 ppm= 63 ppm (4.44)

From more recent runs, 230-240 ppm widths were observedh, target boiling contribution of
about 50 ppm, after some improvements on the BCM resolutiorshielding to suppress the back-
ground.

As seen in Fig4.52 with an asymmetry width of 250 ppm, the 2.1% statisticalantainty

goal for the asymmetry measurement will be met in the remgitieam time, assuming a real-
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istic, overall operation eciency of 50% to account for periodic tracking measuremekitsller

measurements, beam studies, equipment and beam down time.

Figure 4.52: A plot of the expected uncertainty as a functibcalendar days of beam at an overall
operation e ciency of 50% Emith, 201].

4.7 Auxiliary and Background Detectors

To monitor background contributions and electronic noeskége into the various detector parts,
a set of auxiliary detectors have been constructed andgkcepeci ¢ locations around the main
detectors. The detectors include one complete assemlagtigdl to the main detectors) placed
close to the beam line, just downstream of the focal planetssam line background monitor and
three smaller dark boxes with a PMT low gain base assemblgiiows con gurations, which are
further described below.

Auxiliary detectors 1 and 2 are identical. They consist ofagkdbox containing a bare PMT

(without quartz or any other active material), shieldedhvdbuble layers of mu-metal, a current
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mode PMT base and a LED light source (see BEig3. Auxiliary detector 1 was placed in a
well shielded xed location. This particular con guratioof LED light, PMT, and low gain base
delivers a low noise signal (10 pplshift) to provide a noise oor reference for the main detecto
electronics chain. Auxiliary detector 2 is placed next te #MT of any chosen main detector.
Instead of being at a xed location like auxiliary detectaritlis movable, so that it can function
as a “PMT background” detector. Auxiliary detector 3 hasadtrthe same structure as detectors 1
and 2, but has a light guide extension (identical to the oses wn the main detectors) glued to it
in the same con guration as the PMTs are glued to the lightlgsiin the main detectors. Auxiliary
detector 3 is also movable. It is placed next to the PMT of dnhe® main detector to serve as a
“PMT +lightguide background” detector. The LED in auxiliary detes 2 and 3 are only used for

PMT performance checkout.

(a) Three completed auxiliary detectors (b) A view of the inner structure of
an auxiliary detector

Figure 4.53: Photos of auxiliary detectors

4.8 Summary

The main detector system is a critical subsystem of the Qkwrperiment. It includes 8erenkov

detectors working either in current mode for productionmnasyetry measurement or in pulse count-
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ing mode forQ? determination and background studies. Each detector ipticabassembly, in-
cluding two 130 mm PMTs coupled to a fused silica radiator kgiat guides. The detector are
operated in current mode, due to the high event rate of mare 830 MHz per detector. The cur-
rent signal from the PMTs is ampli ed and converted to a vgdtasignal by ar-to-V ampli er
and then digitized with an 18 bit integrating ADC. A very dealging requirement for the detector
system is to run these detectors in both current mode andgut®de. The solution was to use a
single PMT with two di erent voltage dividers, and with separate readout and DAf(hsh

A major criterion was to build a stable, and linear deteci@tean with minimum noise and
background sensitivity. The detector radiation hardnegsportant for long term stability and was
tested by exposing fused silica and preampli er samplesoted higher than those expected in the
experiment, without signi cant damage. Tests showed thatRMT-Base combination has a very
good linearity.

The detector system has been installed, tested, and coiongdsover a few months of com-
missioning period in 2010. Basic performafaeeptance criteria have been met and the detectors
have shown to be working at the design speci cations. Fongta, the electronics noise was
shown to be< 16 ppm at 1 kHz, well below the acceptance critedabQ ppm). With beam, 16
photo-electrons per electron track for non-preradiatedater, were seen on average, which is well
above the acceptance criteria of 10 photo-electrons pek.tk&ith the 2 cm thick lead pre-radiators
in front of the main detectors, the number of photo-electmper track is about 7 times higher. The
detectors have made the transition from commissioning adymrtion running and were operated

without major problems during the rst run cycle from Noveert2010 to May 2011.
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Analysis

This chapter introduces the basic analysis schemes anadsefibr obtaining the physics asymme-
try from data. The analysis of a subset of the production dgteesented, with a preliminary result

for a 6% statistical uncertainty asymmetry measurement.

5.1 Overview

The road from data to the proton's weak charge can be repesbdary the following simpli ed

expressions:

Aonys = Arawf (Po; Yokg X% X2 Vi YE Es 1500) 5 (5.1)

Aphys = kQZQ\?V + kQ48 ; (5.2)

whereA,y is the raw asymmetry obtained before any corrections arkeaiip the dataAppysis the
physics asymmetry, which is related Ag,, through a complicated functioh. In order to extract
the physics asymmetry from the raw asymmetry, one needs¢ondi@e and remove contributions
from helicity correlated beam properties; £%y:y% E;1;::?) and backgroundsYfkg). Since the
expected size of the measured asymmetry scales with bearizadbn @), precise knowledge

of the beam polarization is required. Finally, the ext@ttdf the weak charge of the proto@&)

171
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requires knowledge of the average momentum tran§)éy &énd hadronic corrections}.

The nal extraction of the weak charge requires the comliamadf polarization measurements,
momentum transfer measurements, and asymmetry measusenteath one of these essentially
forms a separate experiment and analysis stream and taypeegessible human bias from entering
into the analysis for each, the asymmetry measurementdiaded.

The data is collected in approximately hour long runs (th&@Ans continuously, but for data
handling and “bookkeeping” the runs are started and stoppatlally every hour or so). Each run
is subdivided into approximately 10 minute long “runletafhich form the individual binary les
for storage, and a rst pass analysis is performed automgtjovith little or no data quality cuts.
Further analysis re nements are made during second andl plaiss analysis.

First, so called, data quality cuts are applied to the rawaet yield data, to eliminate data
taken during a beam trip or excursion where the beam is uestaébese cuts are based either on the
beam current monitors, or beam position monitors. Runamex values are stored in a MYSQL
database, further cuts to the data are made on a run-by-simchaing data quality checks. Helicity
correlated false asymmetries are then removed using Iiegegssion techniques.

Background dilutions are measured and the asymmetriestiierbackground are either calcu-
lated or measured in order to correct the measured asynasieffb unblind the asymmetry, one
of two schemes might be used. One scheme is that, once tleisarrections are nalized, the
data are unblinded and the asymmetries are then averagattieaischeme is that the un-blinding
will not happen until the nal blinded asymmetry is calcuddtfrom all measured asymmetries. The
analysis process from raw asymmetries to the proton's wkakge is summarized in the following

steps:
Data quality checks are performed on a run-by-run basis.
The blinding factors and helicity correlated corrections @pplied.

The run averaged yields and asymmetries are then used gztfor background asymmetries

and other corrections.
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The asymmetries are corrected for beam polarization aniingieiol.

The measured)? from tracking mode runs are then used to calculate the psoteeak

charge.

5.2 Data Quality

Before the data undergoes any detailed analysis, as destusshe following sections, the basic
data quality has to be checked and data cuts need to be applietchove low quality data. Early
cuts included those cuts for removing all data taken duriglhivare failures or glitch, low beam
current conditions, large beam jitter or excursions, armatgteriod of time immediately before and
after beam trips, as well as cuts on beam periods with largeggrvariations. Cuts were applied
in such a way as to remove as little physics data as possibié vemoving as much substandard
quality data as possible and without introducing biasesthEu cuts might be applied, such as a
helicity gate cut, which removed the data if the helicityagatvere lost due to the delay in the event
builder and transfer of the DAQ, or a charge asymmetry cuichiviemoved data with large charge
asymmetry. Some data cuts are made manually. For examel&dtback cut, which ensured that
only data taken with the proper beam feedback were accef@enhe dedicated runs, such as the
beam modulation runs, are omitted from the parity data aimlyy not labeling them as production
runs.

The detector yields provide a direct way to check the detgmoformance and data quality
during a run, by looking at individual PMT yields, and comparing them lwistimated values.
A rough rate calibration can be done at a beam current of less 100 nA, where the rate on a
single detector is about 4.5 kH#A. After a measurement of the absolute beam charge with the
injector Faraday cup, one can determine the yield &%. The drop in yield in going from low

to high beam current due to beam heating needs to be checkeddie event mode runs between

1The yields are preferred to diagnose detector performaatter than asymmetries, although the asymmetries can
remove many detector aws that are not helicity correlatddowever, because there is an inherent loss of information
when calculating asymmetries, some useful informatiorhirtig@ suppressed.
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current mode production runs provide ADC spectra which &ecked to make sure PMTs are
not in danger of saturating. For every production runleg oan plot the beam normalized yield
versus time and watch for large drifts and spikes in the tiomain. One can also calculate a DFT
(discrete Fourier transform) and look for deviations froaf hoise to diagnose any electronic noise
pickup if an increase in the asymmetry RMS widths is obserfAtals of the run averaged values of
the yield and asymmetry in each main detector PMT are cheageudkll. If these quantities were
signi cantly di erent (varied outside of the error) in a particular octantuor, as compared to the
mean from a range of runs, then the data for that octant or nuidabe eliminated. Detector yield
and asymmetry drifts with time are also considered. If adaigft in the yields or asymmetries
could not be correlated with large deviations in one of thanbgarameters, the data would be
eliminated.

At the accelerator source, an insertable half wave plat&V{) can be used to reverse the
helicity sign and therefore switch the sign of the physiggrasetry, without changing the signal
that reports the helicity. This can be used to look for falsgmanetries due to the electronics
and provides a consistency check, since the correspongpegimental asymmetry is supposed to
reverse sign. A general idea of the quality of the data canbb&ireed by plotting the normalized
yields and asymmetries as a function of octant number anduanber for a given period of running
time in which the IHWP have been placed in both IN and OUT stafehe raw asymmetries are
expected to be reversed with the IHWP IN and OUT.

Several methods are used to plot the detector data in orctudy possible systematic ects.
The rst one was to look at the way asymmetries are distrithate a run by run basis. Since each run
is approximately one hour long, this method looks for systere ects on 12 to 24 hour timescales

"2 where

(the period for which the HWP was in the same state). Runs i@mepgd into “slugs
members of the same slug had the same con guration (sucleasdértable half-wave plate setting
to change the asymmetry sign setting). Since the sourcegemation was changed every day, a

plot of the asymmetry versus slug covers several day longsomles. The average asymmetries

2In Q-weak, a “slug” is a set of data with a common sign for tlwsvsieversals, i.e. given combination of IHWP, and
Wein Iter con guration.
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are obtained from both plots by an uncertainty weightedaneiover all values. Adding the two
resulting asymmetries (from averaging both HWP state sgarately), a zero value should be
obtained to within the statistical uncertainty (see BEig).

Additional tests for systematic ects are performed on the data, such as comparing the asym-
metries obtained from each PMT, each detector and sevdrmtdecombinations. The results from
these tests should be consistent with each other. Only théication of all main detectors is used

to calculate the overall main detector asymmetry.

5.3 Raw Asymmetries

As described in the previous chapter, there are eight mdecties, each of them with two PMTs.
The signal from every PMT is integrated over a helicity windidme-slot and recorded. The rst
step towards determining the raw asymmetry is to measurswtdact the pedestals from the raw
signals. The pedestals are acquired in separate begmedestal runs.

The charge-normalized yield of each main detector PMT isrd@hed by:

Yemr=R F Q N Gpur Gamp; (5.3)

whereR is the scattered electron rate of about 800 MHz at 18Gor in a given octantF is the
factor accounting for the increase in rate due to showercein the main detector pre-radiator
(F 6-7), N is the average number of photoelectrons produced by #renkov light N ' 8 per
PMT without pre-radiator)Q is the electron charged = 1:6 10 ° C), GpyT is the gain of the
PMT (Gpmt 200), andGamp is the trans-impedance (transfer gain) of the low noisegpngti er
Gamp=1M ).

The raw data acquired by the DAQ system provide the yielddchemain detector PMT in each
helicity window, as well as beam parameters and informatioimelicity states. Once the pedestals
are removed, PMT yields are normalized to the beam chargee(tduntegrated over one helicity

window) and stored as charge-normalized yields. Becausgitid is proportional to the beam
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charge, the yields are normalized to charge to remove thendigmce of the asymmetry on helicity
correlated charge uctuations and noise present in the b&dra raw asymmetry obtained from a
PMT per helicity pattern (a “quartet” pattern of pseudo @mchelicity states+  +"or“ ++ ")

is calculated from the normalized PMT yield

1 2 1 2
aw _ (Yomr * Your)  (Yeur * Your) .

= 5.4)
PMT 2 5 N (
(YVawr + Your) + Your + Your)

where the superscripts 1 and 2 indicate respectively tHdsyfer the rst and second+” or “
helicity states and the yields in the negative helicityedaire subtracted from those in the positive
states in the numerator. The raw asymmetry obtained fromggdeshelicity pattern is referred to as
“pattern asymmetry”.

When calculating the asymmetry for a particular detectiog, tvo PMTs gains need to be
matched (because of yield non-uniformity across the bar@hbiasing, as discussed in the pre-
vious chapter) so that a detector yield can be formed by aoimipiand averaging the two PMT
yields:

_ OnegYneg* GposYpos

Yget = : 55
det 2(9neg * Ypos) (5-2)

The factorsgneg andgyes are the software gain matching factors for the negative aikepositive
side PMTs on that detector, respectively, to compensateatainrad PMT vyields. The individual
PMT yield can also be weighted bytl\z(pMT (' vpyr IS the statistical width of the PMT yield) while
calculating the average. However, this is not suitable fav€ak since that would increase the
sensitivity to beam noise. In fact, the symmetric desigrnefdxperiment means that all PMTs have
nearly identical yields. As a result, the statistical vaoias among dierent PMTs are small. Using

the detector yield(ye, the detector raw asymmetry can be calculated as

1 2 1 2
raw — (Yd;t + Yd;t) (Ydet+ Ydet) . (5 6)
et 1 2 1 2 ’ '
(Yert e + (Vaert Yaed

The raw asymmetry for a combination of seveid) fetectors or the raw asymmetry for a combi-
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nation of all detectors can be obtained in a similar way, i.e.

raw _— (Y(::L(;rmb-'- Yggmb) (Ygomb-'- Ygomb) (5 7)
omb — (Y1+ + Y2+ + (Yl + Y2 .
comb comb) comb comb)
with
e o
. glneg r|1eg+ glpos [I)os
Ycomb = I )(\l (58)

2N Gheg* Ghos

[
Another way to obtain the combined asymmetries is that tiect asymmetries are all separately

calculated and then combined via uncertainty (statistigdth) weighted averages, as:

raw 2

raw _ A Adeti Aeri

omb — 2
AR

(5.9)

However, the statistical width Arzaw can only be obtained after the rst round of data analysisugm
det

the values from previous runs by assuming there are no changjee statistical widths of detector
raw asymmetries).

The mean raw asymmetry and RMS width for each run (or runbet)be determined either by
tting a histogram lled with the raw pattern asymmetriesatombination of all PMTs to Gaussian

distribution, or by direct calculation as:

XN

1
m{:%vr\(ﬁd = N A(r:%vr\(ﬁbpattern’ (5.10)
pattern
_M]-X\I raw hraw-z.
Aomb — N Acombpattern Acombl . (5.11)
pattern

In the following discussionA’SY = will be used to represent the mean raw asymmetry. Typical
measured main detector asymmetries are shown irbEigThe gure legends show the asymmetry
width in the array of 8 detectors around the beam axis, withddntral histogram showing the

combination of all eight detectors. These results wereidteat a beam current of 15@\.
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5.4 Blind Analysis

To prevent human bias entering during the extraction of teakacharge result from asymmetry,
the data is “blinded”, following an algorithm in which thewasymmetries are shifted by a xed
amount and then multiplied by a factor of 1 or -1 (determingdh® status of the insertable half
wave plate):

Aiblinded raw= (AW A9 ; (5.12)

whereAlis the shift introduced in the blind analysis. The theosdtprediction for the asymmetry is
300 ppb, sA\°was chosen to fall in the interval betweeB0 to+60 ppb (20% of the asymmetry,
which is much larger than the anticipated experimental daitgy). All cuts and systematic studies
are performed on the “blinded” data. Once the analysis hapt=ied, the data will be “unblinded”,
revealing the real asymmetry. It should be pointed out thetdata from the other detectors is not

blinded, only the main detector parity data is blinded.

5.5 Corrections for Helicity-Correlated Beam Properties

The goal of constraining systematic uncertainties fromhesmurce for the Q-weak experiment is
that the systematic uncertainties are not more than thistatat uncertainty for the measurement
of the parity asymmetry, i.e., no more than @0 °, and that corrections are known to 10% (see
Table3.1- the anticipated experimental uncertainties, for refesgn

The measured asymmetry can have a component from false asyigsrdue to helicity corre-
lated beam properties. The raw asymme&{{) has to be corrected for the residual false asymme-
try in the beam which aects both the central value of the raw asymmetry and its withie electron
beam can be described by six parameters: charge (intensitgjgy,x andy angle &% y9), andx
andy position. The helicity correlations (i.e., the asymmedyief these parameters are measured
by using beam position monitors (BPMs). The correlationmeein beam and raw detector asym-

metries is linear to rst order. Consequently, it is possibd remove the helicity correlated beam
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contributions by applying a least squares linear regrassidhe raw asymmetry results. There are
basically two methods to do linear regression: linear regjom on the asymmetries (every multiplet
of MPS periods is regressed on) and linear regression onelasyevery MPS period is regressed
on). The linear regression on the asymmetries is done byiqgahe asymmetry correlations, i.e.,

the asymmetries of all PMTs (or detectors and detector coations) versus the asymmetries of
six beam parameters. By applying a linear t to the data, ggrassion slopeS;; are obtained for

every PMTdetector, and beam paramet®;. The regressed asymmem\}rf’g is then given by

X6
AI_reg — Airaw S Atj)eam; (5.13)
j

whereAﬁ?eam is the asymmetry for beam paramef®rand the regression slopes (also called the

correlation matrix elementsg;; = @\Tr; Egn.5.13can also be expressed in terms of the charge-
i
normalized detector yield%tas
X6 1 @det
Al.reg = AW 5 t_' - Pj; (5.14)
j:l 2Y| © @J

where Pj = P}' Pj is the beam parameter dirence between the two helicity states. Egiid

is the expression of linear regression on the yields. Thesared beam parameters can be used to
extract sIopes%%. Since the regression slopes varied over time, they arelaesd on a run-by-
run basis, which is enough to minimize the statistical utadeties of the t.

The linear regression on the asymmetries is a well de nechotesince the asymmetries have
no inherent lower limit and are therefore symmetric and Giams However, this method might
hide the e ects of beam parameter correlations. The linear regressitine yields is a more natural
method, but this method might encounter issues in caselteati¢ld values are small.

The regression slopes can be extracted using the natunal fvedion (jitter). It also possible
to use the method of beam modulation — a dithering methoduysthe slopes by deliberately

causing large position, angle or energy eliences in the beam. The beam modulation can be
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performed periodically by using a set of corrector magnets/ben the entrance to the hall and the
target to move the beam in x and y, in order to measure thets@gsof the detectors to beam
motion. The charge asymmetry and energyedlences can also be studied by deliberately inducing
large e ects at the source. However, thesets of beam parameter correlations might be large when
the beam is dithered.

The asymmetry per run{,n) and its statistical width (;y,) are given by a Gaussian t to the
regressed asymmetry distribution of the combination ofrelin detectors/(ieo?nb). The statistical
uncertainty per run Awn) is then obtained from y, and the number of helicity patternNﬁLaﬁ) in

that run:

Aun(stat) = g—=— : (5.15)

Fig.5.2gives an example from a speci ¢ run, showing distributiohthese corrections. Fi§.3
— 5.5 give some example results for the sensitivities and caomestversus runs, where Fi§.3
shows the sensitivities t®, y, X% y°, energy and charge asymmetry in runs 10810 — 10915, and
Fig. 5.4 shows corrections to the combination of all detectors asginndue to variations irx, v,
X%, V0, energy, and charge asymmetry. The sum of all of these batitins is shown in Fig5.5.
The energy change is measured with the BPMs at at a locatienevthe energy dispersion is high.
A sensitivity of 500 ppnfmm corresponds to roughly2 ppmppm in energy. Do the variation
of the cross-section with energy would produce a sensitvit 2 ppmppm. Simulations show
that movement of the scattered electron pro le across tlighnof the detectors with energy would
change that to 1:5 ppmppm. Charge asymmetries are measured using BCMs. The nteictale
sensitivity to a charge symmetry isl.7%, in agreement with measurements made at where delib-
erate large charge asymmetries were introduced. Startiagpband run 10830 charge sensitivities
were seen to be small and negative, due to a change of calibd a pedestal change for the

BCMs.
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Figure 5.2: Distributions of helicity-correlated beam peay corrections.
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Figure 5.3: Sensitivities ta, y, x°, y°, energy and charge asymmetry. x and x' sensitivities are
shown in black, y and y" in red.

Figure 5.4: Helicity-correlated beam property correctiom the combined detector asymmetry, for
all detectors. The corrections are applied using the eeagensitivities, multiplied by observed
variations of beam properties after helicity reversalstr€aions are of the order of tens of ppb.
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Figure 5.5: Helicity-correlated beam property correcsion the combination of all main detectors
asymmetry. The corrections are from the extracted seitigivmultiplied by observed changes of
beam properties on helicity reversal. Corrections are®bitfer of tens of ppb.

5.6 Background Corrections

The experimental asymmetry obtained after regressidriratilides the contributions from various
backgrounds. Neglecting radiative corrections, the erpartal asymmetryA®*P) is given by the
detector yield dierence over detector yield sum as:

X
AepYept _ AjY;

AP = Py x! ; (5.16)

wherePy, is the beam polarization during production running, deteet by the Mgller and Comp-
ton measurements A¢p denotes the elastic e-p scattering asymmetry that is to tracted, Yep
is the beam-current-weighted detector yield due to thetielasp scatteringA; denotes a partic-

ular type of background asymmetry, aMgis the beam-current-weighted detector yield due to a

3The well developed analysis schemes and methods for ofgting beam polarization and the associated systematic
e ects, such as the transverse polarization contributiotiset@symmetry measurement, are treated elsewhere, includ-
ing other thesis and papers. See, for example, refereacescgll et al., 200 Armstrong et al., 2000/ Birchall, 198§
[Maas et al., 20094 Kaufman, 200F.
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particular type of background. This expression can be t@mras:

ep

1 iexp X Y X Yi E
= — + AP P A—E: 5.17
Aep Py J Y b J j Yep ( )

Then, if one de nesf; = Y;=Ygp as the beam-current-weighted fractional yield and takji%‘g =

PoA; as the experimental asymmetry due to a particular backdrgithe elastic physics asymmetry

Agp can be written as
X
Acp = e SAEXM AP AP fj : (5.18)

Pp j
Therefore, in order to determine the physics asymmaggyof the elastic e-p scattering, both the
beam-current-weighted fractional yield;, and the dierence of the experimental asymmetries,
AEXP A?Xp, must be measured or well bounded so that the correctioreafir type of background
can be madé.

Because the measurement techniques are vesrelnt for di erent types of background, they
are separated into prompt (hard) and non-prompt (soft)draciknd. The hard background mainly
involves contributions from the aluminum target windowssliding elastic events and quasi-elastic
events. These are measured using aluminum dummy targetsesedt QTOR eld settings. Due
to the large asymmetry from elastic electron-aluminumtedat, this type of background is signif-
icant and must be measured precisely. From simulation, themetry-weighted fractional yields
are 111% and 3:3% for elastics and quasi-elastics, respectively. Anothmrortant source of
background comes from the inelastic pion-electroprodugtivhich contributes about0:5% to the
asymmetry-weighted fractional yield and is measured byiigwthe QTOR eld. The soft back-
grounds mainly involve MeV level photons aetle events from beamline and collimators, and
contribute about@% and 01%, respectively. These are measured by plugging the sdleotlima-
tor openings and shielding the beam pipe. Soft backgrouisdsracludes neutron events. Since the

main detector quartz radiators are not sensitive to neytilady make tiny contributions (0.4%).

“4In this discussion, the quoted values of background cartidhs are from calculation, simulation and past experi-
ence. The Q-weak collaboration will release the resultswthe measurements and detailed analysis are fully conaplete
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The background detectors in the detector hut is used to metss type of background. In addition,
quartz radioluminescence of the detector might contriboithe soft background. Measurements
during beam o intervals (by looking at suspicious decay pattern in theegtal immediately after
beam o) determine that this type of background is negligible.

Unlike the linear regression that is made at the helicitygoator multiple helicity patterns level
to remove contributions from the helicity correlated beaiwpprties, the background corrections
should be made at the individual run level. If the beam poédion, detector linearity and back-
ground contributions have been stable over the entire rtindheghe background corrections could
be also made at the nal stage, when all the production dadadsiired and the overall experimen-
tal asymmetry is extracted (i.e., at the very end of the expmrt and data analysis, when there is

enough information and statistical signi cance).

5.7 Physics Asymmetry

The physics asymmetry at the individual run level is obtdiaéer all the systematic ects have
been regressed out. To calculate the parity-violating asgtry overN runs, the asymmetry per run

(Arun) Will be weighted by the statistical width in the asymmetrgtdbution for that run:

Nun
ArunWrun
run

Nun '
Wrun
run

Apy = (5.19)

where

Wrun = (5.20)

2

run
is the weight obtained from the statistical widthy, in each run. The overall parity-violating
asymmetry is given by the weighted mean of all runs. The divstatistical uncertainty of the

weighted mean asymmetry is calculated from the RMS valubeftatistical uncertainty of each
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run, i.e., RMS(Ann(stat)), and the number of runs:

Y - Y
RMS( Aun) _ 1 1 X
5 -

H
Nrun NUn N un Nrun

D(run
( Aun)®: (5.21)

run

Apy(stat) =

For a quick estimation of the overall statistical unceftgimne could assume that each run has
approximately the same number of helicity pattelmgﬁfi and the ., for each run is very close
to an average value i such that Ay, for each run is close to an average vatué, i, then the

uncertainty on the the total asymmetrépy(stat) can be estimated from Egh.21as:

h Awn 1 h h uni
Apy(stat) = lel’JL?n - erun 9 runt -4 ﬂ:)r;t ’
at -
N Niotal

(5.22)

whereNP!

oz 1S the total number of helicity patterns accumulated in tgeeiment. This equation is

essentially the same as Eghl2 For smaller data sets or larger data sets rather than nuels as
runlets (subsets of a run) or a slugs (multiple runs), ther@leguations also hold.

As discussed in the previous section, variations of beamegties with helicity can lead to false
asymmetries, hence the helicity correlations should bé &ejow as possible. The corrections are
based on measured sensitivities and residual correlatibiie helicity correlations are suciently
small, the measured parity asymmetky,eascan be written in terms of the physics asymmefiyy,

as.:
X @

= Apv +
Ameas PV @i

Pi; (5.23)
i=1

where beam parametBr changes upon helicity reversalo = P;  P;. The detector sensitivities
@\=@®; can be determined from natural variation of beam parametdrg modulating the relevant
beam parameter. The helicity-correlated beam parameteratices, P;, are measured continu-
ously during data-taking. From the sensitivity of the ajgpas to beam parameter variations and
the measured beam parameters, the corrections due to stctlytcorrelations can be determined

— essentially, these corrections are obtained throughiriear regression. The uncertainty oP;
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is estimated as the variance oP;:

S

( P)=

X

Z|l =

whereh P;ni is the run averaged value of; and the summation is ovéd runs. Then the uncer-

tainty in the asymmetry due to helicity-correlated beanpprtes is determined as

v u "
X i)
Apeam= @ (P) : (5.25)

i
This is an uncertainty with a value close to zero if it is athgdaken into account in the asym-

metry due to linear regression. From E&nl8 the uncertainty in asymmetry due to background

corrections is

S v
— 1 A n exp exp
Abackground— P_b A Aj fj

AV

h o2
+ fi A®P Ajp : (5.26)

P

The uncertainty in asymmetry due to beam polarization isutaled as

AEXP

Py (5.27)
7

Apolarization =

The systematic uncertainty and the signi cance of the olestasymmetry are then

q
— 2 2 2 .
Asyst - Abeam+ Abackground+ Apolarization ! (5'28)

A
SAPV = 4 PV . (529)

( Astat)2 + ( Asyst)2

Fig. 5.6 shows an example plot of the asymmetry for the combinatioallofmain detectors
versus Wien setting and IHWP status, which includes all @karein | production parity data taken
from February 11, 2011 to May 13, 201R{jotie, 201]. The data of the rst 25% statistical

uncertainty measurement (data taken from January 13, 20Eé&kruary 10, 2011) is not included
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Figure 5.6: Asymmetries from derent runsslugs are grouped according to the IHWP and Wien
settings (the data has not been corrected for the asymmigtmyreversals due to IHWP status
change). The open diamond marker indicates the statistickih weighted average value of two
groups which have the same Wien setting but opposite IHWBsstdhe dashed line indicates the
grand average of all asymmetries. The data has not beercmror asymmetry sign reversals,
and the uncertainties are only statistical.

in the plot and the following calculations, because thah des assigned a derent large blinding
factor (larger than 60 ppb). The corresponding/siuy list and the regressed data are showed in
Table5.1 The measured asymmetry from the data (not being normal@édam polarization) is
found to be

Ameas = 211 12 (stat) 60 (blinding factor) ppb (5.30)

This is a blinded result with 5.7% statistical uncertainyith more production data to reduce the
statistical uncertainty, upon completing the experiméatyeak will be the most precise measure-

ment to date of any asymmetry in electron scattering.
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Wien Run Slug Date Asymmetry [ppm]  Asymmetry [ppm]
(#/Flip) range range (2011) (IHWP IN) (IHWP OUT)
O/R 08964-09812 <40 1301-1002 0113 0:043 0:351 0:036
UL 09939-10186 42-58 102 - 2202 0:332 0:040 Q214 0:044
2/IR 10196-11129 59-80 222 - 0504 0106 0:031 0:229 0:034
3L 11131-11390 81-98 (B4 - 1404 0:227 0:038 Q237 0:038
4/R 11391-11711  99-116 14 - 2804 0307 0:044 0:218 0:042
5/L 11714-11735 117-136 234 - 1305 0:267 0:041 Q087 0:.034

Table 5.1: Q-weak Run-I asymmetry data. The data has not teeeacted for asymmetry sign
reversals, and the uncertainties are only statistical.

5.8 Hadronic Structure Contributions

The parity-violating asymmetry expression contains dbations from nucleon structure form fac-
tors. They increase in relative importance as one moves &oayQ? = 0. To consider the impact
of these contributions on the extraction of the weak chatgeasymmetry which involves the quan-

tity of interest,QID , is written as follows:

Agp, = Apv  Anadv  Anada’ (5.31)

The second term involves the vector electromagnetic and Wwadronic form factors. It reduces to
the Q*B(Q?) term in Eqn.2.107for small Q. The third term involves the e-N axial-vector form
factorG§. These terms are kept separately, because there are tex@dt types of experiments that
are used to constrain them with @irent kinematic dependences.

The Q-weak experiment aims to determi@&wgvaV (and thereforé){,’v) from the measured physics
asymmetryApy. The values of the hadronic term&.Gqv andAnaga) are determined by results from

parity-violating electron scattering experiments at leig?, that are more sensitive to these terms.
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The estimates foAnagy and Anagaare

Anadv = 101 ppb; (5.32)

Anada= 12 ppb; (5.33)

given in reference Qweak-Collaboration, 20J4 Assuming a value OQSV = 0:0716 (with all
radiative corrections included), thfh?Q\gv can be estimated to be about80 ppb. The acceptance
averaged values of the asymmetry in the experiment is exgeotclose to 293 ppb, including
61% contributions fromAst , 35% contributions from\naqv and 4% contributions fromM,aqa The

uncertainties on the hadronic terms are

Anadv = 2:83 ppb; (5.34)

Anada = 2:16 ppb; (5.35)

as explained in referenc@jveak-Collaboration, 20Q4which imply a 1.5% and a 1.2% contribu-
tions to the fractional uncertainty c@{,’v from the vector hadronic component and from the axial
hadronic component, respectively. The total estimate efuincertainty stemming from hadronic
structure contributions is obtained from the combinatibthe two estimates for the uncertainties
on the vector (1.5%) and axial (1.2%) hadronic componentguadrature. The nal estimate for
the fractional uncertainty oy, from hadronic structure is 1.9%. The total contribution he t

uncertainty orQy), is then written as:

QP é:;vé ﬁf;dvé é AhadAE (5.36)

AQW
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5.9 The Proton's Weak Charge and Weak Mixing Angle

After removing the hadronic contribution, the proton's wehaarge and the weak mixing angle can

be determined from

GrQ?
A= op=Ql (5.37)
Q\’,’v =1 4sir?  + radiative corrections (5.38)

where the radiative corrections were discussed in segti@n

Table 3.1 contains a brief summary of the key uncertainties for thigeeixnent, which were
estimated through simulations and calculations. TheseesaWill be updated and replaced by
measured uncertainties, as the the data analysis and dietion progresses. An extensive set
of sensitivity measurements has shown that the Q-weak iex@er is statistics limited and a 4%
measurement of the weak charge should be achievable by dhef &y 2012.

As an exercise, the proton's weak charge and the weak mixigtgaan be calculated by using
the 5.7% asymmetry measurement data considered in this.tBexause the statistical uncertainty
of the 5.7% asymmetry measurement and the blinding factdiaatarger than the systematic uncer-
tainty, the systematic corrections (except the contrimgifrom hadronic structure and the helicity-
correlated beam parameters which have been corrected redhession) and radiative corrections
will be neglected. By using a beam polarization value of 88&d€rmined by the polarization mea-
surements), the values of tw%&/, Q\‘,’V and the weak mixing angle §° = 0:026 (GeV/c)? (with an
uncertainty of about 5%, determined from the calibration runs and weighted by thamatector

light yield responses) are found to be

Apv 237 14 (stat) 67 (blinding factor) pph (5.39)

124 14 (stat) 67 (blinding factor) pph (5.40)

5The uncertainty is simply estimated by using the trackingcter geometry and resolution.
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Ql, = 0:053 0:006 (sta) 0:029 (blinding factor) (5.41)

sir® w = 0:2368 0:0015 (staj 0:0072 (blinding factor) (5.42)

where the blinding factor involved in each calculation &ated as an uncertainty term.

Table5.2 gives a comparison between the theoretical prediction [(seeamura et al., 2030
[Erler et al., 200Band [Erler and Ramsey-Musolf, 200Fpand the very preliminary Q-weak 5.7%
statistics measurements for the proton's weak charge amavéak mixing angle a@? = 0:026
(GeVic)’. The Q-weak results are in agreement with the Standard Mmédiction on the level of

the statistical uncertainty and the uncertainty due todohig analysis factor.

Theoretical prediction Q-weak 5.7% measurement (blinded)

Q 0:0716 0:002 Q053 0:030
si® w, 02385 0:0006 02368 0:0074

Table 5.2: Comparison between theoretical prediction anwde@k 5.7% statistics measurement.
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Chapter 6

Conclusion and Outlook

The Q-weak experiment had been constructed and succgssfniimissioned. As a key subsystem,
the mainCerenkov detectors were designed to perform measuremiepdsity violating asymme-
tries in e-p scattering. The commissioning data demorestithiat this detector system is stiently
low noise to allow operation at counting statistics in thev€ak integrating current mode.

The goal of the Q-weak experiment is to measure the partilating asymmetry in elastic
electron-proton scattering to a precision &%, which translates into a measurement of sjp at
Q? = 0:026 (Ge\c)? to a precision of 0.3%. The asymmetry measured by the Q-weak experiment

during the 2010-2011 rstrun cycle is
Apy = 237 14 (stat) 67 (blinding factor) ppb (6.1)
This asymmetry was measured at a momentum transfer of
Q?=0:026 0:002 (Gec)’: (6.2)

The proton's weak charge and weak mixing angl€at= 0:026 (GeV/c)? obtained from the mea-

195
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suredApy are

Q = 0:053 0:006 (staf) 0:029 (blinding factor) (6.3)

sir® w = 0:2368 0:0015 (staj 0:0072 (blinding factor) (6.4)

These very preliminary results are in agreement with thertiteal predictions at their current
uncertainties.

The experiment has completed the rst run cycle and has sdekin measuring the proton's
weak charge to about 8%. The aim is to improve this to 4% durimase I, from Fall 2011 to Spring
2012. If the Q-weak experiment achieves the goal precisidha remaining running period, it will
be the most precise determination of the parity violatingrasetry in electron-proton scattering to
date, and will provide the rst direct measurement of thetpnoveak charge. At the precision goal
of 0.3% for sirf , the Q-weak measurement will be sensitive to new physieses at scales up to

2.5 TeV, complementing studies from collider experimeiiise Q-weak results will be sensitive
to new physics models, such as additional neutral gaugenbpsatensions to the Standard Model
that include supersymmetry, and the existence of lepté&gudrosons with nonzero baryon and
lepton number). In addition, since the Q-weak experimetitméasure sif \ at approximately
the same momentum transfer as the SLAC E-158 experimentethdts from both experiments
should complement each other and provide more clues reggtige nature of possible new physics
phenomena.

The measurement of parity-violating asymmetries with lpgerision has become an important
tool for studying new physics beyond the Standard Model. Siezess of the Q-weak experiment
will establish con dence in the ability to measure asymrastito an accuracy at the ppb level in

future high energy electron scattering experiments.
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Miscellaneous Detalls of the Main

Detector

A.1 Detector Parameters

A.1.1 Detector and PMT serial number

Detector
Serial No.

mMD1 MD2 MD3 MD4 MD5 MD6 MD7 MDS8
4 3 1 5 6 2 7 8

Table A.1: Main detector serial number.

MD1 MD2 MD3 MD4 MD5 MD6 MD7 MDS8

AUX1 AUX2 AUX3

119
121

109
107

Neg
Pos

104
122

124
135

129
134

105
108

106 11p 115
126 11p

132

128

Table A.2: PMT serial number for each detector

197
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A.1.2 Transmission spectrum and refractive index of fusedisca

Figure A.1: Typical transmission spectrum of Spectfdos2000 synthetic fused silica. Sample

thickness: 10 mm

Wavelength (nm)
Refractive Index (n)

1128.95
1.44887

1064.00
1.44963

1060.00
1.44968

1013.98
1.45024

852.11
1.45247

706.52  656.27
1.45515 1.45637

Wavelength (nm)
Refractive Index (n)

643.85
1.45670

632.80
1.45702

589.29
1.45840

587.56
1.45846

546.07
1.46008

486.13  435.83
1.46313 1.46669

Wavelength (nm)
Refractive Index (n)

404.66
1.46962

365.01
1.47454

334.24
1.47975

312.66
1.48447

253.73
1.50547

248.30  248.00
1.50838 1.50855

Wavelength (nm)
Refractive Index (n)

228.87
1.52109

214.51
1.53365

206.27
1.54259

194.23
1.55884

193.40
1.56014

193.00 184.95
1.56077 1.57495

Table A.3: Refractive index of SpectraiR000 synthetic fused silica.



A.1l. Detector Parameters 199

A.1.3 PMT quantum e ciency

Wavelength (nm) 200 210 220 230 240 250 260
Quantum E ciency (%)| 0.68 3.55 7.40 10.4 146 17.8 20.6

Wavelength (nm) 270 280 290 300 310 320 330
Quantum E ciency (%) | 22.6 22.4 21.8 21.1 205 19.7 19.2

Wavelength (nm) 340 350 360 370 380 390 400
Quantum E ciency (%)| 18.4 18.0 18.2 18.8 183 17.6 17.7

Wavelength (nm) 410 420 430 440 450 460 470
Quantum E ciency (%) | 17.6 175 17.1 16.7 158 150 144

Wavelength (nm) 480 490 500 510 520 530 540
Quantum E ciency (%) | 13.7 13.1 124 11.7 11.0 104 9.77

Wavelength (nm) 550 560 570 580 590 600 610
Quantum E ciency (%)| 9.15 853 7.95 7.39 6.87 6.38 5.90

Wavelength (nm) 620 630 640 650 660 670 680
Quantum E ciency (%) | 5.45 5.07 4.71 439 410 3.79 351

Wavelength (nm) 690 700 710 720 730 740 750
Quantum E ciency (%)| 3.25 2.98 2.68 240 213 1.88 1.65

Wavelength (nm) 760 770 780 790 800 810 820
Quantum E ciency (%)| 1.47 1.30 1.13 0.96 0.80 0.65 0.48

Wavelength (nm) 830 840 850 860 870 880 900
Quantum E ciency (%) | 0.33 0.18

Table A.4: Typical quantum eciency of 9312WKB PMT with S20 photocathode.
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A.1.4 PMT saturation voltage and current

(a) Saturation voltages for all PMTs (b) Saturation currents for all PMTs

Figure A.2: Measurement were taken with a 370 nm LED as a$ighice. The PMTs were working
in photodiode mode (read the photo-current from the rstabje) with a cathode bias voltage up to
a few hundred volts. Record anode current as a function gilgwpltage and nd the current and
voltage at which the PMT saturates.

Figure A.3: Saturation as a function of wavelength for ttfenence PMT (serial No. 128).
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A.1.5 Gain tests for current mode PMT bases

HV[V] | 1300 1250 1200 1150 1100 1050 1000 950 900 850 800
Base # Gain
101 | 7062 4678 3052 1940 1206 718 409 221 112 53 22
102 | 7022 4527 2943 1883 1171 700 400 218 110 52 22
103 | 7024 4562 2936 1855 1153 690 387 209 106 49 20
104 | 7347 4735 3072 1959 1215 726 408 225 114 54 22
105 | 6599 4263 2754 1753 1084 646 364 198 101 47 19
106 | 7221 4647 2983 1895 1178 702 400 218 112 53 22
107 | 6199 3955 2558 1625 1000 596 339 184 94 44 18
108 | 6696 4269 2771 1758 1081 646 370 200 102 48 20
109 | 6406 4042 2630 1673 1039 626 359 197 101 48 20
110 | 6129 3873 2491 1572 973 581 332 180 92 43 18
111 | 6045 3753 2453 1571 969 579 329 178 91 43 18
112 | 5972 3768 2416 1540 951 567 322 175 89 42 17
113 | 5675 3683 2387 1529 935 556 317 172 88 41 17
115 | 6507 4099 2666 1691 1055 631 359 196 100 47 19
117 | 5977 3705 2407 1531 951 563 321 174 89 42 17
118 | 7922 5030 3376 2045 1262 744 423 229 116 54 22
119 | 7642 4877 3159 1987 1222 728 410 221 112 52 21
120 | 7439 4717 3037 1931 1194 704 399 217 109 51 21
121 | 7310 4653 2973 1902 1174 698 398 217 111 52 21
122 | 7406 4638 4694 1892 1174 702 398 217 110 52 21
123 | 7769 4929 3194 2033 1260 749 428 230 117 55 23
124 | 7428 4611 2969 1900 1193 711 407 224 114 54 23

Table A.5: Gain measurements for the current mode low gaiii Bdées. Measurements were taken
with a reference PMT (serial No. 128). Bases 114 and 116 arenelted due to their abnormal
high gain.

Base# | 101 102 103 104 105 106 107 108 109 110 111
HVI[V] | 1079 1082 1084 1078 1090 1081 1100 1091 1095 1102 1103
Base# | 112 113 115 117 118 119 120 121 122 123 124
HV[V] | 1104 1106 1094 1104 1075 1078 1080 1082 1082 1075 1080

Table A.6: Bias voltages at a PMT gain of 1000. Measuremesete waken with a reference PMT
(serial No. 128). Bases 114 and 116 are eliminated due todbhabrmal high gain.



Appendix A. Miscellaneous Details of the Main Detector

202

A.1.6 Single photo-electron calibration

mMD1I MD2 MD3 MD4 MD5 MD6 MD7 MDS8

Neg.| 140 220 204 221 228 287 246
Pos.| 16.7 385 204 224 30.1 253 161

Table A.7: Single photo-electron calibration | (October2811). Unit: number of charge ADC

channels per photo-electron (and 0.1/¢d).

MD1I MD2 MD3 MD4 MD5 MD6 MD7 MDS8

Neg.| 11.9 184 20.7 169 204 251 164
Pos.| 182 379 190 228 280 259 292

Table A.8: Single photo-electron calibration Il (Novem2e2011). Unit: number of charge ADC

channels per photo-electron (and 0.1/¢d).

mMD1 MD2 MD3 MD4 MD5 MD6 MD7 MDS8

Neg.| 124 11.2 129 21.0 120 133 147
Pos.| 17.0 158 138 185 179 186 16.4

Table A.9: Single photo-electron calibration Il (March,22D11). Unit: number of charge ADC

channels per photo-electron (and 0./¢d).
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A.1.7 Typical current mode yield

Detector| Yield [V/ A] RMSI[V/ A]
MD1 0.034363 P 10°
MD1+ 0.039068 & 10°
MD2 0.026691 B 10°
MD2+ 0.044260 2 10°
MD3 0.043711 7?2 10°
MD3+ 0.023393 B 10°
MDA4 0.025374 B 10°
MD4+ 0.038453 10 °
MD5 0.036681 @ 10°
MD5+ 0.045696 ® 10°
MD6 0.039137 10 °
MD6+ 0.032705 B 10°
MD7 0.032501 B 10°
MD7+ 0.038210 ® 10°
MD8 0.039887 & 10°
MD8+ 0.044247 2 10°

Table A.10: Typical current mode yields of main detectors.
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A.1.8 High voltage and pre-ampli er settings

MD1 MD2 MD3 MD4 MD5 MD6 MD7 MDS8
HV[V] | 1200 1300 1100 950 1100 1200 1200 1208leg.
[ Al 1492 1617 1374 1184 1369 1496 1494 1496
HV[V] | 1200 1100 1200 1050 900 1100 1000 120@o0s.
[ Al 1496 1371 1494 1309 1121 1366 1248 1495

Table A.11: High voltages and currents of event mode high bases (March 5, 2011).

mMbi ™MD2 MD3 MD4 WMD5 MD6 MD7 MDS8
Neg.| 1145 1224 93,5 106.9 107.6 117.3 109.8 120.3
Pos. | 105.8 94.6 1025 124.6 117.0 110.6 120.7 120.3

Table A.12: Pre-ampli er oset settings (July 27, 2010). Unit: [mV]

mMbD1 MD2 MD3 MD4 MD5 MD6 MD7 MDS8
HV [V] 880 820 850 800 820 840 850 81pbNeg.
PMTgain| 200 200 200 200 200 200 200 20D
HV [V] 850 850 805 850 805 820 810 85pPos.
PMTgain| 200 200 200 200 160 200 200 16D

Table A.13: Current mode PMT high voltage and gain settitigs Yoltages were lowered by 10 V
on January 21, 2011).

Parametéesetting Value
Estimated event rate per detector 4.4 Wiy
Pre-ampli er gain setting 2M
PMT gain setting 200
PMT anode leakage (dark current) <1lnA

Average photo-electron yield per detector 110/pwent

Table A.14: Typical current mode parameters and settings&Q-weak Run-I. All main detectors
were equipped with pre-radiators.
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A.2 Gluing Procedure

1. Surface preparation (surface cleaning and polishingéieal to good adhesion):

(a) Clean afresh razor blade with isopropyl alcohol (IPAgrt strip the surface to be glued

(as well as about 1 — 2 cm along the sides) to remove any ingobalatings.

(b) Wipe down the surface of interest with IPA to remove anygenprints, permanent
marker writing, or thick, gummy residues from tape, et@teClean down about 1

—2 cm on the sides helps reduce contamination.
(c) Use soap and water to remove the IPA residue. Rinse vsthledl water.

(d) First polish: Lightly scrub the area to be glued for a fewnuates with 0.05 micron
MicroPolish. Scrub 1 cm down the sides as well. Add distilleater to keep the polish

wet.

(e) First rinse: Wipe the sides awith no-linting wipes (such as KimWipes) wetted with
distilled water. Then remove polish from the main face ustmgWipes wetted with
distilled water using a uni-axial motion. Change wipe a#tach pass, and change di-

rections between wipes so that one end does not end up ckbameihe other.

(f) Second polish and rinse: Using less polish, repeat thtetl#o steps.

(g) Carefully dry the surface with a heat gun and inspecttiniase with light. If necessary,
repeat the above steps 2 or 3 times except the rst razor (sime

2. Glue preparation:

(a) Tumble the glue components in case components haveasegar

(b) Put the low viscosity hardener (CAT-1202) into a cleaasfit cup rst, then add the
higher viscosity base (SES-406, the main component of tleesirubber glue). The

glue volume ratio and pumping time are listed in Tahl&5 for reference.

(c) Stir glue thoroughly with a clean, dry stirring rod. Mig enuch air in as possible.
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(d) Pump the glue until most bubbles are gone to remove ainapébsorbed water which
could a ect performance. Control the pumping time (less than 1 houmake sure the

glue is still keep low viscosity after pumping.

Glue Hardener Base Pumping Cure

joint CAT-1202 [ml] SES-406 [ml] time [min] time [hr]
PTM window to light guide 2.0 40 60 >72
light guide to quartz bar 4.4 40 30 >48
central glue joint 5.0 40 20 >48

Table A.15: Parameters for preparing optical glue.

3. Dispense glue:

(a) Use two wire-chamber wires as spacers and tape them grepared gluing surface
(for the central glue joint only). This is to keep a unifornicness of the glue layer

when gluing the two pieces of quartz bars together.

(b) Fill a syringe with glue from the middle of the cup. Empiyetsyringe most of the way
and re Il it. This gets rid of most air bubbles and dilutes argntaminants that might

be on the inside of the syringe.

(c) Squeeze out remaining air bubbles and apply glue on #yaped surface.

(d) Align the quartz bars (quartz light guide or PMT) and gillnem together.

(e) Pull out the spacer slowly and make sure no air bubbleénsile the glue joint. Do not
wipe 0 any excess glue.

4. Final quality check and cleaning:

(a) After 48 hours cure time, test the glue joint by putting @md of the quartz bar on the
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table and lifting the other end after the glue cured. Redatiwve gluing procedure if

there are any breaking glue joints.

(b) Remove excess glue with a razor blade, then follow th&aserpreparation procedure

to clean the entire optical assembly.

Figure A.4: Photo of the main detector optical assembly éngliing and cleaning process.
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A.3 Detector Installation

A coordinate system and naming convention are de ned ini@eet.1 and used for the detector
installation. For convenience, there are rotation angéesed! for survey and alignment purpose.
These rotation angles are yaw angle — rotation angle abowuisy pitch angle — rotation angle
about X axis and roll angle — rotation angle about Z axis.

Based on the sub-mm errors of the quartz bar mismatch antzduaarlocation with respect to
the radiator module as the detectors are assembled, thieadplerances for detector judicializa-
tion, survey and alignment should be matched tb mm so that the installation will not introduce
additional positioning uncertainty.

The location tolerances are determined in the global coatds: for x,y locations, 1 mm tol-
erance is corresponding to tkel mm quartz bar errors, for the z location, because the alibut 2
degree electron incident angle will cause the electron Iprto move updown about 5 mm if the
quartz bar z location was changed about 10 mm, 2 mm tolerangeper, which corresponds to
1 mm errors on x and y. The rotation tolerances are determindte detector local coordinates:
for the yaw angle, 1 mm error over the 200 mm detector widteg®&bout 1.5 mrad error, for the
pitch and roll, 1 mm error over 2000 mm detector length givesua 0.2 mrad error. Note that the
sub-mm errors are physical, thus the above tolerances atwesit that could be achieved when the
detectors are installed. As long as the symmetry requir&rae meet, some speci cations need to
be weaken where the ne adjustment is not available and itldvoeguire using the crane to install
shims, or drillingrewelding the arms.

After loading the detector module into exoskeletons, thedaters are ducialized using CMM
on the registration points, edges and surfaces of quart lizecause there are small drences
of the quartz bar length, width and thickness, as well asIsmigimatch between two half-sized
quartz bars as they are glued together, the registrationigp@dges and surfaces need to be de ned
as references for survey and alignment. The registratioiaciis the front surface of the quartz

bars towards the incoming scattered electrons; the rafj@iredges are the outer radius edges of

1A CMM is a coordinate measuring machine for measuring thesigay geometrical characteristics of an object.
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the quartz bar on the registration surfacethe registration point is the outer radius end of the
qguartz bar center glue joint. These references are besiedligghen the detector is assembled and
their positions are transferred to several survey monusngatl on the exoskeleton of the detector
through ducialization.

The detectors are craned to position, xed on the supporimas (see FigA.5 (a)), then sur-
veyed by using a laser tracker. The survey monuments on thekebetons are target holders for
laser tracker. The use of laser tracker and the ability adatet ne adjustment in radial direction
made the detector alignment easier and accurate. A photeadnstalled main detector octagonal
array is shown in FigA.5 (b) with the main detectors just downstream of the verticéd chambers
before the shielding house was erected around them. The jphétg. 3.23 also shows a closer
view of two bottom detectors, as well as the focal plane seamrich can be moved around in
the bottom octant to help characterize the main detectoigheh beam currents where the VDCs
cannot be used. The nal survey on the installed detectare/et that the registration point of each
detector was located to an average radial position of 34#.Qwith a RMS value of 0.24 cm) to
the beam and an averagdocation of 577.9 cm (with a RMS value of 0.54 cm) downstrezrthe
QTOR center, i.e., the quartz bar center was located at3350 cm,Z = 5785 cm in its local

coordinate system.

2The outer radius edges of the quartz bar are chosen as atigistedges because these edges are located in between
the elastic events region and the inelastic events region.
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(a) Photo of a main detector being installed.

(b) Octagonal main detector array shown between the regicdmgbers, and
the main detector access platform.

Figure A.5: Main detector installation photos
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A.4 Detector Survey Results

The main detectors survey results are shown by the tableginA%, which contains the as-found
coordinates in both the Q-weak global coordinate systemtlamdnain detector local coordinate
system as de ned in sectioh 1. Additionally the movements in the local system are showine T
rst group of coordinates are the as-found locations of thartg bars in the global (QTOR) coordi-
nate system, with the origin at the center of the QTOR magdseits are meters. The second group
of coordinates describes the as-found locations in thd mmardinate system for each individual

detector.

Figure A.6: Main detector survey result.
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A.5 CAD Drawings of Preradiator, Radiator Box and Exoskelebn

Each pre-radiator consists of 2 end pieces (Fig) and 6 T-bar pieces (Fid\.8).

Figure A.7: Preradiator end piece. Material: lead (Pb) \&{5% antimony (Sb).

Figure A.8: Preradiator T-bar piece. Material: lead (Phv2-5% antimony (Sh).
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Figure A.9: Radiator box CAD drawing 1 of 10.
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Figure A.10: Radiator box CAD drawing 2 of 10.
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Figure A.11: Radiator box CAD drawing 3 of 10.
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Figure A.12: Radiator box CAD drawing 4 of 10.
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Figure A.13: Radiator box CAD drawing 5 of 10.
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Figure A.14: Radiator box CAD drawing 6 of 10.
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Figure A.15: Radiator box CAD drawing 7 of 10.
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Figure A.16: Radiator box CAD drawing 8 of 10.
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Figure A.17: Radiator box CAD drawing 9 of 10.
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Figure A.18: Radiator box CAD drawing 10 of 10.
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Figure A.19: Exoskeleton CAD drawing 1 of 4.
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Figure A.20: Exoskeleton CAD drawing 2 of 4.
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Figure A.21: Exoskeleton CAD drawing 3 of 4.
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Figure A.22: Exoskeleton CAD drawing 4 of 4.



Appendix B

My Contributions to the Q-weak

Experiment

I have been working on several dirent subsystems of the Q-weak experiment. The followstg li

summarizes my major contributions to the experiment.

Main Cerenkov detector system:

=

. contributed to design of the main detector,

N

. performed a Geant4 Monte Carlo simulation to study theaet performance,

3. constructed all 9 main Cerenkov detectors (including fafiesized background detec-

tor),
4. designed and built 3 auxiliary detectors,

5. designed and built the main detector diagnostic systeBD(test system and phase

monitor),
6. built up the main detector electronics chain,
7. installed the main detectors system,

8. set up and conducted the main detector cosmic ray tests,

227
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9. conducted the beam tests for the main detectors,

10. completed the main detector commissioning.
QTOR magnetic spectrometer:

1. calculated the magnetic eld map for the Monte Carlo siatioh and track reconstruc-
tion program,
2. performed the QTOR magnetic eld mapping at MIT-Bates ahdLab,

3. contributed to the eld mapping data analysis.
Hall-C Compton polarimeter:
1. prototyped the rst diamond strip detector,

2. tested the diamond detector and characterized the detetbench,

3. prototyped and tested the diamond detector front-eradrel@cs.
Focal plane scanner:

1. designed and built the scanner motion control system,

2. participated in the installation and commissioning @f $eanner detector.
DAQ/analysis:

1. wrote the main detector class to decode and process tmedetzictor data,

2. wrote the blinding analysis class to perform the blindamglysis on the asymmetry

data,

3. analyzed a subset of tracking and production data.
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Figure C.1: Q-weak Collaboration picture (TRIUMF, 2008).



Bibliography

[Abbiendi et al., 2001] Abbiendi, G. et al. (2001). Precistaiimination of the Z resonance param-
eters at LEP: "ZedometryEur. Phys. J.C19:587-651.

[Abbiendi et al., 2004] Abbiendi, G. et al. (2004). Tests o standard model and constraints on
new physics from measurements of fermion-pair producttat8a-209 GeV at LEPEuropean

Physical Journal €33(2):173-212.

[Abbiendi et al., 2006] Abbiendi, G. et al. (2006). ALEPH, DEHI, L3, OPAL and SLD Collab-
orations, LEP electroweak working group, SLD electroweall heavy avour groups.Phys.

Rept 427:257.

[Abe et al., 2000a] Abe, K. et al. (2000a). First direct meament of the parity-violating coupling
of the Z° to the s quark. Phys. Rev. Lett85(24):5059-5063.

[Abe et al., 2000b] Abe, K. et al. (2000b). High-precisionaserement of the left-righd boson
cross-section asymmetrizhys. Rev. Lett84(26):5945-5949.

[Abe et al., 2001] Abe, K. et al. (2001). Improved direct magasent of leptonic coupling asym-

metries with polarized& bosons.Phys. Rev. Le{t86(7):1162—1166.

[Abreu, 1993] Abreu, P. (1993). DELPHI collaboration: A msaeement of B meson production
and lifetime usingDl events inZ® decays Zeitschrift fir Physik C Particles and Fields7:181—
181.

235



BIBLIOGRAPHY 236

[Acha et al., 2007] Acha, A., Aniol, K., Armstrong, D., Argion, J., Averett, T., Bailey, S., Barber,
J., Beck, A., Benaoum, H., Benesch, J., et al. (2007). Roecimeasurements of the nucleon

strange form factors &@° 0:1 Ge\2. Physical review letters98(3):32301.

[Ackersta , 1997] Ackersta, K. (1997). Measurement of the branching fractions and &odw
backward asymmetries of ti# into light quarks.Zeitschrift fir Physik C Particles and Fields
76(3):387-400.

[Adam et al., 2005] Adam, I. et al. (2005). The DIRC particlienti cation system for the BaBar
experiment.Nucl. Instrum. Meth.A538:281-357.

[Anderson, 2006] Anderson, M. (2006). Results from the bt and prototype low gain bases

(qweak document 604-v1). Technical report, JLab.

[Anthony et al., 2004] Anthony, P. L. etal. (2004). Obseimaif parity nonconservation in Mgller
scattering.Physical review letters92(18):181602.

[Anthony et al., 2005] Anthony, P. L. et al. (2005). Precisimeasurement of the weak mixing
angle in Mgller scatteringPhys. Rev. Lett95(8):081601.

[Armstrong et al., 2005] Armstrong, D., Arvieux, J., Asagtan, R., Averett, T., Bailey, S., Batigne,
G., Beck, D., Beise, E., Benesch, J., Bimbot, L., et al. (30@krange-quark contributions to
parity-violating asymmetries in the forwaD electron-proton scattering experimeRfysical

review letters 95(9):92001.

[Armstrong et al., 2007] Armstrong, D., Arvieux, J., Asatan, R., Averett, T., Bailey, S., Batigne,
G., Beck, D., Beise, E., Benesch, J., Bimbot, L., et al. (200vansverse beam spin asymmetries

in forward-angle elastic electron-proton scatteriRdpysical review letters99(9):92301.

[Armstrong et al., 2003] Armstrong, D., Ma, B., and Suleiman, R. (2003). Target density uc-
tuations and bulk boiling in the Hall A cryotarget. TechrhiBaport JLAB-TN-03-017.



BIBLIOGRAPHY 237

[Arnaudon et al., 1993] Arnaudon, L., Assmann, R., BillanBirr, W., Blondel, A., Bobbink, G.,
Bordry, F., Burkhardt, H., Crozon, M., Dehning, B., et al99B). Measurement of the mass of

the Z boson and the energy calibration of LEFhysics Letters B307:187-193.

[Barry, 1991] Barry, W. (1991). A general analysis of thirrevpickups for high frequency beam
position monitors.Nuclear Instruments and Methods in Physics Research Bestidccelera-

tors, Spectrometers, Detectors and Associated Equipr@em{3):407—416.

[Benesch, 2009] Benesch, J. (2009). Beamline drawings amdemt names for Qweak (qweak

document 1070-v2). Technical report, JLab.

[Bennett and Wieman, 1999] Bennett, S. C. and Wieman, C.E29)l Measurement of thes6
7stransition polarizability in atomic cesium and an improvest of the standard modePhys.

Rev. Lett.82(12):2484—-2487.

[Birchall, 1988] Birchall, J. (1988). Reduction of theects of transverse polarization in a measure-
ment of parity violation in proton-proton scattering at 28@V. Canadian Journal of Physics

66:530.

[Bjorken and Drell, 1998] Bjorken, J. D. and Drell, S. D. (BY9Relativistic Quantum Mechanics

McGraw-Hill SciencéEngineeringMath, 1st edition.

[Blunden et al., 2005] Blunden, P. G., Melnitchouk, W., arjdnl J. A. (2005). Two-photon ex-

change in elastic electron-nucleon scatterifgys. Rev. C72(3):034612.

[Cohen-Tanugi et al., 2003] Cohen-Tanugi, J., Convery,Ratcli , B., Sarazin, X., Schwiening,
J., and Va'vra, J. (2003). Optical properties of the DIRGefisilica Cherenkov radiatdluclear
Instruments and Methods in Physics Research Section Alekatar's, Spectrometers, Detectors

and Associated Equipmeril5(3):680—700.

[Commins and Bucksbaum, 1983] Commins, E. D. and Bucksb&uifd,983). Weak Interactions

of Leptons and QuarksCambridge University Press, Cambridge.



BIBLIOGRAPHY 238

[Czarnecki and Marciano, 2000] Czarnecki, A. and Marciaifo]. (2000). Polarized Mgller scat-

tering asymmetriesnternational Journal of Modern Physics A5:2365.

[Deconinck, 2009] Deconinck, W. (2009). Q-weak trackinffware (qweak document 1094-v2).

Technical report.

[Ecklund et al., 2001] Ecklund, S., Field, C., and Mazah@ri(2001). A fast luminosity monitor
system for PEP IINuclear Instruments and Methods in Physics Research Setidccelera-

tors, Spectrometers, Detectors and Associated Equipm68&{1-2).68—76.

[Erler et al., 2003] Erler, J., Kurylov, A., and Ramsey-Mifist. J. (2003). Weak charge of the
proton and new physic$2hys. Rev. D68(1):016006.

[Erler and Ramsey-Musolf, 2005a] Erler, J. and Ramsey-Mukb (2005a). Low energy tests of
the weak interaction, prod?art. Nucl. Phys54:351.

[Erler and Ramsey-Musolf, 2005b] Erler, J. and Ramsey-Mubt J. (2005b). Weak mixing an-
gle at low energiesPhys. Rev. D72(7):073003.

[Forest, 2003] Forest, T. (2003). Region 1 vertex trackeve@k document 54-v1). Technical

report, JLab.

[Frank and Tamm, 1937] Frank, M. and Tamm, |. (1937). Coheradliation of fast electrons. In
Dokl. AN SSSRrolume 14, pages 109-112.

[Gaskell et al., 2007] Gaskell, D., Meekins, D., and Yan, Z0(Q(7). New methods for precision
Mgller polarimetry. The European Physical Journal A - Hadrons and Nuck2:561-564.
10.1140epjdi2006-10438-4.

[Gericke, 2005] Gericke, M. (2005). Excess noise as a fonatif detector thickness (qweak doc-

ument 231-v1). Technical report, JLab.

[Gericke, 2006a] Gericke, M. (2006a). Diode mode satunatiad linearity tests of the Qweak

main Cherenkov detector PMTs (qweak document 534-v1). ieahreport, JLab.



BIBLIOGRAPHY 239

[Gericke, 2006b] Gericke, M. (2006b). Selection of lightidgigeometry for the Q-weak main

detectors (g-weak document 533-v1)). Technical reporpJL

[Gericke, 2009] Gericke, M. (2009). Manitoba radiator baawiings v3 (qweak document 981-

v1). Technical report, JLab.

[Glesener, 2005] Glesener, L. (2005). Target density atitan monitoring in the HAPPEX helium

parity violation experiment. Technical report, JLab.

[Gorchtein et al., 2011] Gorchtein, M., Horowitz, C., andniay-Musolf, M. (2011). Model-
dependence of thez dispersion correction to the parity-violating asymmetnelastice p scat-

tering. Arxiv preprint arXiv:1102.3910

[Gorchtein and Horowitz, 2009] Gorchtein, M. and Horowitz,J. (2009). Dispersionz-box cor-

rection to the weak charge of the protdehys. Rev. Lett102(9):091806.

[Greiner and Miller, 2001] Greiner, W. and Mdller, B. (200 Quantum mechanics: symmetries

Springer-Verlag, Berlin Heidelberg, fourth edition.

[Gri ths, 2008] Gri ths, D. (2008). Introduction to Elementary Particles Textbook physics.
Wiley-VCH, Weinheim, 2nd edition.

[Gross and Wilczek, 1973] Gross, D. J. and Wilczek, F. (19@iyaviolet behavior of non-abelian
gauge theoriesPhys. Rev. Lett30(26):1343—-1346.

[Halzen and Martin, 1984] Halzen, F. and Matrtin, A. D. (198@uarks and Leptons: Introductory

Course in Modern Particle Physicgohn Wiley & Sons, international edition.

[Hanneke et al., 2008] Hanneke, D., Fogwell, S., and Ga®jeb. (2008). New measurement of

the electron magnetic moment and the ne structure consiimgs. Rev. Lett100(12):120801.

[Hauger et al., 2001] Hauger, M. et al. (2001). A high-prerigpolarimeter.Nuclear Instruments
and Methods in Physics Research Section A: Acceleratoest®meters, Detectors and Asso-

ciated Equipment462(3):382—-392.



BIBLIOGRAPHY 240

[Hecht, 2002] Hecht, E. (20020ptics Addison Wesley, 4th edition.

[Kaufman, 2007] Kaufman, L. J. (2007). Transverse beam asyimes measured from 4He
and hydrogen targetsThe European Physical Journal A - Hadrons and NuycB8#:501-503.
10.1140epjdi2006-10423-y.

[Kazimi et al., 1995] Kazimi, R. et al. (1995). Precisionartomparison of beam current monitors
at CEBAF. InParticle Accelerator Conference, 1995., Proceedings ef1f95 volume vol.4,

pages 2610-2612.

[Langacker, 2009] Langacker, P. (2009he Standard Model and BeyanHigh Energy Physics,

Cosmology and Gravitation. Taylor & Francis.

[Lee and Yang, 1956] Lee, T. and Yang, C. (1956). Questioraafyconservation in weak inter-
actions.Physical Reviewl104(1):254.

[Leo, 1994] Leo, W. R. (1994). Techniques for Nuclear and Particle Physics Experiments
Springer-Verlag, 2nd edition.

[Londergan and Thomas, 2005] Londergan, J. and Thomas, 005§2 Implications of current
constraints on parton charge symmetdournal of Physics G: Nuclear and Particle Physics

31:1151.

[Maas et al., 2004] Maas, F., Achenbach, P., AulenbacheB#&unack, S., Capozza, L., Diefen-
bach, J., Grimm, K., Imai, Y., Hammel, T., Von Harrach, D.,akt(2004). Measurement of
strange-quark contributions to the nucleon's form facer®? = 0:230 (Gel\tc)?. Physical

review letters 93(2):22002.

[Maas et al., 2005a] Maas, F., Aulenbacher, K., BaunackC8&pozza, L., Diefenbach, J., Glaser,
B., Hammel, T., Von Harrach, D., Imai, Y., Kabul3, E., et ab@3a). Evidence for strange-quark
contributions to the nucleon's form factors @2 = 0:108 (Ge\tt)?. Physical review letters

94(15):152001.



BIBLIOGRAPHY 241

[Maas et al., 2005b] Maas, F. E., Aulenbacher, K., Baunack,Capozza, L., Diefenbach, J.,
Glaser, B., Imai, Y., Hammel, T., von Harrach, D., Kabu3ME, Kothe, R., Lee, J. H., Sanchez-
Lorente, A., Schilling, E., Schwaab, D., Stephan, G., Welser Weinrich, C., Altarev, 1.,
Arvieux, J., Elyakoubi, M., Frascaria, R., Kunne, R., MorMd., Ong, S., Vandewiele, J., Kowal-
ski, S., Suleiman, R., and Taylor, S. (2005b). Measuremetiteotransverse beam spin asym-
metry in elastic electron-proton scattering and the inigla®ntribution to the imaginary part of

the two-photon exchange amplitudehys. Rev. Lett94(8):082001.

[MacEwan, 2010] MacEwan, S. (2010). Gain tests for curreodlenPMT bases (qweak document
1154-v2). Technical report, JLab.

[Mack, 2002] Mack, D. (2002). A quartz Cerenkov detector éaw document 6-v1). Technical

report, JLab.

[Mack, 2004] Mack, D. (2004). Non-linearity speci catiowifthe Qweak detector chain (qweak

document 172-v1 ). Technical report, JLab.

[Mack, 2005] Mack, D. (2005). PMT selection and prototypdtage dividers for the Qweak

Cerenkov detector (gweak document 221-v1). Technicalrteploab.

[Mack, 2006] Mack, D. (2006). Irradiation test of the TRIUMifeampli er (qweak document
529-v1). Technical report, JLab.

[Mack, 2007] Mack, D. (2007). Status of the Qweak main dete¢gweak document 649-v1).

Technical report, JLab.

[Mandl and Shaw, 1984] Mandl, F. and Shaw, G. (198@uantum Field Theory John Wiley &

Sons Inc.

[Marciano and Sirlin, 1983] Marciano, W. J. and Sirlin, A9@B). Radiative corrections to atomic

parity violation. Phys. Rev. D27(3):552-556.



BIBLIOGRAPHY 242

[Marciano and Sirlin, 1984] Marciano, W. J. and Sirlin, A9@4). Some general properties of the

O( ) corrections to parity violation in atom&hys. Rev. D29(1):75-88.

[Martin and Shaw, 2008] Martin, B. and Shaw, G. (200®article physics John Wiley & Sons

Inc.

[Martin et al., 2009] Martin, J. W., Dutta, D., Narayan, AnddWang, P. (2009). Diamond detectors

for Compton polarimetryAlIP Conference Proceeding$182(1):623-626.

[Maruyama et al., 1992] Maruyama, T., Garwin, E. L., Prep&st and Zapalac, G. H. (1992).
Electron-spin polarization in photoemission from strdi@aAs grown orGaAd x Px Phys.

Rev. B 46(7):4261-4264.

[Miller, 1998] Miller, G. A. (1998). Nucleon charge symmgtoreaking and parity violating elec-
tron proton scatteringPhys. Rey.C57:1492—-1505.

[Mller, 1972] Mduller, D. (1972). Electron showers of higrimary energy in leadPhys. Rev. D
5(11):2677-2683.

[Musolf et al., 1994] Musolf, M., Donnelly, T., Dubach, J.olck, S., Kowalski, S., and Beise,
E. (1994). Intermediate-energy semileptonic probes ofhdronic neutral currentPhysics

Reports 239(1-2):1-178.

[Nakamura et al., 2010] Nakamura, K. et al. (2010). Reviepasticle physicsJournal of Physics
G: Nuclear and Particle Physi¢c87:075021.

[Page et al., 2006] Page, S. A. et al. (2006). The Qweak axpeti at Jeerson Laboratory. In

de Jager, K. et al., editorBfom parity violation to hadronic structure and moierlin. Springer.

[Pan, 2010] Pan, J. (2010). Momentum determination in QMReék document 1171-v1). Tech-

nical report, JLab.



BIBLIOGRAPHY 243

[Pierce et al., 1980] Pierce, D., Celotta, R., Wang, G., thnéf., Galejs, A., Kuyatt, C., and Miel-
czarek, S. (1980). The GaAs spin polarized electron sourRmview of Scienti ¢ Instruments

51(4):478-499.

[Porsev et al., 2009] Porsey, S., Beloy, K., and Dereviadk@2009). Precision determination of
electroweak coupling from atomic parity violation and incptions for particle physic®2hysical

review letters 102(18):181601.

[Powers, 1998] Powers, T. (1998). Improvement of the nopere of the CEBAF switched elec-
trode electronics BPM system\IP Conference Proceeding$51(1):256—265.

[Prepost and Maruyama, 1995] Prepost, R. and Maruyama9%5(1 Advances in polarized elec-

tron sourcesAnnual Review of Nuclear and Particle Sciendb(1):41-88.

[Prescott et al., 1979] Prescott, C., Atwood, W., Cottrell, Destaebler, H., Garwin, E., Gonidec,
A., Miller, R., Rochester, L., Sato, T., Sherden, D., et 80719). Further measurements of parity

non-conservation in inelastic electron scatteriRpysics Letters B34(4):524-528.

[Qattan et al., 2005] Qattan, I. A. et al. (2005). Precisiasé&hbluth measurement of the proton

elastic form factorsPhys. Rev. Lett94(14):142301.

[Qweak-Collaboration, 2004] Qweak-Collaboration (2004he Q-Weak experiment: A search
for new physics at the TeV scale via a measurement of the msotereak charge.

http//www.jlab.orggweall. Proposal JLab E02-020.

[Qweak-Collaboration, 2007] Qweak-Collaboration (2007Mhe Q-Weak experiment. A search
for new physics at the TeV scale via a measurement of the msotereak charge.

http//www.jlab.orgqweal{. Proposal JLab E02-020.

[Rajotte, 2011] Rajotte, J.-F. (2011). Helicity-correldtbeam properties (qweak document 1419-

v2). Technical report, JLab.



BIBLIOGRAPHY 244

[Ramsay, 2006] Ramsay, D. (2006). Current mode electrdniche Qweak experiment (qweak

document 552-v1). Technical report, JLab.

[Ramsey-Musolf, 1999] Ramsey-Musolf, M. J. (1999). Lowvergy parity-violation and new
physics.Phys. Rev. $60(1):015501.

[Rislow and Carlson, 2010] Rislow, B. and Carlson, C. (201@amma-z box contributions to

parity violating elastic ep scatterind\rxiv preprint arXiv:1011.2397

[Rubbia, 1985] Rubbia, C. (1985). Experimental observatid the intermediate vector bosons

W*, W , andZ®. Reviews of Modern Physics7(3):699.

[Sachs, 1964] Sachs, R. G. (1964). Nucleon electromagfogtitfactors at high momentum trans-

fer. Phys. Rev. Lett12(9):231-233.

[Schubert, 2006] Schubert, E. F. (200&)jght-emitting Diodes Cambridge University Press, 2nd

edition.

[Sibirtsev et al., 2010] Sibirtsev, A., Blunden, P. G., Mathouk, W., and Thomas, A. W. (2010).

Z corrections to forward-angle parity-violatirgp scattering.Phys. Rev. D82(1):013011.

[Smith, 2009] Smith, G. (2009). Quarterly report for FY0%aner 3 (qweak document 989-v2).

Technical report, JLab.
[Smith, 2011] Smith, G. (2011). Qweak status (qweak docurhéh0-v3). Technical report, JLab.

[Souder et al., 1990] Souder, P. A. et al. (1990). Measurérokparity violation in the elastic
scattering of polarized electrons fraBi2. Phys. Rev. Lett65(6):694-697.

[Steiner et al., 2007] Steiner, B., Ackermann, W., Muller,, Whd Weiland, T. (2007). Wien lter
as a spin rotator at low energy. PRarticle Accelerator Conference, 2007. PAC. IEER&ges

170-172. IEEE.



BIBLIOGRAPHY 245

[Tjon et al., 2009] Tjon, J., Blunden, P., and Melnitchouk, (2009). Detailed analysis of two-

boson exchange in parity-violating ep scatteriRdpysical Review 79(5):055201.

[Vincenzi et al., 1984] Vincenzi, M. D., Penso, G., SciubBa, and Sposito, A. (1984). Experi-
mental study of non-linear ects of photomultiplier gainNuclear Instruments and Methods in

Physics Resear¢l225(1):104-112.

[Wang, 2007] Wang, P. (2007). Magnetic eld simulation andpping for the Qweak experiment.

Master's thesis, University of Manitoba, Winnipeg, Canada

[Wang, 2010] Wang, P. (2010). Distribution of diagnosticlgower (qweak document 1204-v1).

Technical report, JLab.

[Wang et al., 2008] Wang, P. et al. (2008). Diamond deteaorCompton polarimetry (qweak

document 769-v1). Technical report, JLab.

[Weinberg, 1967] Weinberg, S. (1967). A model of leptoRbysical Review Letterd 9(21):1264.

[Weinberg, 1971] Weinberg, S. (1971). Physical processesconvergent theory of the weak and

electromagnetic interaction®hysical Review Letter27(24):1688-1691.

[Weinberg, 1974] Weinberg, S. (1974). Recent progressuiggaheories of the weak, electromag-

netic and strong interactionReviews of Modern Physic46:255-277.

[Wu et al., 1957] Wu, C., Ambler, E., Hayward, R., Hoppes, &hd Hudson, R. (1957). Experi-

mental test of parity conservation in beta dedalgysical review105(4):1413.

[Yamashita, 1977] Yamashita, M. (1977). Observation of siénesis eect in rate-dependent pho-

tomultiplier gain variationsNuclear Instruments and Methqds42(3):435—-437.

[Yamashita, 1978] Yamashita, M. (1978). Mechanism of theténesis eect in rate-dependent

photomultiplier gain variationsReview of Scienti ¢ Instrumentd49(9):1336-1342.



BIBLIOGRAPHY 246

[Yan et al., 1995] Yan, C., Adderley, P., Barker, D., Beatfdi, Capek, K., Carlini, R., Dahlberg,
J., Feldl, E., Jordan, K., Kross, B., Oren, W., Wojcik, Rdaf@anDyke, J. (1995). Superharp —a
wire scanner with absolute position readout for beam energgsurement at CEBAMuclear
Instruments and Methods in Physics Research Section Alekata's, Spectrometers, Detectors

and Associated Equipmeri65(2-3):261-267.

[Young et al., 2006] Young, R., Roche, J., Carlini, R., andiias, A. (2006). Extracting nucleon

strange and anapole form factors from world d&hysical review lettefs97(10):102002.

[Young et al., 2007] Young, R. D., Carlini, R. D., Thomas, A.,\&hd Roche, J. (2007). Testing
the standard model by precision measurement of the weakehaf quarks.Phys. Rev. Lett.

99(12):122003.

[Zeller et al., 2002] Zeller, G. P. et al. (2002). Preciseed®ination of electroweak parameters in

neutrino-nucleon scattering?hys. Rev. Le{t88(9):091802.



Index

SU(2), 10
SuU@2) U(1),6
U(1), 10

Z-box, 39
hQ?i bias,115
Cerenkov angle9l
Cerenkov radiation91

Cerenkov threshold1

“running” of the weak mixing anglef

4-momentum transfek5

Aliasing, 144
ANSYS, 68
APV, 40

axial form factor,26

baryon,7

BCM, 57

beam modulation].80
bi-alkali, 123

blind analysis,179
Born approximation25

box diagram36

BPMs,58

cable capacitancé46
CAEN, 149

calibration mode49
CEBAF,54

CERN,40

charge8

Charge symmetry8
charge-normalized yield,75
CHL, 69

CMM, 208

CODA, 151

collimator, 71

Compton polarimete§2, 65
counting statistics100
coupling constant].1, 19
critical angle,94
cross-section?29

cut value, 108

Dirac equation,10

Dirac form factor,26

247



INDEX

248

e ective Hamiltonian density1
e ective weak Lagrangiarz2
elastomer33

electro-weak interactions,
electro-weak mixing matrix].3
electromagnetic form factog3
equivalent noise bandwidti43
ESR,68

ESTAR,154

excess noisel 01

exoskeleton131

Fermi theory,20

fermion, 7

avor decomposition23

avor mixing angle,44

avors, 7

four-fermion contact interactiorz 1
FPGA,147

fundamental interactions$,

FWHM, 163

gauge bosorg, 11
gauge eld,10

gauge transformatiori,0
Geant4,107

GEM, 51, 76

generations of matteg,

hadron,7

hadronic form factor34

halo, 59

HDCs,51, 78

helicity, 31

helicity correlated beam propertiels/9
Higgs mechanisml 1

Higgs vacuum expectatioi3
hyperchargel7

hyperon,8

IA, 60

IHWP, 56

in-situ mounting schemd,35
insertable half wave plat&t
integration scheme,47
Intensity Attenuator50

isospin symmetry].2

JLab,1

Klein-Gordon Lagrangian] 1

left-handed 17
LEP,40

light yield, 94

linear regressionl 80

LUMIs, 85

macropulse56



INDEX

249

main detectors?

mass term]l1
massgcoupling ratio 42
matter elds,10
meson,/

Mexican hat potentiall 2
MPS,56

mu-metal,127
multialkali, 123

Mgller, 72

Mgller polarimeter62

neutral currentl6
null-asymmetry85

NuTeV, 40

one-loop,36

parity transformation5

parity violation,17

parity-violating asymmetn31

pattern asymmetryi, 76
Pauli form factor26
physics asymmetry.,85
Poron,132

power line phase monitot,50

pre-radiator120
production mode49
PVES,24

PZT,61

Q-weak collaboration]
Q-weak experiment
QED, 34

QTOR,73

quark seay

quartet,56

quasi-di erential,147

radiative corrections35

rastering 64

rate e ect,125

raw asymmetry176

registration point (edge, surfac&))8
right-handed17

ROCs,151

S20,123

Sachs Form Factor86
SbCs dynodes]25
scannerpl

scattering angleZs
screening eect,35
SEE,58

settling time, 102
SFR,54

sheet resistancé23

shot noise101, 141, 143, 144



INDEX

250

SLAC E-158,40

SLC,40

slug,174

SPA,157

Spectrosil,117

spontaneous symmetry breakirid,
stopping powerl54

strange quark current3
superharpb9

Switched Electrode ElectronicsS8

synthetic fused silical 17

TBE, 39

the proton's weak chargé,
the Standard Model,
thermal noisel01

TIR, 94

TJINAF,1, 54

toroidal magnet/3

total internal re ection 94
trans-impedance,42

tree level, 18

two-LED technique 156

Unser monitor58

vacuum polarization35
VDCs,51, 79

vector bosonb, 16

VME, 153

weak (or Weinberg) mixing anglé,
weak hyperchargé,0

weak isospinll, 20

weak mixing anglel5

Wien lter, 56

Yang-Mills eld, 35

Z-pole,6



	Introduction
	Theory and Experimental Observables
	Brief Overview of the Standard Model and New Physics
	The Electro-weak Theory and the Weak Mixing Angle
	Weak Charges in the Standard Model
	Weak Charges of the Proton and Neutron in the SU(3) Quark Model
	The Parity Violating Asymmetry in Electron-Proton Scattering
	Electro-Weak Radiative Corrections and the Running of the Weak Mixing Angle
	Q-weak and New Physics beyond the Standard Model
	Summary

	The Experiment
	Overview
	Continuous Polarized Electron Beam
	Beam Property Monitor and Feedback Control
	Precision Beam Polarimetry
	Møller Polarimeter
	Compton Polarimeter

	Liquid Hydrogen Cryotarget System
	Q-weak Spectrometer
	Collimator and Shield Wall
	Toroidal Magnet
	Tracking Detectors

	Main Detector
	Luminosity Monitor

	Main Detector System
	Overview
	Design Criteria
	Simulations and Detector Design
	Detector Construction
	Radiator and Light Guide
	Preradiator
	Photomultiplier Tubes
	PMT Bases
	Main Detector Mounting and Support Structure
	Diagnostic System

	Electronics and Data Readout (DAQ)
	Electronics
	Data Acquisition

	Bench/Beam Testing and Detector Diagnostics
	Radiation Hardness
	PMT-Base Linearity
	Detector Performance

	Auxiliary and Background Detectors
	Summary

	Analysis
	Overview
	Data Quality
	Raw Asymmetries
	Blind Analysis
	Corrections for Helicity-Correlated Beam Properties
	Background Corrections
	Physics Asymmetry
	Hadronic Structure Contributions
	The Proton's Weak Charge and Weak Mixing Angle

	Conclusion and Outlook
	Appendices
	Miscellaneous Details of the Main Detector
	Detector Parameters
	Detector and PMT serial number
	Transmission spectrum and refractive index of fused silica
	PMT quantum efficiency
	PMT saturation voltage and current
	Gain tests for current mode PMT bases
	Single photo-electron calibration
	Typical current mode yield
	High voltage and pre-amplifier settings

	Gluing Procedure
	Detector Installation
	Detector Survey Results
	CAD Drawings of Preradiator, Radiator Box and Exoskeleton

	My Contributions to the Q-weak Experiment
	The Q-weak Collaboration
	Bibliography

