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1 Summary

This submission regarding the G experiment has been prepared for consideration by the
Jefferson Lab Program Advisory Committee at its PAC26 meeting. The G° experiment
has been approved previously at four PAC meetings (as 91-017 in December 1993, 99-016
in January 99, 00-006 in January 00 and 01-116 in July 01); these approvals have cov-
ered the experiment commissioning, the forward angle running and conditional approval
for the first backward angle measurement. As E01-116 is not on the firm schedule, we
request reapproval of the first backward angle measurement in the context of the standard
JLab jeopardy framework. We also request that the PAC reconsider the 10 days of comm-
missioning time specifically for the backward angle run requested, but not approved, in our
previous proposal.

In the GY experiment, parity-violating asymmetries in elastic electron scattering from the
nucleon will be measured at both forward and backward angles and over a range of mo-
mentum transfers from about 0.1 — 1.0 GeV?/c?. The primary purpose of the experiment
is to separate the s quark contributions, G%,(Q*) and G4,(Q?), to the overall charge and
magnetization densities of the nucleon using these measurements. No other existing or pro-
posed experiment will perform the separation over this range of momentum transfers. At
backward angles we will measure quasi-elastic scattering from a deuterium target to extract
the nucleon anapole form factor (sometimes referred to as “radiative correction”) contribu-
tions (included in G5(T = 1)) to these asymmetries. Although the SAMPLE experiment
has shown that this contribution is in agreement with the prediction at zero momentum
transfer, there are essentially no predictions of the momentum transfer dependence in the
range of the GO experiment. In Table 1.1 we show the impact of the uncertainty in G on
the determination of Gj, and G3,. In the case of G}, it is clear that any uncertainty in
G¢ larger than the estimated theoretical uncertainty at Q* = 0 (such as, for example, the
uncertainty in the two SAMPLE measurements) will dominate its overall uncertainty (see
also Section 6.1). We therefore believe it is imperative to measure the deuterium quasi-
elastic asymmetries to determine this quantity experimentally (see also Section 2.2 and
especially Figure 2.3). The backward angle measurements proposed herein, in combination
with the forward angle measurement just completed, are necessary to separate these three
form factors.

Furthermore, we believe we can make a substantially better measurement because we have
shown that our target (and detectors) can run comfortably at 80 pA for the backward angle
run. In the previous proposal, fully 1/2 (3/4) of the contributions to the quadrature sum
uncertainties for G5, (G4 ) were due to backward angle statistical precision. In keeping with
the philosophy of making as precise a determination of these form factors as reasonable in
the GO experiment, we think it is important to the physics to take advantage of this extra
factor in the uncertainty. We are therefore requesting the same amount of beam time with
the added beam current.



Q? dG%/dGe  dGS,/dGe

0.3 0.063 0.313
0.5 0.077 0.245
0.8 0.093 0.197

Table 1.1: Derivatives of the extracted Gj, and G}, with respect to G for the case of a
hydrogen-only back angle measurement. In such a situation, the relatively unknown value
of G at these momentum transfers will dominate the uncertainties of G, in particular.

A special purpose, superconducting toroidal spectrometer with large, azimuthally symmet-
ric angular acceptance and an associated cryogenic target have been constructed for these
measurements. Over the past 18 months, this equipment has been commissioned and used
by the GO collaboration (see Table 1.2 for a current collaboration list) to complete the for-
ward angle measurement. A summary of the results of the commissioning runs, reported
to the laboratory in March 2004, is included in Appendix A. It includes demonstration of
the key performance issues in the experiment from statistical precision, to control of false
asymmetries arising from helicity-correlated beam properties and experimental effects.

Recent examples of the data quality in the forward angle production measurement are
presented in Figures 1.1 and 1.2.* These preliminary figures demonstrate that the false
asymmetries as measured by the luminosity monitors are small (< 0.1 ppm) on the scale
of the smallest physics asymmetries (~ 3 ppm). The detector asymmetries are shown
in Fig. 1.2 for four regions of our t.o.f. spectra, where the appropriate reversal of the
asymmetry with “)\/2 waveplate insertion”’ is demonstrated in that the asymmetry sum
for the two states is consistent with zero for all regions. These results are shown for
the period where GO ran with only Hall B; a false asymmetry related to “leakage” beam
currents was discovered during running with Halls A and B together. A summary of the
tests performed and corrections required is presented in Appendix B. It is important to
note that this false asymmetry will not affect the backward angle experiment as it will be
run with the same beam structure — 499 MHz — as the other halls (see also below).

Detection of electrons in the backward angle experiment requires a new set of scintillator
detectors to be placed near the spectrometer exit windows (see Section 4.1.2). Running
with a deuterium target necessitates particle identification measurements for which we
propose adding a Cherenkov counter, to be discussed in detail in Sections 3.3 and 4.1.3.
Otherwise, especially in terms of the standard false asymmetries, the forward and backward
angle measurements are essentially the same (asymmetries are larger in the backward
direction). At the backward angles we will also measure the axial vector N-A transition
form factor (a separate proposal has been submitted for this experiment; the relevant
technical sections of the two proposals are the same).

*It is important to note that the luminosity monitors integrate all events and are therefore not suscepti-
ble to the leakage current effects. To the extent that the leakage current effects reverse with A/2 waveplate
setting, they are absent from the IN+OUT spectra as well.

fSlow helicity reversal is effected by inserting a \/2 waveplate in the polarized source laser beam —
reversing the helicity of the electrons at the target
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Figure 1.1: Asymmetries measured with the small angle luminosity monitors in the GO
forward angle experiment. The physics asymmetries for these detectors are expected to be
< 0.1 ppm.
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Figure 1.2: Examples of the sum of asymmetries for the two \/2 waveplate states (“IN”
and “OUT”) for part of the forward angle dataset. The four panels show these sums for
the four time-of-flight (t.0.f) regions of interest: cuts 1 and 2 (3) represent yield at shorter
(longer) t.o.f. than the elastic. The data are plotted as a function of detector number —

corresponding to increasing Q2.
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A few of the lessons learned in the course of the forward running have changed our plans
for the backward angle running. Most importantly, we have concluded that there are
significant practical and experimental advantages to running with a standard 499 MHz
bunch structure, rather than the 31 MHz structure used for the forward angle measurement.
Because the backward angle experiment does not require t.o.f., we have modified our plan
for the electronics to use a standard trigger generated by our detectors, rather than using
the beam pickoff method used for the forward running. This will allow us to use the 499
MHz structure and still have less deadtime than the forward measurement (the rates in the
backward measurement are much lower). In addition, we expect that use of the 499 MHz
structure will allow us to run higher beam currents and reduce the statistical uncertainty
in the back angle measurements that dominate our overall uncertainty in extraction of

%, G5, and G. Based on the target boiling and overall cooling power studies performed
during the forward measurement, we expect to be able to run with a beam current of at
least 80 pA. We are also currently investigating the cost of a “load-lock” system for the
target, which would allow us to repair the target in case of failure without warming up the
magnet (as is currently the case), thereby providing additional insurance for completing
runs.

A first measurement at backward angles was conditionally approved by PAC 20, with the
comments

“In addition, after discussions with Associate Director, Larry Cardman, the
backward angle GO measurement (E-01-116), which will follow the planned
forward angle running, was conditionally approved for 60 days (with E-01-115
running in parallel) but was treated as outside the immediate Hall C allocation.
Conditional approval of at least some backward angle running for GO has been
implicit in previous PAC discussions of this major research program.”

“Conditional approval for 60 days in Hall C, depending on demonstrated per-
formance of the necessary components.”

With this submission, we again propose that the backward angle measurements of the GO
experiment include three momentum transfers (Q* = 0.3, 0.5 and 0.8 GeV?) to provide
reasonable information on the Q% dependence of G%;,, G5, and G4 (T = 1) within the range
accessible to the experiment. The choice of which ? value to run will be driven by the
physics outcome of the forward angle measurement (running completed May 17, 2004) and
will be made in consultation with the lab. At this time we therefore request the PAC to

e re-approve the 60 beam days (30 d each for measurements with hydrogen and deu-
terium targets) conditionally approved for the first backward angle measurement,

e re-consider the 10 days of commissioning time prior to the first backward angle mea-
surement in support of testing the new detectors (cryostat exit and Cherenkov) and
electronics

The commissioning of the new detectors (CED and Cherenkov), electronics, and back-
ground and target configurations will follow the outline of the successfull commissioning
of the existing equipment (45 days) with roughly six shifts for each activity interspersed
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Table 1.2: Active participants in the G° collaboration (1 indicates a contact person, * indi-
cates one who does not take shifts, f indicates participation in forward angle measurements
only, b indicates participation in backward angle measurements only).



throughout the commissioning period. We note that the time requested here for the back
angle running is based on a rough equalization of contributions from the forward and back-
ward angle asymmetries to the overall uncertainty in the form factors (see Section 6.1).
Increased beam current will provide better measurements of all three form factors, but
particularly for G, and G¢ in the same amount of beam time.

In this proposal we present a discussion of the back angle elastic scattering experiment, de-
scriptions of the target, detectors and electronics to be used and conclude with a discussion
of status, planning and the beam time request.



2 Physics

The parity-violating interaction between electrons and nucleons primarily involves interfer-
ence between the dominant electromagnetic (7 exchange) and the exchange of a Z boson.
Due to the parity-violating nature of the weak interaction, these interference effects imply
the existence of small pseudoscalar observables in electron scattering experiments. Much
of the discussion in this section is elaborated upon in the review article [1] by D. Beck and
R. McKeown.

One generally measures the ratio of helicity dependent to helicity independent cross sec-
tions, or the parity-violating asymmetry:

. dO’R—dO'L

= 2.1
dogr + doy, (2.1)

where or and oy, are the cross sections for right- and left-handed electrons, respectively.
This quantity will be proportional to a product of neutral weak couplings v% - a? that
contains the physics of interest. Thus, measurement of the helicity dependence in elastic
electron-proton scattering can be used to study the neutral weak vector form factors of the
nucleon [2, 3, 4]. There is also sensitivity to the weak axial vector form factors; these are
suppressed at leading order but are also of great interest and should be measured.

The parity-violating asymmetry for elastic electron-proton scattering is given by the fol-
lowing expression [5]:

4 - ~GrQ?| eGLGE + 7G1,G%, — (1 — 4sin® Oy)e'G1,G4 (2.2)
421 e(GE)? +7(Gu)?
Gr@Q?> N
_ N 2.3
4 2r 8 D (2:3)
where
2
— Q
M2
1
P

1+2(1+7)tan?$
¢ o= T+ -2 (2.4)

are kinematic quantities, ? > 0 is the four-momentum transfer, and @ is the laboratory
electron scattering angle.

The quantities G, G};, G%, and G%; are the vector form factors of the nucleon associated
with 7- and Z-exchange. The electromagnetic and weak form factors are (in lowest order)
related via the flavor dependence of the fundamental Z-g couplings. The flavor structure
of these form factors and the radiative corrections are considered in more detail below.



The neutral weak e-N interaction also involves an axial vector coupling G in the third
term of the numerator in Eqn.(2.2). The tree-level Z-exchange process is responsible for
the 1 —4sin? Oy factor (proportional to the neutral weak vector charge of the electron) that
appears in this expression and, as noted in [5, 6], higher order processes can contribute
significantly. These include interesting anapole effects and other electroweak radiative
corrections as discussed below.

It is important to note that the three terms in the numerator can be separately determined
via a series of measurements. At very small scattering angles (and low momentum transfer),
the G’ term has its maximum contribution due to the large value of €. This is the focus of
the recently completed GO forward angle measurements. At larger scattering angles, one
is sensitive to a combination of both the G%; term and the G4 (axial) term. Although one
expects the G%; term to be dominant, the axial term can not be neglected, and indeed
it is of great interest to study this term as well. Separation of these terms via kinematic
measurements on the proton is extremely difficult. The best method to separate the
magnetic and axial terms is to utilize quasielastic scattering from deuterium.

For a nucleus with Z protons and N neutrons the quasielastic asymmetry can be written
in the simple form (ignoring final state interactions and other nuclear corrections):

GFQ2 y NNn + ZNP

Anuc = -
4 2ra ND, + ZD,

(2.5)

where N, (N,) is the numerator expression and D, (D,) the denominator (from Eqns.
2.2 and 2.3) for the proton (neutron), respectively. Effects associated with the deuteron
wavefunction and different potential models have been explored in [7] and shown to be
quite small. Of course, the corrections for final state interactions and exchange currents
must be made to enable reliable separation of the axial and magnetic form factors and the
theory of these effects is now thought to be under control. These issues have been addressed
in recent work by Diaconescu, et al.[8] and Liu, et al.[9]. Experimental validation has been
provided by the SAMPLE experiment in deuterium measurements at two low values of
momentum transfer [10].

In order to determine G%, G9,, and G it is necessary to perform at least 3 independent
measurements at each Q2. The GO program is a unique opportunity to perform a series
of such measurements: the forward angle measurement on the proton, a backward angle
measurement, on the proton, and also a backward angle measurement of the quasielastic
deuteron asymmetry.

2.1 Nucleon Vector Form Factors and Strangeness
Content

The standard electroweak model couplings to the up, down, and strange quarks imply that
the electromagnetic current operator has the simple familiar form

N 2 1- 1
VIi= gﬂ’y“u - gd’y“d - ggfy“s : (2.6)



Similarly, the neutral weak vector current operator is given by the expression
Or L 8 .92 _ 4 2 7 4 2 _
Vi =(1- 3 sin Ow)uy u + (—1 + 3 sin Ow)dy'd + (—1 + 3 sin O )sy"s . (2.7)

Here the coefficients depend on the weak mixing angle, which is very accurately known
(sin? @y = 0.23117 £ 0.00016 [11]). The flavor structure contained in these expressions
forms the basis for a program to measure the flavor composition of the vector form factors.
The measurements involve matrix elements of these operators (the form factors) which will
reflect their underlying flavor dependence.

The electromagnetic form factors of the nucleon arise from matrix elements of the EM
current operator

l

2My

< N|VHIN >= ay|[F (@) + 57— F (6)0™ g | un (2.8)

where F7 (¢%) and Fy(¢?) are the Dirac and Pauli electromagnetic form factors, which are
functions of the squared momentum transfer. We will also use the Sachs form factors,
which are linear combinations of the Dirac and Pauli form factors

GE‘ == F1 - TF2
where 7 = —¢?/4M?% > 0.

The quark flavor structure of these form factors can be revealed by writing the matrix
elements of individual quark currents in terms of form factors:

i

2My

< NIFZV@IN >= iy |[F ()Y + 57— Fi (¢*)o™ g, |ux (2.10)

where j = u,d, or s; this defines the form factors Ff and F2J Then using definitions
analogous to Eqn. (2.9), we can write

2 . 1 1,
2 . 1 1,
Gl = 261 - 3Gk~ 3G 212

In direct analogy to Eqn. (2.7), we have expressions for the neutral weak form factors G%
and G¥%, in terms of the different quark flavor components:

8 . 4 4 .
Gl =(1- 3 sin® Oy )G,y + (=1 + 3 sin® Oy )G,y + (=1 + 3 sin® Oy )Gy - (2.13)

Again it is important to emphasize that the form factors G%’z{j appearing in this expression

are ezactly the same as those in the electromagnetic form factors in Eqns. (2.11, 2.12).

10



Utilizing charge symmetry, one then can eliminate the up and down quark contributions to
the neutral weak form factors using the proton and neutron electromagnetic form factors
and obtain the expressions

Gphy = (1 —4sin® 0w)GEhy — GEy — G - (2.14)

This is a key result. It shows how the neutral weak form factors are related to the elec-
tromagnetic form factors plus a contribution from the strange (electric or magnetic) form
factor. Thus measurement of the neutral weak form factor will allow (after combination
with the electromagnetic form factors) determination of the strange form factor of interest.

The electromagnetic form factors present in Eqns. (2.11,2.12) are very accurately known
(1-2 %) for the proton in the momentum transfer region Q> < 1 (GeV/c)?. The neutron
form factors are not known as accurately as the proton form factors, but a good deal of
progress has been made recently and more experimental results are expected soon [12].
The improving knowledge of the neutron form factors will not significantly hinder the
interpretation of the neutral weak form factors.

In obtaining Eqn. (2.14), it was assumed that charge symmetry was exact. Electromag-
netic and quark mass effects can cause small violations of charge symmetry and introduce
corrections to this relation. The effects of charge symmetry violation on the extraction of
strange form factors from neutral weak and electromagnetic form factors has been treated
in some detail in [13]. In that work it is found that these corrections are very small, gen-
erally less that about 1% of the electromagnetic form factors, and have only a minor effect
the extraction of the strange form factors.

As mentioned above, there are electroweak radiative corrections to the coefficients in Eqn.
(2.14) due to processes such as those shown in Figure 2.1. The above expressions for the
neutral weak vector form factors G/, in terms of the electromagnetic form factors G, are
modified according to

Gphy = (1—4sin®Ow)(1 + RY)GH — 1+ RY)GEy — G - (2.15)
The correction factors have been computed [14, 6, 5] to be

RY = —0.054+0.033
R = —0.0143 = 0.0004. (2.16)

The properties of the strange form factors G%, and G%, near Q* = 0 are of particular
interest in that they represent static properties of the nucleon. Thus it is customary to
define the quantity

He = Gy(Q? =0) (2.17)
as the strange magnetic moment of the nucleon. Since the nucleon has no net strangeness,

we find G%(Q? = 0) = 0. However, one can express the slope of G%, at @? = 0 in the usual
fashion in terms of a “strangeness radius” r;

rl = =6 [dG3,/dQ?] (2.18)

Q*=0

11



Figure 2.1: Examples of amplitudes contributing to electroweak radiative corrections (“y—
Z box” on the left) and anapole corrections (“y — Z mixing” on the right).

e p e P
(a) (b)

Figure 2.2: Examples of (a) loop and (b) pole diagrams used to compute strangeness effects
in the nucleon.

A variety of theoretical methods have been employed in efforts to compute the form factors

$r(Q%) (or often just the quantities p, and r,). Figure 2.2 shows two examples of
physical processes that may contribute. These are generically known as “loop” effects
and “pole” effects. The loop effects [15, 16, 17, 18, 19] correspond to the fluctuation
of the nucleon into a K-meson and hyperon. The physical separation of the s and s
in such processes (or the production of s§ in a spin singlet) leads to non-zero values of

5.2(Q%). The pole processes [21, 22, 23] are associated with the fluctuation of the virtual
boson (photon or Z) into a ¢ meson, which is predominantly an §s pair. Some attempts
have been made to combine the two approaches using dispersion theoretical analyses [24].
Other models employ SU(3) extensions of the Skyrme model [25, 26, 27, 28] or the Nambu-
Jona-Lasinio model. [32] Excited hyperons and strange mesons are also included in some
treatments, and these contributions seem to be numerically significant. [19, 20] A detailed
review of the various calculations can be found in Ref. [33].

A reasonably complete compilation of theoretical results for 5 and 2 is listed in Table 2.1.
The calculated values of 72 are small and there is no general agreement on the sign. How-
ever, there is evidently a trend in Table 2.1 that one should expect ps < 0, generally in
the range —0.8 — 0.0 nuclear magnetons. Notable exceptions are references [26] and [28]
which analyze the set of baryon magnetic moments in the context of a SU(3) generalization
of the Skyrme model Hamiltonian.

12



Table 2.1: Theoretical predictions for us = G4,(Q? = 0) and r2.

Type of calculation fts (n.m.) 2 (fm?) Reference
Poles —0.31 £ 0.09 0.11 — 0.22 [21]
Kaon Loops —0.31 — —0.40 —0.032 — —0.027 [15]
Kaon Loops —0.026 -0.01 [16]
Kaon Loops lps| = 0.8 [17]
SU(3) Skyrme (broken) —0.13 -0.10 [25]
SU(3) Skyrme (symmetric) —0.33 -0.19 [25]
SU(3) chiral hyperbag +0.42 [26]
SU(3) chiral color dielectric —0.20 — —0.026 ~ —0.003 £ 0.002 [34]
SU(3) chiral soliton —0.45 -0.35 127]
Poles —0.24 £ 0.03 0.19 £0.03 [22]
Kaon Loops —0.125 - —0.146 —0.022 — —0.019 [1§]
NJL soliton —0.05 — +0.25 —-0.25 — —0.15 (32]
QCD equalities —0.75+0.30 [35]
Loops +0.035 -0.04 [19]
Loops -0.06 +0.02 20]
Dispersion —0.10 - —0.14 0.21 — 0.27 [24]
Chiral models —0.25,-0.09 0.24 (36]
Poles 0.003 0.002 (23]
SU(3) Skyrme (broken) +0.36 [28]
Lattice (quenched) —0.36 £ 0.20 —0.06 — —0.16 [29]
Lattice (chiral) —0.16 £ 0.18 130]
Lattice (octet) —0.051 £ 0.021 [31]

2.2 Anapole form factor

As noted above, the parity-violating interaction of electrons with nucleons involves an axial
vector coupling to the nucleon, G%. This term in the parity-violating asymmetry contains
several effects beyond the leading order Z- exchange which can only be differentiated
in theoretical calculations (if at all). Nevertheless, it is important to establish that the
experimentally observable quantities are well-defined and unambiguous.

In parity-violating electron scattering the neutral weak axial form factor corresponding to
tree-level Z-exchange is multiplied by the coefficient 1 — 4sin® 6y, < 1. This suppression
of the leading amplitude increases the importance of anapole effects and other electroweak
radiative corrections
“=Gi+nFs+ R, (2.19)
where
B 87V 20
T " asinZ 0y
G% = Gam3 + As, Fj is the nucleon anapole form factor (defined below), and R, are

radiative corrections. The normalization of G473 is obtained from neutron beta decay and
its % dependence from charged current neutrino scattering; As is estimated from spin

= 3.45, (2.20)
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dependent deep inelastic scattering. G4 is therefore completely determined by experiments
independent of the present one. Typical contributions to R, and F)4 are shown in Figure 2.1.
As discussed in [5, 6], the separation of F4 and R, is actually a theoretical issue and
dependent upon the choice of gauge. In calculations performed to date [14, 37] the anapole
type effects associated with the “y — Z mixing” amplitudes are, in fact, the dominant
correction. We thus refer to the observable difference between G4 and G% as an anapole
contribution, with the caveat that the complete set of radiative corrections must be included
in any consistent quantitative theoretical treatment of G¢.

The anapole moment has been traditionally defined as the effective parity-violating cou-
pling between real photons and nucleons [38]. (In practice, this quantity is only observable
at finite momentum transfer associated with the parity-violating interaction between elec-
trons and nucleons.) It appears as an additional term in Eqn. (2.8) when one includes the
possibility that parity is not strictly conserved [37]:

i

(NIVIIN) = Z?N(ID'){fI'W”Jr2MN

+ Fal[Gr(®" — ¢ a")¥ ) ulp) (2.21)

Note that our definition of Fy differs from that used in the atomic physics literature by a
factor of M%Gp with the result that the natural scale of F is of order unity. Thus, F
could indeed provide a substantial contribution to G4 (see Eqn. (2.19)).

FQU“VQV

As mentioned above, aside from the leading Z exchange term (G%), the dominant calculated
contribution to G¢ arises from the “y — Z mixing” diagram shown in Figure 2.1 [14, 37].
It should be noted that the evaluation of this amplitude ignores the strong interaction of
the nucleon with the quark loop and so may not be numerically accurate. More recently,
consideration of additional strong interaction effects associated with mesonic processes have
indicated only relatively small additional corrections [41, 42, 43, 44]. It is important to note
that the Q? dependence of the anapole form factor F4 could be different from the dipole
form that is successful in fitting the tree level term G%. Maekawa and van Kolck [43] find to
leading order in chiral perturbation theory that the momentum dependence of at least the
isoscalar piece of the anapole form factor is softer than the dipole form (corresponding to a
small radius for the anapole distribution); in this framework the isovector anapole moment
is zero in leading order. In Figure 2.3, we present the difference between G¢(Q?), the axial
form factor measured in PV electron scattering, and G 4(Q?), the corresponding quantity
for neutrino scattering; the expected precision of the GO measurements is also shown. As
can be seen the combination of the Q% = 0 calculation and the SAMPLE data provide no
real information about this difference in the Q? range of the proposed GO separation. The
study of the anapole contributions and other corrections to G is presently an active area
of experimental and theoretical investigation and it is important to measure this quantity
over a range of Q? values. [43]

2.3 Other experiments: past and future

The SAMPLE experiment at the Bates Linear Accelerator Center was the first to study
strange form factors and the anapole contribution in parity-violating electron scattering.
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Figure 2.3: Compilation of the theoretical and experimental information on the difference
between G (T = 1) as measured in PV electron scattering and G 4 from neutrino scattering.
At present there is no theoretical calculation of the momentum transfer dependence of

G4(T = 1).

This experiment measures the elastic asymmetry from the proton and the quasielastic
asymmetry from the deuteron at Q? = 0.1 GeV? [45, 46, 47, 48, 49]. In the most recent
publication [50], analysis of the SAMPLE results is presented which yields a value of the
strange quark contribution to the magnetic form factor

G5,(Q*=0.1) = +0.37+0.20£0.26£0.07, (2.22)

where the last uncertainty is due to uncertainties in the radiative corrections. The result
for G5, is somewhat surprising, as its value was generally expected to be negative, based
on the theoretical calculations (see Table 2.1). The values for G4 at both low momentum
transfers measured in the experiment (Q* ~ 0.03,0.10 GeV?) are consistent [10] with
the theoretical expectation of G4(T = 1) = —0.83 4+ 0.26 [41]. As noted above, the @Q?
dependence of G is not easily calculated but there are indications that the it is softer
than a dipole form [43]. It is essential at the higher momentum transfers of interest here
to measure the axial form factor to extract reliable values of G, and of course G¢ itself
is quite interesting to study experimentally.

The HAPPEX experiment [53, 54] utilized the two spectrometers in Hall A at Jefferson
Lab to measure parity violation in elastic electron scattering at very forward angles. The
measured asymmetry, including the results from both phases of the experiment is

A (Q% = 0.477GeV?, 0,, = 12.3°) = —14.60 + 0.94 % 0.54 ppm . (2.23)
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This result has been interpreted (using an assumed value of G¢ extrapolated from calcu-
lated Q? = 0 values) to yield the strange form factor combination

G% 4+ 0.392G3,
GIJJVI/ILP

While the results of the HAPPEX experiment exhibit small statistical uncertainties, it is
difficult to draw firm conclusions about the form factors from this single measurement.

= 0.091 £ 0.054 = 0.039 . (2.24)

The first PVA4 measurement [55] also determined a combination of form factors at a
forward angle using an array of PbF, detectors. They measure

A,(Q% = 0.230GeV?, 0, = 35.3°) = —5.44 + 0.54 £ 0.26 ppm (2.25)

as compared with the expectation Ay = —6.30 + 0.43 ppm, again using an extrapolation
of G from zero momentum transfer and zero strange quark contribution. With the same
approximation for G they obtain

% +0.225G5, = 0.039 £ 0.035. (2.26)
With some assumptions about G, they further determine
Gy, (Q* =0.23 GeV?) = 0.061 + 0.035 (2.27)
and further that
Gy (0.1 < Q* < 0.5 GeV?) = 0.066 £ 0.026 (2.28)

when combined with the HAPPEX results. Similar information is contained in the sum-
mary graph presented in Figure 2.4.

Several future measurements are planned. The HAPPEX collaboration is presently measur-
ing the forward angle asymmetry at Q? = 0.11 GeV? for both proton and *He targets. The
proton measurement will provide information just below the range of the GO experiment
and complementary to the SAMPLE backward angle experiment; the *He measurement is
sensitive to only G%, and not G5, or G4 (because it is a 07" nucleus) and will therefore
provide a cross check. In Mainz, data have already been taken at 570 MeV (Q? = 0.11
GeV?) on a proton target and analysis is underway. There are also definite plans to run
PVA4 with a deuterium target at forward angles with 855 and 570 MeV incident energy
beams. It is also possible to rotate the PVA4 apparatus and measure at backward angles,
although there are no definite plans to do so at the moment. Therefore, the GO experiment
remains the only one where an experimental determination of the three form factors over
the range of momentum transfers from about 0.1 to 1 GeV? is planned.

In summary, if there is evidence for the presence of strange quark contributions in the
data obtained so far, interpretation is hindered by the dependence of the measured for-
ward asymmetries on three form factors. Particularly for the HAPPEX kinematics, theory
offers little guidance about these form factors or their inter-relationships. Therefore, it is
crucial to perform the backward angle GO measurements on proton and deuteron targets
to complement the existing GO forward angle data and ultimately enable a clear and un-
ambiguous interpretation in terms of nucleon form factors with the best possible precision
over a wide range of momentum transfers.
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Figure 2.4: A summary of the deviation of measured asymmetries from the expected (no
strange quark) values For the measurements at higher momentum transfer, the calculation
of Zhu, et al.[41] is used for the normalization of G%; the momentum transfer dependence
is taken to be the same as that measured in neutrino scattering.
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3 Experiment

3.1 Introduction and Kinematics

In this experiment we propose to make measurements of the backward angle parity-
violating asymmetries using both hydrogen and deuterium targets. The kinematics are
chosen to approximately match the range of the forward angle running except for the very
lowest momentum transfers (and beam energies) where the SAMPLE experiment has al-
ready made measurements [50, 10]. As shown in these measurements and discussed above
(Section 2), measurements involving quasi-elastic scattering from deuterium are necessary
to separate the vector and axial vector currents of the nucleon. The GO experimental pro-
gram therefore includes, in addition to the recently completed forward angle measurement,
backward angle measurements with both targets.

We propose to make these backward angle measurements at three values of Q? (elastic in
the case of the hydrogen target, quasi-elastic in the case of deuterium) to give a reasonable
amount of information on the Q% variation of the three form factors G%,, G4, and G4 (T =
1). The nominal central angle for the GO spectrometer for these measurements is 110°,
thus fixing the incident energies. The kinematics, (quasi-) elastic rates (for the entire
spectrometer acceptance), and nominal asymmetries for these three running conditions are
shown in Table 3.1

Target E (GeV) 6 (°) @Q? (GeV?) Rate (MHz) Asymmetry (ppm)

'H 0.424 110 0.3 2.03 —18
’H 0.424 110 0.3 2.80 —25
'H 0.585 110 0.5 0.718 —32
’H 0.585 110 0.5 1.100 —43
'H 0.799 110 0.8 0.190 —54
’H 0.799 110 0.8 0.274 —72

Table 3.1: Elastic and quasi-elastic kinematics, rates, and nominal asymmetries.

The new experimental aspects of this measurement (as compared to the forward angle
measurements where the asymmetries are significantly smaller) are associated with the
quasi-elastic scattering from deuterium. Accordingly, in the remainder of this section, we
address only the corrections necessary to extract single nucleon information from the quasi-
elastic scattering as well as the requirements for particle identification accruing from the
quasi-free 7~ production from the neutrons in the target.
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3.2 Deuterium corrections

Because the third asymmetry measurement that allows separation of the three weak form
factors involves a nuclear target, there are potentially nuclear corrections to be consid-
ered. These corrections fall into two categories: contributions from processes other than
quasielastic scattering, such as elastic, threshold breakup and A production, and those
that arise in quasielastic scattering but from non-nucleonic currents in the deuteron, such
as meson exchange.

The experimentally measured asymmetry can be written as

A — oQrAqQr + 0 Aa + OreaAted + oA AA
L= (3.1)
OQE + O¢ + Oted + O

where the four terms are contributions from quasielastic scattering, elastic e-d scattering,
threshold breakup, and A production, respectively. Nucleon resonances higher than the A
are not considered.

The asymmetry due to elastic e-d scattering was calculated by Pollock [65] and in [5], and,
neglecting the small D-state contribution to the deuteron wave function, can be summarized
by the expression

2 s
Ay = Gr@ l4sin2 0W+2G7M)FT] : (3.2)

4ron/2 (G + Gy,

where Fr = vpB(Q?)/(A(Q?*) + B(Q?) tan?(/2)), where A(Q?) and B(Q?) are the elastic
deuteron form factors, and vy is the usual kinematic factor. The asymmetry for threshold
breakup was also calculated in [5] and may be written as

%

Ateg = —
ted dran/2

[(2 — 4sin? fyy) — —L (4 — sin? Oy) My GAl(T = 1)] (3.3)

U q 2G1 T

where v7, is the standard kinematic factor. Although in each case there is some dependence
on the unknown form factors G, and G, both asymmetries are comparable in magnitude
to Agr. The effect of such events on Ap is negligible: in the worst case the elastic
(threshold) cross sections are 3% (0.1%) of the integrated quasielastic cross sections.

The inelastic scattering contribution, which will arise primarily from A excitation, can
potentially modify the measured asymmetry from that expected from quasielastic scatter-
ing alone and can likely not be neglected. The asymmetry in hydrogen is the subject of
the proposal of S. Wells et al., [66], where the formalism for parity violation in the N-A
transition is documented. Following the notation of Mukhopadhyay, et al. [67],

AA:—GF—QZ[N + ALy + Af) (3.4)
Tmay/z Lo TR TAG :
The two terms Af) and Ay, combined are expected to be ~ 0.2Af), and are thus neglected
for the purposes of the background calculation. The quantity Afy) = 2(1 — 2sin®Oy) =
1.075 [11]. In [68], Aa in a nucleus was considered. At backward angles, the dominant
contribution is from quasifree A production, so A, ~ A, ~ A,.

19



The contribution to the asymmetry from quasifree A production was estimated by simu-
lating the detector acceptance for both elastically and inelastically scattered electrons in
the CED and FPD arrays. These events result in two bands in FPD/CED space with very
little overlap at the two lowest kinematics, somewhat more overlap at Q* = 0.8 (GeV/c)?.
The FPD/CED pairs corresponding to elastic scattering were then selected and each rate
summed over all such pairs. The contribution from inelastic scattering is small except at
the highest momentum transfer, where such events are expected to result in a reduction
of the measured asymmetry in the elastic region of FPD-CED space of about 10%. It is
important to note that, just as in the case of the hydrogen data, the inelastic asymmetry
in deuterium will be measured simultaneously with the quasielastic scattering asymmetry
over a range of ) and v, so it will be possible to make any necessary correction with
measured inelastic asymmetries rather than relying on a calculation.

The second major class of corrections to be considered are corrections to the simple “static
approximation” for the deuterium asymmetry:

opA, + 0, A,

O4d

Ay = (3.5)
In this expression the deuteron is assumed to consist of a noninteracting neutron and
proton at rest. Hadjimichael, et al. [7] have considered the effect of final state interactions
on this expression. They performed their calculation with two nucleon potentials that
represent the extremes of the state-of-the-art potentials. Near our kinematics, they find
that the correction to the static asymmetry expression is small (~ 1%), and the variation
between the two nucleon potentials used is also small (~ 1%). Two body currents (meson
exchange currents) have been considered by the authors of refs [61, 8]. Schramm and
Horowitz [61] considered heavy meson exchange corrections; they find that the correction
to the asymmetry is less that 1% at our momentum transfer. The most recent work [8, 9]
which also incorporates pion exchange currents also finds that the corrections are small.

Finally, there is the possibility of an asymmetry generated by a nuclear parity-violating
component in the deuteron wavefunction. This effect has been calculated in refs [62, 63]
and shown to be small compared to our expected asymmetries. For example, Hwang, et
al. [63] used the DDH [64] parameters to characterize the parity-violating nucleon-nucleon
interaction, and they find that the asymmetry is A ~ 4 x 107 at backward angles at 0.500
GeV for relative energy F,, =9 MeV. The asymmetry falls with increasing F,,,, so it will
be even less significant at the quasielastic peak.

3.3 Particle identification requirements

Negatively charged pions have been found to produce a significant background to the
elastic and quasielastic rates detected by the G° spectrometer at backward angles. The
pions are produced mainly by photoproduction near the A-resonance. In the case of a
hydrogen target, single 7= photoproduction is forbidden by kinematics; two pions must
be produced in order to see a single 7~ in the spectrometer. However, in the case of
a deuterium target, single 7~ photoproduction occurs due to the presence of neutrons.
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This background is found to dominate over quasi-elastic rates from deuterium at backward
angles. The background can be kinematically separated from elastics in the hydrogen
target case, but tends to overlap with the inelastic electrons in the measurement of the
parity violating asymmetry in the N — A transition [66]. It is therefore desirable to have
an additional particle identification detector for the backward angle experiment.

3.3.1 Calculation of 7= Cross Sections

The process of 7~ photoproduction from the neutron can be simulated using photoproduc-
tion cross-sections with the appropriate Bremsstrahlung and virtual photon fluxes. These
processes were used both for the deuterium itself and for (quasi-free) production from the
aluminum target windows in each case.

For the virtual photon contribution to the cross section, the MAID [69] parameterization of
the transverse photoproduction pion cross section was used with a virtual photon flux [70]
and appropriate Jacobian factors. Fermi motion was included in the model, using Monte
Carlo generation of initial state nucleon momenta, according to a nucleon momentum
distribution obtained from a fit of inclusive quasi-elastic scattering data.

For the Bremsstrahlung photon contribution to the cross section, the GRAAL Monte Carlo
generator was used [71]. This generator was found to be in good agreement with a model
using the photoproduction cross section from MAID and the Bremsstrahlung photon spec-
trum of Ref. [72]. The GRAAL Monte Carlo code has the additional capability of simu-
lating two-pion production.

These cross sections were also tested against the commonly used code of Lightbody and
O’Connell (LBOQC) [73]. For kinematics similar to those encountered in G, the MAID and
GRAAL results were found to be a factor of 3 to 4 larger than those given by the LBOC
code. This was determined to be due to the older pion photoproduction cross-section
parameterization used in the LBOC code, and due to bugs in the LBOC code.

3.3.2 Measurement of 7~ Rate at Backward Angles

To test the pion photoproduction cross-section calculation in kinematics similar to those
planned for G° backward-angle running, a facility development request to use the Short-
Orbit Spectrometer (SOS) in Hall C was generated. During a parasitic run on October
27-29, 2000, 7~ photoproduction cross sections from hydrogen, deuterium, and carbon
targets were measured. Elastic and quasielastic cross-sections were also measured. For
these measurements, the beam energy was 0.824 GeV, and the SOS angle was fixed at
136.5°. Rates for negatively charged particles were measured in the momentum range 150
to 400 MeV/c. The beam current averaged 20 pA. Data for hydrogen and deuterium
were taken with two different target lengths (4 and 15 cm) to test the ability of the
calculations to accurately predict the fractions of the total pion rate due to virtual photons
and Bremsstrahlung photons.

The results and analysis of the pion data from this run are reported in a G® internal note
[74] and will be summarized here. The measured 7~ cross sections from hydrogen are
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shown in Fig. 3.1. The cross section is compared with a calculation using the GRAAL
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Figure 3.1: Comparison of data and simulation of 7~ production from (a) 4 cm and (b) 15
cm LH, targets.

code. The breakdown of electroproduction and photoproduction pieces of the cross section
in the simulation is also shown. The disagreement at lower momentum is believed to be
due to the fact that the GRAAL code does not presently simulate virtual photons below
a certain Q2. The G spectrometer will generally select pions of higher momentum, so
the agreement is sufficient to be able to use the code to generate two pion production for
simulation of backgrounds in the experiment.

The measured 7~ cross sections from deuterium are shown in Fig. 3.2. The cross sections
are compared with the simulation using the GRAAL code for pion photoproduction and
the MAID-based calculation for pion electroproduction. The cross section is dominated
by single 7~ production. The agreement of the data with the calculation is excellent,
indicating that the cross section for the G° case is well understood.

The ratio of the pion rates from the 15 cm and 4 cm liquid hydrogen and liquid deuterium
was found to be roughly 1.6, in agreement with arguments based on the radiation length
of the target and the equivalent radiator for virtual photons at these kinematics.

3.3.3 Pion Rates and Contaminations

Pion rates for G backward angle running were determined using the models of the cross
section tested in the previous section, along with a GEANT-based model of the G° accep-
tance [75].
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Figure 3.2: Comparison of data and simulation of 7= production from 4 cm and 15 cm
LD, targets.

The pion rates for the liquid hydrogen target running are found to be largest relative to
the elastic rate for the proposed beam energy of 0.799 GeV. The pion, elastic electron, and
inelastic electron rates for 0.799 GeV are shown in Fig. 3.3. Rates are proportional to the
size of the box shown for each CED and FPD combination. The rates assume a 20 cm long
target and 40 A beam current. Tracking of all secondaries was included. Muons resulting
from pion decay are also included in the pion rates. At 0.799 GeV, muons present 15% of
the total flux of pions and muons at the location of the CED. At 0.424 GeV, 20% of the
total flux is due to muons. The pion rates are found to be roughly 25% of the elastic rate
along the locus of the elastic curve at 0.799 GeV.

The pion rates for LHy running are dominated by contributions from the aluminum target
windows. For this simulation, only the contribution of virtual photons interacting with
the target windows was included, and final state effects and Fermi motion were ignored.
Inclusion of real photons increases the pion rate by a factor of 1.5, but final state interac-
tions should reduce the cross section by roughly 50%, so these two effects roughly cancel.

23



Liquid Hydrogen Target, 424 MeV Incident Electrons
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Figure 3.3: Relative CED and FPD rates for one octant of the GY spectrometer, LH,
target, for beam energy 0.799 GeV. The coincidence rate is proportional to the size of the
box. Elastic e~ rates are shown in black, inelastic e~ rates are shown in red and estimated
7~ rates are shown in green.

The effect of Fermi smearing does not change the overall rate, but causes the pions to have
more overlap kinematically with the elastic electrons. The effect of this will be discussed
later.

The 7~ rates for LDy running are shown in Figs. 3.4(a), (b), and (c) for the proposed
beam energies of 0.424, 0.585, and 0.799 GeV, respectively. As expected, the negative
pion rates are considerably larger for liquid deuterium. The aluminum target windows
account for roughly 1% of the total rate, with the remaining 99% being roughly equally
divided between contributions from virtual photon and Bremsstrahlung photon fluxes to
the 7= photoproduction cross section from the LD, in the target itself. There is a large
pion contamination in all three cases, preventing the measurement of the quasi-elastic
asymmetry for the deuteron in the absence of additional particle identification (the aerogel
Cherenkov detector is discussed in Section 4.1.3).
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Figure 3.4: Relative CED and FPD coincidence rates for one octant of the G° spectrometer,
LD, target. The coincidence rate is proportional to the size of the box. Quasi-elastic e~
rates are shown in black, inelastic e™ rates are shown in red and estimated 7~ rates are
shown in green. (a) 0.424 GeV, (b) 0.585 GeV, (c) 0.799 GeV. Figure (d) contains the
rates for 0.799 GeV, in text form.
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Selecting certain CED and FPD combinations allows the optimization of the elas-
tic/inelastic separation. The same selection procedure also helps to exclude pions from the
elastic sample. Table 3.2 summarizes the pion contaminations expected for the proposed
kinematics, satisfying the same cuts used to separate elastic from inelastic electrons de-
scribed in Section 2. As mentioned earlier, the pion contamination for the liquid hydrogen

Foeam | (7 + p)/e ratio
(GeV) [ LH, | LD,
0.424 | 0.013 0.39
0.585 | 0.042 1.6
0.799 | 0.25 8.4

Table 3.2: (7 + p)/e ratio expected for same CED and FPD combinations used in Section 2
to attempt to separate elastic from inelastic electrons. Here only elastic and quasi-elastic
electrons are counted in the denominator.

target running is dominated by contributions from the target windows. The contribution
from two-pion production in the liquid hydrogen target itself to the total pion rate is
15% at 0.799 GeV, but is negligible at lower energy. As mentioned earlier, the effect of
Fermi-smearing of the kinematics of these pions was neglected. Fermi smearing of the pion
kinematics has been estimated to give roughly a factor of 2 increase in the contamination,
for the lowest beam energy proposed. The relative size of the effect will be smaller at
higher energy, as the Fermi momentum becomes small relative to the beam energy. The
estimated pion contaminations for LHsy should therefore be accurate to the 50% level.

The pion contamination for LDy was calculated including Fermi motion. As already noted,
this contamination is found to be too large to make a measurement of the quasi-elastic
asymmetry in deuterium as the pion to elastic electron ratio is 8.4:1 in the worst case. A
particle identification detector must provide a pion rejection of better than 100:1, to reduce
the worst-case pion contamination to the level of 10%.

The pion contamination of the inelastic electron rate from LHy is obviously worse than
for the elastic case. The proposed measurement of the parity violating asymmetry in the
N — A transition [66], using the LH, running, would therefore also benefit from additional
particle identification [76].

3.3.4 Rejection of 7~ Background

The kinematics of the pions and muons which need to be rejected for each proposed beam
energy are shown in Table 3.3. The type of detector affording the best 7 /e discrimination
at these energies and the simplest implementation in the current G° geometry is an aerogel
Cherenkov counter. The index of the aerogel should be less than 1/ (see Table 3.3), but
should be as large as possible to maximize light yield. It is therefore found that n = 1.03
is a good choice. An aerogel Cherenkov counter should also be able to give the requisite
better than 100:1 pion rejection. The design and prototyping of the Cherenkov counters
for G° will be discussed in Section 4.1.3.
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Ebeam Pr range 67rrnax Pu range B:Pax
(GeV) | (MeV/c) (MeV/c)
0.424 | 100 - 250 | 0.87 | 50-225 | 0.90
0.585 | 100 - 300 | 0.91 | 50-275 | 0.93
0.799 | 100-375 1| 0.94 | 50- 350 | 0.96

Table 3.3: Pion and muon kinematics for each spectrometer setting. Recall that muons
account for less than 20% of the total pion and muon flux.
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4 Apparatus

4.1 Detectors

The detector system to be used for these backward angle measurements consists of two
arrays of scintillators and an aerogel Cherenkov detector for each of the eight GO octants.
The two scintillator arrays comprise: a Focal Plane Detector (FPD) array (sixteen detec-
tors per octant each viewed from two ends), which have been used for the forward angle
measurements, and a Cryostat Exit Detector (CED) array (nine detectors per octant each
viewed from two ends). For backward angle electron detection, both arrays are required
to determine the electron scattering angle and momentum, thereby providing an adequate
separation between elastically and inelastically scattered electrons. The Cherenkov detec-
tor is required to reduce the contribution of 7~’s, particularly important during running
with the deuterium target.

4.1.1 FPDs

In the forward angle measurement, back-to-back pairs of FPD scintillators are used to
detect protons. In the back angle measurement 16 single FPD scintillators will be paired
with CED scintillators to detect elastic and inelastic electrons as indicated below (the back
element of each FPD pair will not be used in the back angle measurement). A photograph
of completed North American (NA) and French FPD octants is shown in Figure 4.1; the
octants are supported from a detector support (“ferris wheel”) shown in Figure 4.2. Each
FPD scintillator has a curved shape roughly 60 - 120 cm in length and a width of 5 - 10 cm.
The first four FPD elements are 5 mm thick; the remainder have a thickness of 1 cm. Each
is connected to a pair of photomultiplier tubes via lucite lightguides. The measured yield
at each phototube is of order > 75 p.e. for minimum ionizing particles. These detectors
performed as expected in the forward angle GO run.

4.1.2 CEDs

The CEDs are a critical component of the GO backward angle running, and here we provide
a summary of the progress to date on this detector package. There are nine CEDs that,
together with the FPDs, define the momentum and scattering angle of the detected elec-
trons thus allowing for separation of elastic and inelastic events. With front end electronics
composed of gate arrays (see Section 4.2), we are able to record events for given pairs of
CED/FPD combinations, and thereby measure asymmetries for both elastic and inelastic
events.

The design and construction of the CED elements has been completed. A detailed simula-
tion of expected light yield from these detectors was first performed, and the number of pho-
toelectrons predicted was found to be more than adequate for these measurements [77, 78].
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Figure 4.1: Photograph of complete sets of FPDs mounted into the FPD octant support;
a) North American b) French.

A prototype CED was constructed at TRIUMF, and tested at Louisiana Tech University
using the same PMT /base assemblies to be used in the North American FPDs, and the
amount of light collected was consistent with the predicted amount.

The procedure for manufacturing the correct shapes for the detectors and light guides was
also developed and tested in the construction of the prototype CED. All scintillators and
light guides, manufactured at TRIUMF, are now at JLab and assembly of the first octant
has begun.

The design of the octant support structure for the CEDs is also complete. The design, a
schematic of which is shown in Fig. 3, takes into account both the required mechanical sup-
port of the CED scintillator /light guide/PMT and base assemblies, as well as the relatively
weak alignment constraints on these detectors. Also shown in this figure are the relative
positions and shapes of the CEDs, light guides, and PMT’s. Each octant support will be
attached to the outer ring of the ferris wheel to provide the main mechanical support in
the region of the CED assembly near the PMT’s where the majority of the weight of these
detectors resides. The positioning of the scintillators, as well as additional mechanical sup-
port, is obtained through the use of cantilevered struts extending from the main support
through the region near the bend in the light guides and outside of the acceptance of the
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Figure 4.2: Photograph of GO magnet and detectors in forward configuration.

scattered electrons. This octant support design is integrated with the support structure
for the Cherenkov detectors. As part of the design process, the entire support structure
was also prototyped in conjunction with developments discussed above.

4.1.3 Aerogel Cherenkov

The 7~ background from (n(e,7~)e'p) will be reduced by introducing cuts in CED-FPD
space, but not to a level sufficient to isolate quasi-elastic electrons. Therefore an aerogel
Cherenkov detector has been designed to provide pion rejection across the full GO mo-
mentum range, up to ~ 400 MeV /¢ for Q? = 0.8 GeV?. This, of necessity, must be an
eight-sectored array of individual Cherenkov detectors mounted in conjunction with the
CED-FPD sectors. The Cherenkov is located between the CEDs and FPDs and its mount-
ing is part of the overall extension of the ferris wheel discussed above. The geometry of
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Figure 4.3: Schematic diagram of the CED octant support structure, showing the relative
locations of the scintillators, light guides, and PMT’s. Also shown is the relative position
of a Cherenkov detector for backward-angle measurements.

the overall system is shown in Figure 4.4. A single Cherenkov detector is shown in more
detail in Figure 4.5.

Negatively charged particles entering an octant of the GO spectrometer pass through 5 cm
of aerogel. The aerogel has a proposed index of refraction n = 1.03, so that a particle with
a speed such that g > TB?, will produce Cherenkov light. Thus, pions up to a momentum
of 570 MeV /¢ will not produce any light. On the other hand, all primary electrons will

produce light. Thus the detector will operate in coincidence mode and not in veto mode.

The light is emitted within a small angle (cosf. = 1t at max.) and enters a downstream
region whose walls are lined with a white diffuse reflector. The likelihood of a photon
reaching one of four phototubes is related to their active area compared to the total internal
area of the light box, which is a little better than 4%. Other goals in the box’s design are to
cover as large a fraction as possible of the GO acceptance while keeping the timing spread

as narrow as possible.

With 5 cm of clear aerogel, the electrons generate a signal of about 6 photoelectrons;
whereas a 400 MeV /c pion would have a rejection factor of 1—55 This latter pion signal is
mostly due to d-rays produced in the CEDs or elsewhere.

The phototubes for the Cherenkov counter for each octant are tied together to produce one
summed signal. This signal is discriminated and ANDed into the trigger. Using existing
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Figure 4.4: Concept of the full eight-sectored GO backward angle set-up. The top sector
shows the full detector arrangement: CED, Cherenkov and FPD. The others show the
Cherenkov detectors only along with the ‘ferris wheel” support frame.

sampling channels, Cherenkov ADC spectra will be used to check the calibration and pion
rejection factor of each octant.

The typical time-width of the signal from these detectors is ~20 ns (due mainly to collection
time in the light box), during which time the radiator is ‘dead’. This is because the light
can bounce around in the box for some time. The rise time of the pulse is of the order of
1 ns.

Studies with both Monte Carlo simulation and prototypes of the Cherenkov counter have
been done in France and at TRIUMF. Most of the assumptions above come from tests and
simulations performed by the Caltech group and Grenoble simulations [79, 80]. At Caltech,
a small Cherenkov test counter using a single phototube was built for the purpose of testing
light yield and timing calculations from Monte Carlo simulations based on Ref. [81], and
was found to produce results similar to the simulation. A first test detector was built at
Caltech and tested at TRIUMF using a mixed particle test beam. An example of the results
from this detector is shown in Figure 4.6 where the pion rejection is shown to be sufficient
for our purposes. At TRIUMF a full size prototype was constructed and tested on the
M11 g ~ 1 “electron” beamline. An example of the results from this test is presented in
Figure 4.7, where the number of photo-electrons is shown for three different incident beam
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Figure 4.5: A view of the concept of a single octant light-box with aerogel Cherenkov
radiator and PMT’s

locations relative to the tubes. The French version of the detector is essentially identical,
and similar test results have been obtained there.

All the parts for these detectors are either in-house (including Aerogel and phototubes) or
are being manufactured. The French detectors will be shipped by the end of summer 2004,
and the NA detectors will be assembled at JLab during the summer of 2004. A photograph
of the first production French detector is shown in Figure 4.8.

4.2 Electronics

As in the case of the forward angle measurements the four French octants will be instru-
mented using electronics developed at IPN-Orsay (DMCH-16X boards, based on flash-TDC
and DSP technology), while the North American octants will be instrumented with the
relevant parts of the original Latching Time Digitizer (LTD) design. In particular, the
DSP histogramming and scaler recording of events, respectively, of the two systems will
be utilized. Additionally, all the PMT /base assemblies and associated power supplies used
for the backing scintillator array for the FPDs will be used for the CEDs, and all of the
instrumentation for the backing array (e.g., analog splitters, constant fraction discrimi-
nators, mean timers, and ADC and TDC channels for the monitoring electronics) is also
available for the CED array.
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Figure 4.6: NA test Cherenkov results for pion rejection using the TRIUMF test beam.

The philosophy of the backward-angle electronics design is based in large part on the fact
that the electrons being detected (Escqsereq > 200 MeV) are all moving with approximately
the same velocity, and therefore have a well defined flight time for each CED and each FPD.
This is shown in Figures 4.2 and 4.10, where we plot the flight time from the target to
selected CEDs and FPDs, respectively. There is a relatively tight time correlation can be
made between a any CED/FPD pair. Consequently, the use of fast Programmable Logic
Devices (PLDs) can provide hardware coincidences which can significantly reduce time
uncorrelated backgrounds.

We have been able to use this relatively tight timing to make an important change to the
front end of the electronics as compared with the original backward angle proposal. In order
to take advantage of the more straightforward accelerator operation® and the possibility
of higher beam currents, the standard 499 MHz pulse structure will be adopted for the
backward angle measurements. Therefore, instead of using our beam pickoff signal as the

*The key operational difference for the accelerator is the reduced bunch charge allowing the prebuncher
to be run at lower fields, etc.
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Figure 4.7: NA full-sized prototype Cherenkov results using the TRIUMF test beam.

primary electronics trigger, the mean-timer outputs of the CEDs for a given octant will be
ORed together and ANDed with the ORed outputs of the FPDs for the same octant. The
maximum total real rates per octant are shown in Table 4.1. Even with background rates
in each CED and FPD of 500 kHz (maximum of background rates observed in forward
angle run), the random coincidence rate per octant is only about 500 kHz (assuming 20 ns
gates). Therefore with a total maximum trigger rate of order 1.7 MHz, the deadtime at
the trigger level will only be 3%. Commercial electronics will be used to generate these
trigger signals.

Target E (GeV) Rate (MHz)

’H 0.424 1.18
’H 0.585 0.58
’H 0.799 0.39

Table 4.1: Approximate real rates per octant for LD, running including elastic electrons,
inelastic electrons, pions and muons.

The North American electronics chain for forward-angle measurements is shown schemat-
ically in Figure 4.11. For the backward-angle measurements, the PMT’s for the FPD
backing detector array will be attached to the CEDs, and the LTD’s and “munger” redis-
tribution boards will be replaced by custom logic circuitry developed at Louisiana Tech.
Thus, the input to this new logic circuitry is the output of the mean timers for both the
FPDs and CEDs, a discriminated signal from the Cherenkov detector, and the main trigger
signal as described above. The output of this new circuitry is sent to the latching scalers
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Figure 4.8: Photograph of the first production French Cherenkov detector.

to count the number of coincidences between detectors in the CED array and those in the
FPD array.

Significant development on the coincidence logic circuitry for the North American octants
has taken place. The circuit has been designed and prototyped; production is now in
progress. It involves the use of PLDs mentioned above, programmed to implement all the
logic associated with the CED-FPD coincidences; the handling of “multiple hit” events
(where more than one CED or more than one FPD fires for a given trigger); and dead
time monitoring. The trigger pulse can provide a sufficiently small time window to enable
the CED-FPD coincidences at the correct time of electron arrival at these detectors. The
logic signal from the Cherenkov detector, which signifies that it was in fact an electron
which fired both the CED and FPD involved in the coincidence, will be used to enable a
latch which allows the coincidence information to be sent to the scaler modules. Additional
counting of CED and FPD singles rates, with various combinations of multiple hit logic
and Cherenkov signals included, will be used for an estimate of the front end electronics
dead time.
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Figure 4.9: Flight times for electrons from the target to selected CEDs.

In the final configuration, a total of five boards will be needed per octant: one to handle
the coincidence logic encoding; one to handle the multiple hit, Cherenkov, and dead time
information; and three to handle TTL-ECL conversion to provide the appropriate level
required by the latching scalers. All of the boards are housed in a custom VME chassis
which provides the necessary power and common ground to each.

Nearly identical logic and overall philosophy will be used for the French electronics. For one
octant, the front end instrumentation (discrimination and mean-timing) will be handled
by two DMCH-16X boards. The meantimed outputs, available on the front panel, will be
sent to a CED-FPD coincidence module (designed by the Grenoble group).

The coincidence board contains all PLDs and scalers needed for the counting of individual
coincidences between each CED and each FPD. As in the North American design, the CED-
FPD coincidences will be allowed during a short time window initiated by the trigger, and
the Cherenkov counter will provide an enable signal for the counting. Also as in the North
American design, additional counting associated with the singles rates in the CEDs and
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Figure 4.10: Flight times for electrons from the target to selected FPDs.

FPDs will be used for the estimate of the number of multiple hit events and for deadtime
monitoring. In addition to the singles counting available in the coincidence board, the
DMCH-16X modules also provide the time of flight information for the individual CEDs
and FPDs, which can be used for an accurate estimate of the number of lost events due to
the deadtime of the front end electronics.

One CED-FPD coincidence module will be able to handle two octants. For the four french
octants, the VXI crate will therefore support eight DMCH-16X and two CED-FPD coin-
cidence modules. Production of the CED-FPD coincidence boards is in progress — final
testing of the first production board is being completed.
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Figure 4.11: Electronics block diagram for the forward-angle running mode for the North
American octants.
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4.3 DAQ

The data acquisition requirements for the backward-angle running configuration are almost
identical to those for forward-angle running. Only small differences in the data stream will
be present for both the North American and French octants.

Generally, the data stream will consist of two different types of events: high statistics
data counting all particles detected within each % s macropulse period and read out at
30 Hz after being latched during a ~ 200 s interval during which time the helicity Pockels
cell may change polarity; and low statistics monitoring data including ADC and TDC
spectra for each PMT on each detector read out at ~ 1 kHz.This is true for both forward
and backward running configurations. There will in fact be less data arising from the
monitoring electronics in the backward-angle running than in the forward-angle mode,
simply because there are only 9 CEDs instrumented per octant (corresponding to 18 ADC
and TDC spectra per octant) in contrast to 16 FPD backing detectors instrumented per
octant in the forward-angle configuration. The small differences arising between the two
running modes occur in the high statistics data only for the French octants, with no
difference in the data streams for these events for the North American octants between
the forward and backward running modes. To understand these differences, we review the
data obtained for both types of instrumentation, and for both running configurations.

In the North American octants, the LTD boards discussed in the previous section are de-
signed to separate the data obtained from each FPD for the forward-angle running into
time bins within the 32 ns period between successive beam bursts. High speed scalers will
then be used to store the time spectra. For the backward-angle running, no time encoding
is necessary because all backward scattered electrons are moving with approximately the
same speed, and it is impossible to separate elastically scattered electrons based on time
of flight information. Thus, of the available scaler channels that were used for time bin
counting during the forward-angle running, some will be used to count the number of coin-
cidences between each CED and each FPD, and the remaining scaler channels will be used
to count singles rates in each CED and FPD, with various constraints of multiple hits and
Cherenkov detector firing. Different CED-FPD combinations correspond to different elec-
tron momentum, which allows an identification of the elastically and inelastically scattered
electrons independently.

In the French octants, the high statistics data for the forward-angle measurements are
sorted into time of flight histograms directly on the DMCH-16X boards through the use
of flash TDC’s and DSP’s. These histograms are then sent into the data stream during
the data read out every % s through the VXI crate backplane. For the backward-angle
measurement, the main information will come from scalers containing the CED-FPD co-
incidences and CED and FPD singles rates with multiple hit and Cherenkov constraints.
The number of scalers needed is about the same as in the North American scheme.

Although there will be very little change in the data acquisition software for the backward
angle running, there will be some change required to the analysis software. In the forward
mode, the primary analysis involves construction of time-of-flight histograms from the
North American scaler electronics or from the Orsay TDC data. Asymmetries are calcu-
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lated for each detector from identification of the proton timing peak in the TOF spectrum.
Since in the backward mode, in both the North American and French octants, the primary
means of identifying events will now be scalers counting yields in each FPD/CED pair,
asymmetries for each FPD/CED pair will be calculated from the scaler values. The pro-
cessed data will thus be a two dimensional array of asymmetry values in FPD/CED space.
Elastic and inelastic regions in FPD/CED space will be identified from the scaler yields.

4.4 Target

The backward angle running of the GO experiment will utilize a slightly modified configu-
ration of the liquid hydrogen target that has been used successfully for the forward angle
measurements. It is important to note that unlike the spectrometer which is rotated for
the backward angle measurement, the target system remains on the upstream side just as
it was in the forward measurement. The baseline requirements for the GO target remain
(1) target length of 20 cm, (2) dissipation of heat deposited by 40 pA of electron beam
current and (3) operation without introducing uncorrected false asymmetries at a level
> 5% of the overall uncertainty in the measurement (AA ~ 107% over the entire run for
any individual source of false asymmetry). The modifications required for backward angle
running are:
e extension of the target support to longitudinally center the target in the magnet in
the backward angle orientation (this extension pipe already exists),
e the port for the target service lines needs to be redesigned to accommodate the space
constraints associated with the detector support structure,
e connection of gas panel to Dy supply tank during LD2 runs.

The liquid hydrogen target cell is connected to a cryogenic loop to recirculate and cool
the liquid. The hydrogen will be cooled through heat exchange with compressed helium
gas. The liquid hydrogen is thus maintained at 20 K and 25 psia (through connection with
the ballast tank). When full, the target cryogenic loop plus target cell and manifold will
contain 6.6 liters of liquid hydrogen.

Figure 4.12 is a scale diagram showing the cryotarget centered within the liquid nitrogen
shield of the superconducting magnet. The main components of the cryoloop are a pump
for circulating the target fluid, a heat exchanger, the target cell, and a manifold to direct
the fluid flow down the center of the target cell and back near the cell walls. The arrows
in the figure indicate the direction of fluid flow in the loop.

The helium cell positioned adjacent to and just upstream of the liquid hydrogen cell serves
three purposes
e it effectively extends the entrance of the hydrogen cell beyond the manifold so that
exiting particles only traverse hydrogen and thin cell walls,
e it insures that the exiting particles encounter a region that is symmetric about the
beam axis, and
e it eliminates (to first order) variations in the target thickness with beam position by
matching the radius of curvature of the entrance and exit windows of the hydrogen
cell.
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Figure 4.12: Overview of the GO liquid hydrogen cryotarget. Beam is incident from the
right in this view. Exiting scattered electrons of interest emerge at 108° 4= 8° with respect
to the beam from the hydrogen liquid downstream (left in the figure) of the helium cell.

Thus the target—beam interaction region is designed to be axially symmetric and indepen-
dent of beam position.

Figure 4.13 shows the details of the target cell and manifold. When the pump is running,
the liquid hydrogen flows longitudinally in the same direction as the beam through the
inner flow cone and returns through the annulus between the inner cone and the wall of
the hydrogen cell. The distance between the exit window of the helium cell and the exit
window of the hydrogen target cell is 20 cm. The holes in the inner cone are essential to
prevent collapse of the cone due to Bernoulli pressure; they form an eight-fold symmetric
pattern and are aligned with the GO magnet coils so they are out of the spectrometer
acceptance.

The hydrogen target cell consists of a 5 cm diameter tube with a rounded endcap, machined
from a solid cylinder of 7075 aluminum. We fabricate the cell by machining the end of
the cylinder flat, then pressing it in a form to make the rounded endcap. The radius of
curvature of the center of the endcap is 7.6 cm. The outer side wall and endcap are 7.0+0.5
mils thick. To verify that the target cell can withstand the pressure that builds up during
target boiloff, each cell is hydrostatically tested to 100 psid before being soldered to the
manifold. This is a factor of 2.4 safety margin over the pressure that we calculate the cell
would be subjected to in a catastrophic vacuum failure.

The cryogenic loop contains two heaters, one low power and one high power, to regulate
the temperature of the liquid hydrogen. These heaters are identical in function to those
used in the Hall C liquid hydrogen target. The high power heater will operate at up
to 1000 W maximum power with its main function being to compensate for significant
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Figure 4.13: Detailed view of the GO hydrogen target cell, helium cell and manifold. The
effective hydrogen target length is 20 cm and the diameter of the outer shell of the target
cell is 5 cm. In this view, hydrogen liquid enters in the lower manifold pipe and exits in
the upper manifold pipe.

reductions in the beam current. The low power internal heater will be used to make
relatively small adjustments to the fluid temperature and will be controlled automatically
with a commercial temperature controller in a feedback loop with the temperature sensor
on the upstream side of the target cell.

The loop contains a vaneaxial pump capable of displacing 4.8 1/s of liquid hydrogen. This
corresponds to a mass flow rate of 333 g/s and gives a velocity in the target region of ~ 7
m/s. The pump motor is inside the cryoloop, similar to the design used in the Hall C
cryotargets.

It is important to minimize density fluctuations because they introduce statistical fluctu-
ations into the asymmetry that mask the parity violating asymmetry, requiring a longer
running time to achieve the same experimental precision. To reduce resistance and max-
imize the circulating flow rate in the cryogenic loop we have incorporated flow diverter
cones at transitions between elements of different diameters.

We expect to be able to run the backward angle measurement at 80 pA, in part because we
will be using the standard 499 MHz pulse structure and in part because of the better-than-
expected target performance during the forward angle run. This will help us to reduce the
overall uncertainties in extracting the form factors whose uncertainties were dominated by
the backward angle statistical precision. We have determined from the forward measure-
ment that the total power handling capability will be more than sufficient for this purpose.
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In addition, we estimate that the contribution of target density fluctuations to the detector
asymmetry widths due to the increased power density will be less than 500 ppm even for an
80 A beam current, as compared with the minimum statistical width of about 5000 ppm.
On the other hand, we may have to shorten the target cell somewhat for the highest energy
run to optimize the uncertainty — a trade-off between inelastic electron contamination and
overall counting rate.

4.5 Infrastructure

Since the back-angle configuration has been planned for since the beginning of the G°
project, many of the infrastructure and installation aspects have already been thought
out or implemented. The main change is that the SMS must be moved downstream of
the ferris wheel, and the SMS/ferris wheel structure must be rotated 180°. SMS rails to
accommodate this configuration change have already been installed in the hall. The ferris
wheel platform has been built to accommodate a corresponding (smaller) downstream shift
in the ferris wheel location. We expect these rotations will be made during the August-
September 2004 period.

At the time of the configuration change, the lead/polyboron beamline shielding cylinder
will be removed from the ferris wheel. It is not needed in the back-angle experiment. Lead
shielding will also be removed from the SMS downstream head. The ferris wheel will be
rotated and the CED/Cherenkov assemblies will be added. The target service module will
mate with the upstream flange of the ferris wheel, moving the target center about 3 m
downstream relative to the forward-angle configuration. The SMS will be around using
the same company and equipment used for the move of the SMS from Illinois to JLab. A
small amount of bracing will be used to stabilize the cold mass inside the cryostat and the
magnet will be slowly rotated and moved downstream to its new location.

New beamline spool pieces will be required. The downstream beam dump shielding will
have to be relocated closer to the dump tunnel entrance. Techniques for placing shielding
blocks in this location, outside the nominal crane radius, have already been developed and
are in use.

The Mpgller polarimeter will need to be changed to accommodate the lower energies used in
this experiment. A similar change was made successfully in the spring 2001 G, experiment
to accommodate Mgller measurements at 0.884 GeV by moving the Mgller Q1 about 6”
upstream. Mpoller operation at 0.424 GeV will require a further upstream move; optics
calculations for this configuration have been completed.

We do not expect significant changes in cyrogenic services or cabling. The cabling will
probably be re-routed overhead to accomodate a somewhat longer distance to the magnet
and detectors. The cryogenic services for the target will have to be supported in a somewhat
different way because they are now some distance from the magnet to which they used to
be affixed, but no significant problems are foreseen.
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5 Organization and Schedule

As indicated above, most of the new construction for the backward angle measurements,
including the CEDs, Cherenkov detectors, CED/FPD coincidence electronics, target mod-
ifications has been completed and assembly and testing is beginning. Plans for turning the
experiment “around” are in place. These activities are being funded within the envelope of
the original GO project, with important additional support for the Cherenkov construction
from the French (CNRS) and Canadian (NSERC) funding agencies.

We expect to complete the basic turnaround tasks at the end of this summer. It is possible
that we may also install some of the new detector components at the same time. In any
case we expect assembly and testing of the new components to be completely finished in
time to begin re-installation of the experiment in summer 2005 for a fall 2005 run.

Our hope for completing the backward angle running is to run one Q? point in fall 2005
with the other two % points to be run in successive years, i.e. fall 2006 and fall 2007.
We are exploring with the laboratory the possibility of combining the three runs into two
longer runs (pending approval of the other Q* points) to save one set of installation and
removal downtimes.
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6 Expected Results and Beam Time Request

6.1 Expected Results

This section presents the expected results from the complete program of proposed GO
running - forward and backward hydrogen measurements and backward deuterium mea-
surements. We have not yet decided which measurement to make with the first set of
approved beam time (for which we are asking re-confirmation in this jeopardy proposal);
the plan for deciding, however, is rather simple. We will make the decision based on the
most interesting physics results from the forward angle measurement; the default will be
to run hydrogen and deuterium targets at the highest Q? for practical reasons of relative
ease of accelerator operation and maximum overlap with the JLab experimental program.

For the backward measurements, we have investigated in general the optimum split of
time between hydrogen and deuterium running at each momentum transfer point. We
show the results of this study in Figure 6.1 for the 0.3 GeV? point; the other momentum
transfer points show a similar dependence. We conclude that an even split of running time
between hydrogen and deuterium is a reasonable compromise. The even split of time for
the hydrogen and deuterium running balances the uncertainties in G, and G%, (which are
minimized with about 60% of the running time on hydrogen) against those in G4 (T = 1),
which are minimized at a small fraction of hydrogen running.

In our error estimates, we assume 700 hours of running time for each of the backward
measurements (three on hydrogen and three on deuterium) with a 80 pA beam and 75%
polarization. The assumptions we make about the uncertainties in the form factors and
other quantities that go into the asymmetry calculation are summarized in Table 6.1.
The expected errors on the separated form factors are summarized in Table 6.2. Figure 6.2
shows the overall uncertainties in G§, and G, relative to the overall proton form factors G,
and G%,, and Figure 6.3 shows these uncertainties relative to two representative theoretical
calculations. Figure 6.4 (also included as Figure 2.3) shows the uncertainties expected in
G4 (T = 1) relative to the calculation of Zhu, et al. [41] where we show a comparison with
the standard dipole form for G4 as measured in neutrino scattering. The contribution of
the various uncertainties to the total is shown in Tables 6.3-6.5 and Figures 6.5-6.7.

6.2 Beam Time Request

At this time, we request that the PAC re-allocate the 60 days previously allocated EO1-
116. We also respectfully ask the PAC to reconsider the 10 days of commissioning time
originally requested to establish the running conditions for the new configuration (including
calibrations, background rates, etc. especially for the new CED and Cherenkov detectors)
This run will require an average beam current of nominally 80 pyA with the regular 499
MHz beam structure at one of the beam energies listed in Table 3.1.
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Figure 6.1: Total errors on the separated form factors at Q% = 0.8 GeV? as a function of
the fraction of the backward angle running time on hydrogen.

Quantity Uncertainty

AGTIGE 2%
AGE /G 2%
AGn /G 20%
AG™, /G™, 3%

AP,/P, 2%

AQ?/Q? 1%

AG4(T = 0) 11
AR, 033
AR? .0004

Table 6.1: Uncertainties assumed for the quantities in the asymmetry expression. We note
that present JLab experiments 93-026 and 93-038 will improve the precision of G beyond
what is listed here by of order a factor of two.
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Q% (GeV?) AG3 AG3, AGY(T =1)

0.3 0.032  0.090 0.188
0.5 0.037 0.059 0.159
0.8 0.053 0.041 0.137

Table 6.2: Expected errors on the separated form factors. These include all statistical and
systematic errors.

Quantity 0.3 GeV2? 0.5 GeV? 0.8 GeV?

Ay .020 .027 .046
Ay .013 .014 .017
Ay .008 .008 .008
G, .005 .005 .004
GY, .005 .005 .004
G .012 .012 .009
G%, .003 .003 .002
Q? .007 .008 .008
P, .012 .013 .013
others .004 .004 .003
total .032 .037 .053

Table 6.3: Contributions to the error on G%. The entries for @* and P, include the
errors for all three measurements(f, b, d) added in quadrature. The “others” entry includes
G4(T =0), R}, Ry

Quantity 0.3 GeVZ 0.5 GeV? 0.8 GeV?

Ay .007 .005 .004
Ay .055 .035 .025
Ay .038 .024 .018
GY, .000 .000 .000
G%, 011 .008 .006
G .007 .004 .002
N .014 .011 .008
Q? .028 .019 .012
P, .047 .032 .020
others .019 .011 .007
total .090 .059 .041

Table 6.4: Contributions to the error on G¢;. The entries for Q* and P, include the
errors for all three measurements(f, b, d) added in quadrature. The “others” entry includes
G4(T = 0), Ry, Ry
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Quantity 0.3 GeVZ 0.5 GeV? 0.8 GeV?
Ay .034 .034 .045
Ay .014 .010 .010
Ay 120 .098 .090
GY, .023 011 .005
G%, .015 018 .016
G .022 .016 .010

Y .043 .033 .023
Q? .066 .056 .043
P, A11 .096 .076

others .012 .010 .007
total 188 .159 137

Table 6.5: Contributions to the error on G4 (T = 1). The entries for @ and P, include the
errors for all three measurements(f, b, d) added in quadrature. The “others” entry includes

G4(T = 0), Ry, Ry

Expected G° Experiment Uncertainties

T T T 1 I I
04 - (1/3)G? (1/3)G;
01 |
02
2 /10 @ /10
—0.0 —----- -8 --—- - ----- - 00 F----- 4 ------ E —————— -
02
GP =(2/3)G —(1/3)G% —(1/3)G*, @ =(2/3)c% —(1/3)¢2 —(1/3)¢%
| | | | | | | | | | | |
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Figure 6.2: Expected errors on the contribution of the strange form factors to the electric
and magnetic proton form factors.
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Expected G° Results Compared to Theory
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Figure 6.3: Expected G errors compared to a lattice gauge theory prediction (Dong, et
al.) and a chiral perturbation theory prediction (Hemmert, et al.).

Expected G°® Isovector Axial e—N Form Factor Results
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Figure 6.4: Expected errors on the isovector axial e-N form factor.
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include the errors for all three measurements(f,b,d) added in quadrature. The “others”
entry includes G4 (T = 0), R}, RY..
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8 Appendix B: Summary of Leakage Beam
Asymmetry Effect in Forward Angle
Measurement

In running with reduced Hall C beam current (associated with deadtime studies) at the
time when Hall A was coming back on after magnet repairs in April 2004, we discovered
a false asymmetry coming from “leakage” beam current. In this Appendix we present
our preliminary conclusions about the sources and solutions for the leakage asymmetry
problem. The source of the leakage current is the d.c. level of light from all three lasers
used to generate the Halls A, B and C beams in the polarized source. Because all three
lasers utilize a laser amplifier, there is essentially d.c. “Amplified Spontaneous Emission”
(ASE) light generated even when the seed laser beam is not present. This light produces
in Hall C a low current 499 MHz “leakage” beam in addition to the 31 MHz primary beam
desired for the experiment. It turns out that the charge asymmetry of the leakage beam
can be large on our scale (~ 100 — 1000 ppm) and even though its current is ~ 40 nA,
the combined effect is significant. We present here a preliminary analysis of this effect. It
15 important to note that this effect will not affect the backward angle measurement as it
results from the different time structure of the Hall C beam relative to Halls A and B — we
will run the backward angle experiment with the same time structure.

The easiest way to understand how the leakage beam affects our data is to consider the
feedback on the beam current asymmetry. Our beam current monitors see the whole beam
(499 MHz leakage and 31 MHz primary) and we feed back to the polarized source to force
the helicity-correlated current asymmetry to zero. However, because the leakage beam is
included in the measurement, the current asymmetry of our 31 MHz beam is forced to a
non-zero value in order to cancel the current asymmetry of the leakage beam. The resulting
current asymmetry of the 31 MHz beam generates a false asymmetry in the detector signal
for the elastic protons.

We performed a number of tests at the conclusion of the forward angle run to quantify the
contributions and to develop a strategy for correcting their effects. It is important to first
understand the magnitude of these effects. When running with just Hall B (the majority
of the forward angle data), the leakage asymmetries were of order 500 ppm or less and the
leakage currents of 20 - 40 nA. The false asymmetry for the elastic protons is, to a very
good approximation, just the asymmetry of the main beam given by

Ileak 40nA
A = —Ajear = —500 =0.5 8.1
p =7, Aok = 0,3 0000pm ppm (8.1)
For the Hall A running the leakage asymmetries were as much as ~ 10x larger although the
Hall A leakage current is typically a factor of 2-4 smaller in our measurements (lower level
of ASE as expected). For the moment we are concentrating on correcting the data taken
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with just Hall B running. We believe we can make a correction for this false asymmetry
with ~ 0.1 ppm or 10-20% precision.

Our measurements show that the leakage currents and asymmetries are not stable, changing
on time scales of hours. Therefore our strategy is to use data taken concurrently with our
elastic proton asymmetry data to determine the rate and asymmetry of the leakage current.
Tests performed at the end of the forward angle run were used to verify that this approach
gives the correct results at the 10-20 % level. In these tests, the luminosity monitors
allowed us to make very accurate, direct measurements of the leakage current asymmetry
(the standard current monitors do not have enough sensitivity) which could be compared
with the detector measurements to be used to correct the elastic asymmetries. We therefore
measured the leakage currents of the Halls A, B and C beams independently* and in various
combinations as part of this verification.

The detector data include a region in our t.o.f. spectrum (“cut 0”) where we are sensitive
to the yield and asymmetry of the leakage beam. After the slowest protons have reached
the focal surface and before the 5 = 1 particles from the next beam pulse can reach the
detectors, there is a period of a few ns in which we see the leakage beam. There is also
a background component in this region, due to the main Hall C beam which we interpret
to be due to the “gas” of neutrons and possibly gammas that builds up in the Hall. This
component is measured to have a relatively small asymmetry, and the rate is proportional
to the primary beam current. Table 8.1 summarizes representative contributions to the
leakage currents and asymmetries.

Component  Current (nA) Asymmetry (ppm)

Hall A 10 1000-5000
Hall B 35 500
Hall C 10 200

Hall C (bkgd) 110 < 100

Table 8.1: Typical beam currents and asymmetries for contributions to cut 0. The Hall C
background “beam current” is an equivalent current based on the rates measured in cut 0:
about 2/3 of the cut 0 rate is due to this background, 1/3 is due to leakage current.

An example of our test technique is shown in Figure 8.1. As part of our testing, we
made standard one hour asymmetry measurements, interleaved with leakage measurements
using the luminosity monitors. From the direct leakage measurements we can calculate the
expected cut 0 asymmetry and compare with what is measured (in the analysis of the
actual data, the procedure is reversed). In Fig. 8.1, we have considered the more difficult
situation case with both Halls A and B on, and two measurement periods separated by
about 1 day. With the A+B leakage asymmetry measured by the luminosity monitors of
+1037 4+ 19 ppm (shown) and the measured Hall C leakage asymmetry of about -100 ppm,

*Leakage from Halls A and B is measured in a straightforward way by measuring with just one of the
other Halls on and with the Hall C laser off. The Hall C leakage beam is measured separately by directing
the Hall C beam to the Hall A or B chopper slit.
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Figure 8.1: Direct measurement of the leakage beam asymmetry and corresponding asym-
metries in the cut 0 region of the t.o.f. spectrum as discussed in the text.

we can calculate the asymmetry expected in cut 0 of about 340 ppm in agreement with the
cut 0 measurement at the 20% level. We believe that a combination of the measurements
made during this period will allow us to verify the technique at the desired 10% or 0.1 ppm
level (the statistical precision of the cut 0 asymmetries in the example given are limited
— we recorded significantly more data which have not yet been analyzed). Further, based
on this set of standard measurements, and in the context of the overall experiment, the
statistical precision in the cut 0 region is sufficient to make determinations of the average
false asymmetry due to leakage at the 0.1 ppm level for every ~ 40 hours of data.
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