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ABSTRACT

Symmetry tests and more precisely parity violation experiments using the properties
of the weak interaction give us unique insight into the internal hadronic structure
of matter. The G° experiment at Jefferson Laboratory used parity violating electron
scattering to probe the strange quark contribution to the electromagnetic nucleon form
factors, G, and G, as well as the axial contribution, G%. The data taken during the
experiment provide further information on the axial transition form factor of the N -
A transition, G4 A, as well as the scale of the low energy constant da characterizing
the parity violating YNA coupling. The analysis of backward angle G° data taken
with a liquid deuterium target to deduce the parity violating asymmetry for pion
photoproduction on the A resonance, and the first experimental constraint on the
value of da, are reported in this thesis. The results showed that da = (8.3 + 25.3)¢g,
where the uncertainty is dominated by statistics, and that 75 % of the theory range

would be excluded by this measurement at 1 o.
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Chapter 1

Introduction

1.1 Theoretical background

The discovery that the weak interaction violates parity in 1956 contributed to the de-
velopment of the Standard Model (SM) of the electroweak interaction of Weinberg,
Salam and Glashow. In the 1980’s, several experiments were proposed to use parity
violation as a tool to probe the nucleon structure. This effort started with the SAM-
PLE experiment at the MIT-Bates laboratory, and was followed by HAPPEx and G°
at Jefferson laboratory, and PVA4 at Mainz. The G° experiment done at Jefferson
laboratory used parity violating (PV) asymmetries in elastic electron nucleon (e-N)
scattering as a tool to measure the strange-quark contribution to the electromagnetic
form factors and the weak axial form factor over a broad range of four-momentum

transfer.



2 Chapter 1. Introduction

The G apparatus in backward angle mode also made possible measurements of axial
N — A transition form factors via PV asymmetries in inelastic e-N scattering, and also a
measurement of the low energy constant (LEC) parameter da characterizing the weak
~vNA coupling that enters in the radiative corrections required for the extraction of the
axial N — A transition form factors. Parity violating asymmetry measurements of pion
production on the A(1232) resonance in the photoproduction limit enabled the extrac-
tion of da. While its natural scale (~ 1078) is almost 2 orders of magnitude below
the sensitivity of the G° experiment, the resonance saturation model predicts poten-

tial enhancements of a factor 100, making a measurement of da possible in this context.

The topic of this thesis is the analysis of the G° data related to the pion asymmetry
measurements and a preliminary extraction of the low energy constant da. An overview
of the theory related to the form factors and also to the low energy constant da is given
in this chapter. In particular, the resonance saturation model predicting a reasonable
range of values for da will be discussed. At the end of this chapter, a review of previous
experiments aiming at the extraction of the strange-quark contributions to the form
factors G%(Q?%) and G35;(Q*) and a summary of available data on the axial N — A
transition form factors are given. The second chapter focuses on details of the G°
experiment in backward angle mode that collected data between August 2006 and
March 2007 for the Q? values of 0.22 (GeV/c)? and 0.63 (GeV/c)?, corresponding to
electron beam energies of 362 and 687 MeV respectively. The main focus is on the

lower energy data as the relevant pion asymmetry measurement was made possible at
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these kinematics. The analysis of the pion asymmetry data is discussed in Chapter 3

and an extraction of the LEC parameter da is described in Chapter 4.

1.1.1 e-N elastic scattering kinematics

To leading order in Quantum Electro-Dynamics (QED), the electron-Nucleon (e-N)
elastic scattering process is described by the Feynman diagram in Figure 1.1. The
notations used for a four-momentum & in this writing is & : (e, E) where € is an energy
and k is a three-momentum. The four-momentum components are noted k* (kK = ¢
and (k' k* k3) = E) The expression for the four-momentum transfer squared carried
by the virtual photon, Q? = —¢* > 0, is obtained from conservation of four-momentum

between the initial and final states of the scattered particles. It is written as:

Q* = —¢" = (ki — k)’
= —2m? + 2(e;ep — \/€f —m2y /€ —m2 cosOy) (1.1)
Q° = deey sin2%f (1.2)

where ¢ y and lgi,f are the energies and 3-momenta of the incoming and scattered
electrons, m. is the electron mass and 6 is the electron scattering angle with respect
to the incident electron direction. Equation (1.2) is the standard expression for Q% in

high energy scattering when the electron mass can be neglected.
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pr: (B, py)

ki (e, /Zz) pi: (Ez‘aﬁz')

Figure 1.1: Feynman diagram of elastic electron proton scattering via v boson exchange.
The 3 lines on the right represent the 3 valence quarks of the nucleon. The four-
momenta k , p and ¢ correspond to the electron, nucleon and virtual photon
respectively with an energy ¢, F and w. The three-momenta have the same
notation as the four-momenta with the addition of an arrow at the top. The
indices “1” and “f” correspond to the initial and final states.

1.1.2 Cross section and form factors

The elastic e-N scattering cross section can be derived from the interaction amplitude
containing electromagnetic and neutral (weak) current contributions. Its differential

form is written as [1]:

[M]? Pky  dpy

do = 2m) '™ (k — ki —p;
s ERry ) L A R R A o S PR O E TP

(1.3)

in which k; ; and E; ; are defined in Section 1.1.1, My is the mass of the nucleon and

6™ is the Dirac delta function. In Equation (1.3), [M]? is the spin average of the
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interaction amplitudes squared with:
M=M,+Mz=M,. (1.4)

The electromagnetic (EM) interaction amplitude (M,) dominates, as its strength is
4 orders of magnitude larger than for the weak interaction (Myz), so the latter is
neglected for unpolarized e-N scattering. The electromagnetic amplitude consists of
the product between the electroweak currents of the electron and nucleons with a ~

boson propagator in between [1] [2]:
M, = 4mj§f4%j§ﬁ (1.5)

where g, are the elements of the Minkowski tensor and a = e?/(4meghc) is the fine
structure constant. Jg4; and J, év o are the electromagnetic currents of the electron and

nucleon respectively.

Assuming that the electrons are elementary spin 1/2 point-like particles, and denoting
the initial and final states of said fermions |k;,s;) and |ky, sf) respectively, one can

write the matrix elements of the electromagnetic current of the electron [1] [2]:
Tihr = (kposgl Tpay ki si) = QU(kg, sp)7"U ki 5:) (1.6)

in which @ is the electric charge (in units of the electron charge: e¢) and 4* are the Dirac
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matrices [1] and U(k, s) and U(k, s) are the Dirac spinors defined in the Dirac-Pauli

representation as [1]:

X(S)
Uk, ) =VE+m| z.p (1.7)
E+mX
with:
1 0
W = , X = : (18)
0 1

In Equation (1.7), s = 1,2 is the index of the spin state of the particle, & are the Pauli
spin matrices and the product @- k (where k = k/k) is the helicity operator [1] h, with
possible eigenvalues +1 or -1 (assuming k along the z axis) corresponding to s = 1 and

2 respectively.

Due to their extended structure, the nuclear electromagnetic currents are functions of

the electric and magnetic form factors also known as the Sachs form factors [1], G

7V,
and G

N N
1oy -G

mN- gy YN (R i
Tem Ups,sp) |G v (Pf +p2)2MN Trr

u(pi, Si) (1-9)

where 7 = Q%/(2M3) is a kinematic factor, p/; and pf’ are the four-vector components
of the initial and final nucleon momentum respectively, and the superscript N can refer
to either a proton (p) or neutron (n). At Q* = 0, the electromagnetic form factors

are normalized to the values of the nucleon electric charge and magnetic moments (in
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units of the nuclear magneton py = eh/(2m,)):

Gh(0) = 1, GT7(0) =2.793 (1.10)

GE(0) = 0, G7(0) = —1.931 . (1.11)

Replacing the electroweak currents in Equation (1.5) by their respective expressions
(Equations (1.6) and (1.9)), the differential elastic cross section in the laboratory frame
can be calculated from Equation (1.3) [1] and written as a product of the Mott cross
section corresponding to point-like nucleons and a structure function containing the

EM form factors of the nucleons:

do do
— = (= F(Q*)|? 1.12
de el (dQ)Mott | (Q )| ( )
2 N,vy\2 Nyyy2
- L 7 & (G )"+ (Gu) cos? 4 + 27‘(G%’”)2 sin? o
462 sin4 v €; 1 + 7 2 2
¢ 2

where d€); = d¢sdcosty is the differential solid angle of the outgoing electron with
respect to its incidental direction, (do/d€))ar. is the Mott cross section for point-like
particles and F(Q?) is the structure function containing the form factors. Equation
(1.12) is known as the Rosenbluth formula [1] [3]. A set of measurements of the elastic
cross section at different momentum transfers and scattering angles can be performed

to extract the electromagnetic form factors, Gh;7(Q?) and G (Q?).
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1.1.3 Parity violating e-N elastic asymmetries

In 1989, McKeown and Beck [4][5] proposed parity violating (PV) e-N elastic scattering
as an experimental probe to measure the weak form factors of the proton, Gg’ﬁw. The
strategy is to use the parity violating nature of the weak interaction to enhance the
sensitivity to My neglected earlier and dependent on the weak nucleon form factors

analogous to the EM form factors of Equation (1.9).

The Z° boson exchange contribution to the weak interaction amplitude corresponding

to the Feynman diagram of Figure 1.2 is written as:

o GFg,uu

M
z 22

VAN (1.13)

where G = 1.16637 x 107 GeV~2 is the Fermi constant which governs the scale of
the weak interaction. This expression is approximate for Q? << M2 where My is the
invariant mass of the Z° boson'. Jy% and J, fvvé” are the electron and nucleon neutral

currents (NC) respectively, they are defined as [1] [2]:

TIne = Uks,sp)v"(ev + cay’U(k;, s:)

Iney +Inca (1.14)

LThis regime is appropriate for the present discussion, and hence the Z° boson propagator 1/(Q? —
M£%) has been intentionally omitted from Equation (1.13).
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1 GEN —gi~

Nuo oy GEN A _ (L
Ine (pr,sr) |Gy (pf+p2)2MN s

+ "GN | U(pi, 5i)

jz]vvé/fv + j]ifv(fA (1.15)

k,,' : (67'.];') Di: (Enﬁ;)

Figure 1.2: Feynman diagram of elastic electron proton scattering via Z° boson exchange.
The 3 lines on the right represent the 3 valence quarks of the nucleon.

where ¢y and cy are the weak vector and axial charges of the electron respectively,

14243, Note that the EM current operators

~# are the Dirac matrices and 7 = iy%y
defined in the previous section are pure Lorentz vectors whereas the neutral currents

display both vector and axial contributions. Indeed, the neutral current of the nucleon

not only contains the weak form factors, G%N and G]ZV}N, but also axial form factors,

Z,N
Gy
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For the electron weak current, ¢, and c4 are given by [6]:

ey = 2T —4sin® 0y Q (1.16)

cx = —2Tf (1.17)

where Tgfc is the third isospin component of the fermion in the SU(2) weak isospin space
and sin? fy, = 0.2397 & 0.0013 [7] displays the Weinberg angle, fy, also known as the
weak mixing angle between U(1) and SU(2) [1]. @ is the electric charge in units of e in
this context. A summary of the electric and weak vector/axial charges for the different

elementary fermions is given in Table 1.1.

Fermion Q Tgf cy ca
leptons Ve,V ,Vr 0 % 1 -1
e, -1 —% —1+4sin’0y 1

quarks u,c,t % % 1— % sin?@y, -1
d,s,b —% - % -1+ % sin? @y 1

Table 1.1: Electric (Q) and weak charges (cy and c4) of elementary fermions in the Stan-
dard Model.

According to Equations (1.13)-(1.15), the interaction amplitude contains axial-axial
(AA), axial-vector (AV), vector-axial (VA) and vector-vector (VV) contributions. The
axial part violates parity maximally while the vector part conserves parity. For a

longitudinally polarized electron with helicity states h = 41 (right-handed: R) or -1
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(left-handed: L), the following relations can be written:

MGy = Myp+Mph=-MyY (1.18)

MG = MY%+ Mo = MES (1.19)

in which the superscripts PV and PC stand for parity violating and parity conserving
respectively. An observable referred to as the parity-violating (PV) asymmetry can
then be defined [8]:

el dO’R - dO’L |MR‘2 - |ML|2 o Qm(M:MIZ)V)

A%y = = = 1.2
PV dog +do, — [ME]2 + | ME? M, 2 (1.20)

where dog(doy) is the differential cross section for a right-handed(left-handed) elec-
tron scattering from an unpolarized target. The only term left in the numerator is the
interference term between the EM and the parity violating part of the weak amplitude
as all the other terms cancel since they do not depend on helicity. Only the dominant
term | M., |* was taken into account in the denominator of Equation (1.20). The scale
of the PV asymmetry is 1075 to 107, which is given by relative size of the EM and

weak couplings.

The parity violating asymmetry is a function of the electromagnetic and weak form
factors, since the interaction amplitudes M, and M, contain the electroweak currents

of the nucleons defined in Equations (1.9) and (1.15). After a standard calculation [9],
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A%, can be written as a function of the various form factors:

o GrQ? [56’756% + TG&GJ%J —(1- 4 sin? Ow)e'G),G4 (1.21)
PV 2/ 21 5(G79)2 + 7'(GX/[)Q ‘
where
Q2 2 ef - / 2
T=— = |1+21+7)tan* 2| | & =/7(1+7)(1 -2 (1.22)
202, 2

in which the electron mass is neglected (Q* >> m?) in the expression for the trans-
verse polarization (g) of the virtual photon exchanged. Note that the asymmetry
vanishes at zero four-momentum transfer; also, G appears instead of the previously
defined G% as in Equation (1.15). In fact G¢ is a notation for the effective weak ax-
ial form factor including significant radiative corrections (~ 30 %) [10] as opposed to
G% and G%, displaying minor radiative corrections. It should also be noted that the

term eGLG%+71G,G%, arises from MY4 and the term —(1—4sin? Oy )G from M4V

The nucleons are not elementary particles; they are comprised of quarks and gluons.
The naive picture of the nucleon in the context of the Standard Model consists of 3
valence quarks. In a more accurate picture, massless gluons interact with each other to
create virtual quark-antiquark pairs within the nucleon itself. Therefore, instead of the
proton and neutron comprised of (uud) and (udd) exclusively, there is a small fraction

of uti, dd and s5 configurations where u, d and s are the up, down and strange quarks.
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Heavier quark contributions are highly suppressed [11] as the energy scale of Quan-
tum Chromodynamics (QCD), Agep is 200 MeV, and the next lightest quark after s

(with a mass of 95 MeV /c?) on the mass scale is the charm with a mass of 1.25 GeV /c?%.

The electromagnetic and weak form factors contain contributions from the various
quark flavours in the nucleon weighted by their EM and weak charges respectively as
indicated in Table 1.1 [11] [2]:

2
3

1

Gy = ZGEa — 3(G%M +Ghum) (1.23)

8 4
G?X/{ = ll —3 sin? 9Wj| %,M - ll 3 sin” QW} (GCJZE,M + G%,M) (1.24)

where G\, G4 5y and G ), are the electromagnetic form factors corresponding to the
u, d and s quarks in the nucleon. Charge symmetry of the strong interaction implies
that:

u,p _ ~dn dp _ ~un P ISm
G!E7M - G!E7M> G!E7M - GE,M’ GE,M - GE,M (125)

where the s flavour form factor is the same for both neutron and proton. The breaking
of this symmetry is generally at the level of 1 % or less [12]. Given the current exper-

imental level of precision for nucleon form factors, charge symmetry breaking can be
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neglected. Equations (1.23) and (1.24) will then become:

2 . 1 .
Gev = 3GEM — §(GdE,M + GE ) (1.26)
y,n 2 d 1 u s
Gpy = gGE,M - g( wv+ GEar) (1.27)

8 4
Ggﬁw = [1 —3 sin? HW} %,M - [1 3 sin” GW} (GdE,M + GSE,M) (1.28)

4
G?& = {1 - gsin2 HW] G%,M - {1 3 sin’ GW] (Gepm+Goa) - (1.29)

The electromagnetic form factors of the nucleons, G, and Gy, have been exten-
sively measured over the past 60 years; they are treated here as known quantities [13].
An experimental determination of Gé’f}w would then reduce Equations (1.26), (1.27)
and (1.28) to 3 equations with 3 unknowns (G, ,;, G4 5. G3.5) Which can be trivially

solved. In that case, Equation (1.29) will also be fully determined.

Equation (1.21) is generic for both nucleons. Using Gg’f]’w as described by Equation

(1.28), Equation (1.21) can be rewritten as:

GrQ? 1
Ael - _ 1.
PV IN2mae(GE)?2 +7(GYT)? (1.30)

E(GE +1(GHA)Ql + (GRCY + GG Qe

X

+ eGP (Gy +nG3)QY — (1 — 4sin® 0w)GIP G4

where n = 7G}}/(eGP) and QY. Q. Qg,?/) are the weak charges of the proton and

neutron and the singlet weak charge respectively. These are calculated from the ele-
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mentary charges listed in Table 1.1:

QY = 2¢% + =1 —4sin? Oy (1.31)
O — ooyl 4o =—1. (1.33)

Equation (1.30) shows that a measurement of A%, together with knowledge of GEvr
from previous experiments, and knowledge of G determines a linear combination of

% and G,. Therefore, as in the case of the Rosenbluth formula discussed previously, a
set of measurements of this asymmetry for different kinematics (that is different values
of n, e and ¢£’), will allow to extract the strange flavour electromagnetic form factors,

S S
% and G

Figure 1.3 illustrates the angular dependence of the kinematic factors n, ¢ and &’. For
small scattering angles, asymmetry measurements would be more sensitive to G}, as €
is relatively larger than & and 7, as shown in the figure. For larger scattering angles,
which is the case for the GY experiment in backward angle mode, the kinematic param-
eter 7 increases as a function of Q? (as it is proportional to 7), providing an enhanced
sensitivity to G§,;. On the other hand, the sensitivity to G is increased since the
value of € is lower relatively to €’ as seen in Figure 1.3. This can lead to enhanced

uncertainties in the extraction of G, and GY,.
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Figure 1.3: The dependence of n (blue solid), ¢ (pink dashed) and &’ (black dot-dashed)
on the electron scattering angle for Q* = 0.25 (GeV/c)?. The required beam
energy (solid purple) at different angle is also overlaid. Figure taken from Ref.

[2].

The uncertainty resulting from G can be resolved with the help of additional asymme-
try measurements of quasielastic electron scattering with a deuterium target. Indeed,
under the static approximation, the quasielastic asymmetry for scattering of electrons

from deuterium is given by:

B Ayo, + Aoy,

A
I op + 0o

(1.34)

in which A, (A, and 0, (0,) are the asymmetries and cross sections for elastic scat-
tering from the proton (neutron) respectively. It can be shown that the sensitivity of
Ay to G is greater than for a proton measurement at backward angles [6]. The G°
experiment includes measurements of parity violating asymmetries of electron-proton
scattering at forward angles and electron-proton (and deuteron) scattering at backward

angles to extract G, G, and G¢. Both forward and backward angle measurements
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have already successfully been carried out and published [14] [15], and a summary of

the results will be discussed in a later section.

1.1.4 Inelastic scattering asymmetry on the A resonance

The electron scattering process is said to be inelastic when the energy transfer w is
sufficient to make changes in the structure of the target nucleon. The Delta resonance,
also referred to as A(1232), is the first excited state of the nucleon [7] with a mass and
width of 1232 (MeV/c)? and 115 (MeV/c)?, respectively. In the simple quark model,
this resonance corresponds to a magnetic dipole excitation (M1) [16] leading to the
spin-flip of one quark. The quantum numbers of the resonance corresponding to the
total spin (J) and intrinsic parity (P) are J£ = 3/2%. The N — A transition can occur
through inelastic electron nucleon scattering if the energy transferred to the nucleon is
at or near the resonance, (w =~ 310 MeV). Figure 1.4 shows a general Feynman diagram

of this transition via inelastic e-N scattering.
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pi: (B, Di)

ki : (67:, Ei)

Figure 1.4: Feynman diagram of the N — A transition through virtual photon exchange
from electron inelastic scattering. The dominant decay channel for the A is
also represented, where a meson 7 is produced with four-momentum k;, energy
E,; and three-momentum l%r.

Similarly to the elastic electron-nucleon scattering scenario described earlier, the PV
inelastic asymmetry for the N — A transition can be calculated. The relevant processes

are:

e+ N—e+A—e+ N+ Resonant (1.35)

e+ N—>e+N+7 Non-Resonant (1.36)

where N is a nucleon, 7 is a pion and A is the resonance. Using the notation of Ref.

[17], the inelastic asymmetry is written as:

dO’R—dO'L_ GF Q2

Ainel _~Zh =L TF x
PV dog + doy, V2 4ra

[AT) + A%y + AR (1.37)
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Each term of Equation (1.37) arises as an interference between PC amplitudes (as in
Figure 1.4) and PV amplitudes (e.g. Figures 1.6 and 1.7) for A excitation. It will be
seen later that only A?g) can lead to a non-vanishing asymmetry at Q? = 0, due to its
divergent 1/Q? behaviour. A’(Tl) is an essentially structure independent resonant con-
tribution arising from a vector coupling of the Z° to the hadronic current. A@) arises
similarly to A’(Tl) but contains non-resonant background contributions. A?g) is a PV
transition form factor accounting for the axial vector response of the hadronic current;
it contains the weak vector and axial transition form factors C} and C# (i = 3..5)
respectively [17].

The three contributions to A& described above are plotted in Figure 1.5 as functions
of |¢°] = —@Q?, taken from Ref. [18]. The A7, and A, contributions result in asym-
metries that are approximately linear in @Q? and vanish at Q? = 0. For Q? > 0.05
(GeV/c)?, A’(Tl) gives the dominant contribution, and since it is essentially structure
independent, this term is in fact the most reliably known; according to Ref. [18],
Al = 2(1 — 2sin? ) ~ 1.041. The non-resonant nature of Al means that it is

intrinsically smaller than Af}) and much more complicated to express [6].

As discussed in Ref. [18], the axial form factor contribution Af, is given by:

ATy ~ 2(1 — 4sin® Oy ) F(Q?,5) = AT (NO) (1.38)
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where:

ca M3 —Q*— M2\ CcA g+ W —M,\ C&
2 .y Y5 p ) Y4 p) Y3 2
r@ =g [ (B et () e @

p p

(1.39)

where P(Q?, s) is a function of the kinematics and masses only and has a non-vanishing
finite value at Q? = 0. Figure 1.5 illustrates the expected Q? dependence of A’(Tg), which
incorporates a larger uncertainty due to radiative corrections especially at low Q2. Note
the high degree of cancellation in the scale factor (1 — 4sin®#y) ~ 0.04 of Equation

(1.38), which suppresses the overall scale of A’(Tg).
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Figure 1.5: Different contributions to the inelastic asymmetries as a function of |¢?|. Ver-
tical scale: Arg(|¢®)) = AP (Q?). Horizontal scale: |¢?| = Q2. The long-
dashed/dashed straight line corresponds to A%’ﬁl(A(l)) /A%’ﬁl(A(2)) respec-
tively. The curves represents different possibilities for A’ﬁﬁl (A(g)) depending
on the predicted size of the radiative corrections. This Figure, taken from Ref.
[18], was produced for a beam energy of 424 MeV.
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The function F(Q?, s) in Equation (1.38) contains the N — A transition form factors.
Notably, the NV — A transition is purely isovector, implying a change in spin AS = 1.
The consequence is that the asymmetry is not sensitive to the ss contributions to the

form factors, which are isoscalar, in contrast to the elastic case.

The form factors C** are defined in the neutral current channel of A production.
Making standard assumptions, they can be related to the electroproduction and weak
charged current production of the A by performing a rotation in isospin space and
exploiting the conserved vector current (CVC) hypothesis [19]. Measurements of the
N — A transition axial form factors were performed in the weak charged current channel
through neutrino excitation [20], and have considerably larger uncertainties than for
the vector current channel. A measurement of the inelastic electron asymmetry on the
p — AT transition resonance could yield a significantly improved measure of the axial

response of the nucleon in the neutral current channel which is a secondary goal of the

G experiment proposed in Ref. [21].
1.1.5 Radiative corrections to Af;) and A at low Q?

The goal of this thesis is a measurement of A% at low Q% It was seen in Section
1.1.4 that this asymmetry is dominated by the AE})) term in this regime. Radiative
corrections can be potentially large at low Q? for the A?g) term of the inelastic asym-
metry, A% [18]. There are two classes of contributions; the first involves “one quark”

corrections that are calculable in the Standard Model. The second class of corrections,
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involves weak interactions between quarks in the hadron. From the work of S-L. Zhu
et al [22] [23] [10] [18], this type of correction was shown to generate considerable the-
oretical uncertainty in the PV, axial vector e-p amplitudes at low Q%. The A?g) term

of the inelastic asymmetry can be expressed as a sum of the following contributions:

(3 (TOT) = A (NC) + Afy)(Siegert) + Afy)(anapole) + Afy)(d — wave)  (1.40)

where the first term corresponds to the neutral current contribution without the ra-
diative corrections (see Equation (1.38)), the Siegert and anapole terms arise from the
interference between PC M1 transition amplitude and the PV E1 amplitude described
by the Feynman diagram in Figure 1.6. The PV NAx d-wave contribution arising
from the diagram in Figure 1.7 was included in Figure 1.5 but can be neglected as its

value is at least 1 order of magnitude lower for 0 < Q* < 1 (GeV/c)? [18].

Figure 1.6: Feynman diagrams describing the Siegert and anapole contributions to resonant
pion electroproduction. The empty circle located at the yINA “vertex” indicates
a parity violating coupling.
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Figure 1.7: Feynman diagrams describing the d-wave contribution to resonant pion electro-
production. The empty circle located at the NAx “vertex” indicates a parity
violating coupling.

The Siegert and anapole terms arise from the extended Siegert theorem [24] [25], giving
a calculation framework for electric multipole transitions and thus making photonuclear
experiments interpretable theoretically. The leading PV ~-nucleon coupling shown in
Figure 1.6 corresponds to matrix elements of the parity-odd transverse electric dipole
(E1) operator T2 ,, (A = +1) which contains a @* independent contribution and a
term linear in Q2. The corresponding asymmetry is an interference between a PC M1

transition amplitude and the PV E1 amplitude described above:

AT _ 2R(M M)
LR |MM1|2

(1.41)

where M1 and Mg, are the corresponding matrix elements. Taking into account the
1/Q? photon propagator in both amplitudes leads to a Q?-independent contribution to
the asymmetry (Siegert) and a term linear in Q? (anapole). According to the authors

of Ref. [18], in the context of Heavy Baryon Chiral Perturbation Theory (HByPT),
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these contributions to AE},) can be written explicitly as:

8vV2ra da (w+ W — My)

™ ; _ 2

Al (Siegert) = GrQZ OV oA, P(Q7,s) (1.42)
- 8v2rar an

ATy (anapole) = Gri? C—?YP(Q2, s) (1.43)

where aa, da are low energy constants (LECs) whose scale is set by hadronic weak
interactions, W is the total energy in the virtual photon-nucleon center of mass and
A, = 1.16 GeV is the scale of chiral symmetry breaking [26]. The presence of the
1/Q? factor in the Siegert term, as opposed to the other terms, leads to cancellation
of the Q? dependence of the corresponding PV asymmetry defined in Equation (1.37).
The low energy constants aan and da have very large theoretical uncertainties and have
never been measured experimentally. A comparison of the respective size of Equation
(1.42) and (1.43) can be made assuming that (w + W — My)/(2A,) ~ 0.3 near the
resonance peak. If ap ~ da, then the ratio of the two radiative corrections is written
as:

) (Siegert) O,BAi
ATy (anapole) T2

(1.44)

In Equation (1.44), the Siegert term is the only non-vanishing contribution to the

inelastic asymmetry in the photoproduction limit (Q* = 0). Therefore we can rewrite
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Equation (1.37) as:

APH(Q* = 0) = —— AT = C'dy (1.45)

where the proportionality constant C” can be evaluated from Equation (1.42); in prac-
tise, the predictions of Figure 1.5 will be used to extract da from the asymmetry

measurements as discussed in Chapter 4.

1.1.6 Predictions of dx

The natural scale of da is set by the scale for charged current hadronic PV effects:

da = gr = T —38-107° (1.46)

in which F; ~ 94 MeV is the pion decay constant as defined in Ref. [27] and g, is the
scale of weak charged current hadronic PV effects [28]. Possible enhancements from this
natural scale arise in the context of the resonance saturation model (RSM) [29] [30] [31],
which successfully predicts the measured (AS = 1) amplitudes of hyperon? weak de-
cays [32] [33]. The RSM is also the only model explaining the large parity violating
asymmetries seen in their radiative decays. Indeed, the restrictions posed by Hara’s
theorem requires the vanishing® of the E1 term in the expressions for the hyperon ra-

diative decay amplitudes in the SU(3) limit [34]. This also requires the vanishing of

2A hyperon is a baryon containing at least one strange quark.
3The E1 term would contain the tensor matrix element 0,75 F* (where F*¥ is the EM tensor),
which is traceless.
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the PV asymmetry of the decays. In the real world, SU(3) breaking considerations
could lead to non-zero asymmetries [35] [36] [37] on the order of 0.1, but those effects
are not sufficient to explain the very large asymmetries (~ 1) seen in decays such as

ST —=p+y (7.

The Resonance Saturation Model features the inclusion of negative parity resonance
intermediate states in the hyperon decay amplitudes. In practice, negative parity spin-
1/2 octet baryons are coupled to their positive parity counterparts in the Lagrangian
of the decay process. The same method can also be used to make predictions in the
AS = 0 channel’ including v + n — A as studied in this thesis. This provides a
reasonable range of possible values for the low energy constant da. The dominant
part of da corresponds to the “counterterms” where the actual mixing with negative
parity states occur. Because they are governed in part by the short-distance (r < 1/A,)
strong interaction, such terms are difficult to compute from first principles in QCD [18].
In order to estimate d<”, contributions from J™ = 1~ and 3~ baryon resonances are
considered, as shown in Figure 1.8. In that case, a pseudoscalar nonleptonic weak
interaction mixes states of the same spin and opposite parity in the initial and final
baryon states. The « vertex is what generates the AJ = 1 transition. This mechanism

is very similar to the one used to describe the hyperon decays.

4Meaning no change in the strangeness quantum number.
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7 ) N
LN _ =

N R(Y) R(37) NG N(3) R(3)

Figure 1.8: Feynman diagrams describing the resonance saturation contributions to dgT.
The empty circle represents a PV hadronic coupling. The labels R and N denote
baryon resonance and nucleon respectively.

The estimation of da requires a number of considerations [18]:

e In contrast to the purely charged current (CC) AS = 1 nonleptonic weak inter-
action, the Hamiltonian H{;Y' (AS = 0) contains contributions from both charged
and neutral currents. In addition, possible enhancements of the CC components
of HEY (AS = 0) relative to HEY (AS = 1) might occur due to the ratio of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [7], V,4/Vis =~ 4.5. This
can be understood naively from the fact that the N — A transition is not sensitive
to the ss components of the “quark sea” as previously mentioned, in contrast to

hyperon decays where the change in strangeness quantum number, AS = 1.

e There is already a great deal of information available on the AS = 1 hadronic
weak interaction from hyperon decay data. This is not the case for AS = 0.
Therefore, the results from Ref. [29] are used for guidance to set the scale of the

AS = 0 amplitudes.

e The lowest lying well-established resonances which may contribute to the ampli-
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tudes of Figure 1.8 are N(1520) with I(J™) = 2(27) and A(1700) with I(J™) =
2(27) [7). The J™ =1~ resonances are not included, as their transitions to the
A(1232) have not been observed experimentally. Therefore, only contributions

from the Feynman diagram on the left of Figure 1.8 are considered.

From the lowest EM and Weak Lagrangian contributions to Figure 1.8, the counterterm

of da is expressed as [18]:

CRWR

dST(RES) = ————
a (RES) = 30—

(1.47)

in which Mg is the mass of the intermediate negative parity resonance considered,
Cgr and Wpg are constants for a given resonance R characterizing the electromagnetic
and weak amplitudes respectively. From N(1520) and A(1700) experimental decay
widths, |Cis90| and |Cir00| are estimated to be 0.98 +0.05 and 0.70 4 0.13 respectively.
As for Wg, only its value in the AS = 1 case is known from Ref. [29], which is
[Wr(AS = 1)] &~ 2 x 1077 GeV. Hence the estimate for da is scaled by this quantity,
giving [18]:
Wis2o Wizoo

d$T ~ g, |17 8 1.48
AR M AS = 1) T S Wa(AS = 1) (1.48)

where there is an uncertainty due to the fact that only the absolute values of Wy and
Cr are known. Hence, assuming |[Wxr(AS = 1)| = [Wg(AS = 0)|, the predicted range
for the absolute value of da is (9 — 25) g,. As discussed above, possible enhancements
could arise from V,4/V,s, leading to a full range of |da| = (0 — 100) g,. Table 1.2

summarizes the range of predictions [18] for the LECs da and aa contributing to the
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radiative corrections of the inelastic asymmetries at low Q2.

LEC Best value Reasonable range
|da(RES)| 25 gr (0 — 100) g,
apn(VMD) 15 g, (=15 = 70) gx

Table 1.2: Best values and predicted ranges for the low energy constants that contribute
to the radiative corrections of the inelastic asymmetry. The predicted range of
values for aa was calculated using Vector Meson Dominance [38] [18].

To first order, da is potentially the only contribution to the parity-violating asymmetry
when Q% = 0. A non-vanishing ax would give the asymmetry slope for Q? # 0 as seen
from Equation (1.42) and (1.43). Theoretical uncertainties in the value of da can
potentially have a great impact on the extraction of the axial N — A transition form

factors. The impact of the measurement of d is discussed in Chapter 4.

1.1.7 Pion photoproduction on the A resonance

The value of da can be accessed experimentally through a measurement of pion produc-
tion asymmetries on the A resonance in the photoproduction limit, that is, when the
propagator of the electromagnetic interaction, v, becomes a real photon. The process

of interest pictured by the Feynman diagram of Figure 1.9 is:

Y +n— A%1232) = p+ 7 (1.49)

where the arrow above v emphasizes the polarization dependence of the process. Exper-

imentally, the polarized photon beam is created via Bremsstrahlung radiation within
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the target arising from the high electron beam energy (362 MeV) in the G° experiment.

pi: (Eh@)

Figure 1.9: Feynman diagram describing resonant pion photoproduction.

In xPT, the parity violating asymmetry for pion photoproduction on the A° resonance,

Equation (1.49), can be written to lowest order as [39]:

2d~ My
A = AN 1.50
" oy A" (1.50)

where CY is the dominant N — A vector transition form factor and dy is the LEC

[43

characterizing the weak yNA coupling. The “...” in Equation (1.50) represents higher
order contributions from non-resonant backgrounds. A few remarks have to be made
regarding this equation. First, the photoproduction asymmetry corresponds to the

Q% = 0 limit of A%¢ discussed in Section 1.1.4 (see Equation (1.45)). Secondly, an

additional contribution to 7~ production on the A° resonance of equivalent magnitude
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at very low four-momentum transfer (Q? < 0.01 (GeV/c)?) has to be considered in the
GO experiment:

e+n— A%1232) we+p+7 . (1.51)

Since the electro- /photo-production contributions cannot be separated experimentally,
one has to estimate the respective size of the two contributions and perform an ex-
trapolation to Q% = 0 of the virtual photon prediction using Figure 1.5. As mentioned
earlier, the natural scale for d (where the “-” superscript means that the LEC is mea-
sured for 7~ production) is 1078, However, as shown in Section 1.1.6, the magnitude of

observed AS = 1 PV asymmetries suggests enhancements of d; up to the 1079 scale.

1.1.8 Experimental observables and goals of the
G experiment

The experimental observables in the GY experiment are asymmetries between the scat-
tering rates on a proton or deuteron target with an incident electron (or photon) po-

larized with helicity h = +1 (right-handed: R) and —1 (left-handed: L) respectively.
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The G° experiment is sensitive to the following:

o ALR: the elastic electron asymmetries (Equation (1.30)), which enable the ex-
traction of the strange quark contribution to the form factors G4 (Q?%), G5;(Q?)
and the axial form factor G%.

o ALR: the inelastic electron asymmetry (Equation (1.37)) containing the N — A

transition axial form factors C{(Q?).

o ALE: the pion asymmetry, enabling a measurement of the low energy constant

da.

The pion asymmetry AL is closely related to Equation (1.50). The focus of this thesis
is on AL and the extraction of the low energy constant dy. However an overview of
the previous experiments on G%, G, and G¢ will be discussed first, as this sets the

context motivating the G° experiment, and of the pion asymmetry analysis.
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1.2 Review of experimental data

In this section, a brief review of the past and present experiments on PV e-N scattering
and a summary of the implications for G%, G4, and G are provided. A discussion of

the current data on the N — A transition form factors is also given.

1.2.1 Previous PV elastic e-N scattering experiments

Table 1.3 shows a summary of the recent measurements of G, G3, and G¢. Following
the pioneering Prescott experiments which were pivotal in establishing the Weinberg-
Salam electro-weak part of the Standard Model [40][41], SAMPLE [42][43][44] at MIT
Bates was the first PV elastic e-N scattering experiment at low momentum transfer
aimed at extracting these form factors; this was followed by PVA4 [45][46] at Mainz
(Germany) and G° [47] in forward angle mode at Jefferson laboratory (in Hall C), then
HAPPEx I and II [48][49][50][51] in Hall A of the same laboratory. The most recent ex-
periments are the new HAPPEx measurement at Q* = 0.1 (GeV/c)? [51] and now G° in
backward angle mode at Q* = 0.22 and 0.63 (GeV/c)? [15]. The kinematics leading to
the sensitivity of forward and backward angle measurements to the various form factors

are understood from the previous discussion at the end of Section 1.1.3 (see Figure 1.3).
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Experiment HAPPEx SAMPLE PVA4  G° Forward G Backward

Facility J. Lab  MIT Bates Mainz J. lab J. lab
Target H, ‘He H, D H H H, D
Sensitivity % Gy S G% w Gy Gp+nGy, Gy +nGhy, G
Q? (GeV/c)? 01,048 004,01 01,023 0.12- 1.0 0.22 , 0.62
6y Forward Backward F /B Forward Backward

Table 1.3: Summary of previous PV e-N scattering experiments with their respective main
kinematic settings and sensitivity to the form factors. The G backward kine-
matics are also shown.

1.2.2 The G" Experiment

The G° experiment [52] aimed at measuring accurately over a broad range of Q* the
strange quark contributions to the elastic nucleon form factors. The main feature that
differentiates the GY experiment in forward angle [53] [47] mode from previous experi-
ments is the broad range of Q% it covered. Combined with the backward angle mode,
GY is also the most complete measurement, as it is sensitive to all 3 contributions G%,

s; and G4. For this purpose, the GY experiment makes use of the electron beam
accelerator located at the Jefferson laboratory, Newport News, VA. The latter can
accelerate electrons up to 6 GeV, with a polarization of more than 80 % and with
helicity correlated beam properties small enough to achieve PV scattering asymmetry

measurements at the part per million (ppm) level.

A key feature of the G° experiment is that the same basic equipment can be used to
perform both forward and backward angle measurements. Kinematic considerations

and the design of the detection apparatus lead to dramatically different Q? acceptances
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for the G° experiment in forward and backward angle mode. In forward angle config-
uration, G° measured A%, for a wide range of Q? simultaneously (see Figure 1.10).
In contrast, the backward angle measurements were done at two averaged values of
Q?, specifically 0.22 and 0.62 (GeV/c)?, set by two different beam energies, 687 and
362 MeV respectively. Details of the G apparatus and experimental conditions are

discussed in Chapter 2.

1.2.3 Global data on G%, G, and G

The results from the forward angle measurements [47] of GY are shown in Figure 1.10.
The inner error bars are purely statistical and the outer error bars are the total point
to point experimental errors. The grey bar at the bottom of Figure 1.10 corresponds
to model dependent errors and the bar at the top of the figure represents global sys-
tematic errors. The results from the G experiment at forward angle and HAPPEx
show a small systematic positive trend for G%, +nG3, suggesting that either G, or G,
differ from 0 at some values of Q. The HAPPEx measurements, shown as diamonds,

are consistent with zero.

Extracted values of G%,, G4, and G from the G° experiment in backward angle mode
combined with the forward angle measurements are summarized in Figure 1.11 [15].
The square data points correspond to the results from the G° experiment in backward
angle mode combined with the forward angle results at similar Q? values. For G%

and G%;, the round data points correspond to the PVA4 measurement at Q% = 0.22
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Figure 1.10: G° forward angle result: G% + 1G5, as a function of Q?. Description of the
Figure (taken from Ref. [54]) is in the text.

(GeV/c)? [45]. The triangles represent a global fit of the available data on G%, and G3,
near ) = 0.1 (GeV/c)? performed by the authors of Ref. [55]. The results indicate
that the strange quark contribution to the elastic charge and magnetic form factors of
the nucleons is less than 10 %. The non-zero value of G%, at Q* = 0.63 (GeV /c)? arises
from the results of G’ measurements in forward angle mode (see Figure 1.10). Future
forward angle experiments at Q* = 0.63 (GeV /c)? at Jefferson Lab and Mainz will fur-
ther improve the accuracy of the precision of these determinations. Recent calculations
from Adelaide [56] [57] [58] (brown bars) and Kentucky [59] (empty triangles) groups

are also shown.

The results of the GY experiment for G¢ are shown in the bottom graph of Figure 1.11.
The diamond-shaped data point at low (? is a calculation from the authors of Ref.

[10] and the triangles are from the SAMPLE measurements [44]. A parametrization of
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% cc measured through charged current neutrino scattering and corresponding to G

to lowest order is also drawn in Figure 1.11 [60].

. :
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" O‘O L = Kentucky
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Figure 1.11: The form factors G, (a), G3,; (b) and G4 (c) determined by the forward and
backward angle modes of the G? experiment. Error bars show statistical and
statistical plus point-to-point systematic uncertainties (added in quadrature).
Shaded bars below the corresponding points show global systematic uncertain-
ties (for G%). A description of the various data points is in the text. Figure
taken from Ref. [15].
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1.2.4 N-A transition form factors

Presently, there exist considerable data on the vector current transition form factors
CY which have been obtained with electromagnetic probes. A comparison of these
experimentally determined quantities to theoretical predictions points to significant
disagreement [17]. Both lattice QCD calculations [61] and spin-flavour SU(6) based
constituent quark models [62], for example, underpredict the data by ~ 30%. In con-
trast, only a limited amount of data exist for the axial transition form factors C* [20],

obtained from charged current experiments, and these data have considerably larger

uncertainties than the vector current form factors.

The form of the C’Z-V 4 that best fit the data so far is given by the Adler parametriza-

tion [63]:

CAQY) = CA) (1+bff;2) (1+%)_1 (1.52)
cr@) = ) (1+jj—;)_l (153)

where C’Z-A Y(0), a; and b; are the model-dependent axial-vector form-factor parameters
determined for the Adler model [17]. In Equation (1.52) and (1.53), the Q* dependence
is mainly a function of the vector and axial masses, My =~ 0.85 GeV/c* and M, ~ 1
GeV/c? which are determined experimentally [20]. The current values of C#* are in-

corporated in the prediction of A% of Figure 1.5 that will be used to extract da from
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the G° experimental data.

There are currently no experimental data on the axial N-A transition form factors in
the neutral current channel, which the G° experiment aimed to address. Given the large
theoretical uncertainties from radiative corrections described earlier, a measurement of
the low energy constant da is important for the extraction of the C/’s in the neutral

current sector. This measurement is the main topic of this thesis.
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Chapter 2

The G experiment

The G° apparatus was designed to have a large acceptance for e-p scattering in forward
and backward angle mode to measure PV asymmetries for a wide range of Q%. The
scattered recoil proton (forward) or electron (backward) momenta were analyzed in a
large superconducting toroid spectrometer and detected in arrays of scintillation coun-
ters. The detector/magnet configuration was physically reversed in the experimental
hall to go from forward to backward angle mode, and additional instrumentation was
added for particle identification in backward angle mode. The original proposal [52] of
the G experiment was first approved in 1993. Since then, the forward angle measure-
ments were performed, and the results were published [47] in 2005. For the backward
angle measurements, data were collected in 2006-2007, and results for the main data

were published [15]. Table 2.1 gives the main milestones related to the G° experiment.

41
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Year Event

1993 First Proposal

2003 Installation

2004 Forward angle data taking

2005 Publication of forward angle results
2006/2007 Backward angle data taking

2009 Backward angle results (PRL)

Table 2.1: Main milestones related of G° experiment.

The details of the GY backward angle apparatus will be discussed in this chapter, but

a brief comparison with the forward mode is needed, to understand its current design.

2.1 The G’ experiment at forward angle

Figure 2.1 summarizes the design of the G° apparatus in forward angle mode. Polarized
electrons accelerated to 3.03 GeV were scattered from a 20 cm liquid hydrogen target.
The recoil protons were deflected by the Superconducting Magnet System (SMS) onto
8 azimuthally arranged sets (octants) of 16 scintillator bars, also referred to as Focal
Plane Detectors (FPDs). Essentially, each scintillator defines a separate Q% bin for
the scattered electrons. The large range of Q?, from 0.1 to 1 (GeV/c)?, results from
the large acceptance created by the combination of the SMS and the FPDs. The G°
experiment at forward angle was a “counting” mode experiment, in which the time of
flight (ToF) of the particles between the target and the FPDs was used to identify and
count the recoil protons corresponding to e-p elastic scattering. Given the geometry
and kinematics, this ToF separation of the scattered particles could be achieved only

if the electron beam was pulsed at a relatively low frequency (31 MHz) compared to
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the accelerator RF.

Superconducting
Coils

Particle
Y \ Detectors

Electron Beam

LH, Target

Figure 2.1: An overview of the G? forward angle setup. The superconducting magnet coils
are shown in purple. The colored bars on the right are the FPDs. One octant
was removed from the picture for clarity. Figure taken from [2].

Figure 2.2 shows an example of a ToF spectrum for FPD 8, where we see a clear
elastic peak corresponding to the recoil protons and a secondary peak coming from 7.

There is also a broader inelastic spectrum underneath the main peaks. Details on data

analysis related to the forward angle measurement are found in [2].

2.2 Comparison with backward angle measurements

A schematic of the G apparatus in forward and backward angle modes is given in
Figure 2.3. The target is located at the center of the magnet system. This allows the
magnet to deflect the final state particles one way or another simply by reversing the

polarity of the power supply. At forward angles, since the outgoing electrons are very
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Figure 2.2: ToF spectrum for FPD 8 in the G experiment at forward angle. Figure taken
from [2].

close to the beam line, the recoil protons were detected instead.

Magnet P
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| | >

Target

Magnet
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Target

Figure 2.3: Schematic of the GY apparatus in forward and backward angle modes. The red
bars represent arrays of detectors, and the arrows represent the direction of the
electron beam.

The reaction kinematics have implications for the method used to track particles at
forward and backward angles. At forward angles, the time needed by a proton to reach
the detectors starting from the target is relatively large (22 ns) due to its mass. This
makes a time of flight method appropriate to track and count recoil protons as shown

previously in Figure 2.2. This can be done if the beam is pulsed at a frequency of
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1/(22 x 107?) & 45 MHz or lower. At backward angles, the scattered electrons are rel-
atively faster, but also the scattering cross section is smaller. To achieve a comparable
statistical accuracy, the beam current has to be higher, and a time of flight method can-
not be used for particle identification. Therefore, additional detectors were added for

particle identification to use the G® apparatus in coincidence mode at backward angles.

There are differences in the covered kinematic ranges for elastic scattering between the
forward angle and backward angle modes of the experiment. At backward angle, the
outgoing electrons are highly relativistic due to their light mass; therefore, the magnetic
field only selects a narrow range of angles. At forward angle, the recoil protons have
a much broader range of velocities, leading to an increased acceptance with respect to
the spectrometer. Given the higher beam energy at forward angle, this translates into

a wider range of ) acceptance, as shown in Figure 2.4.

At backward angle, the detectors cover a narrow range of angles (0.07 rad). Therefore
the backward angle measurements are done at two averaged values of %, specifically
0.22 and 0.62 (GeV/c)?, set by two different beam energies, 362 and 687 MeV respec-
tively. The description of the G® apparatus in the next sections is focused on the 362
MeV data set with the LD, target, as the measurement of pion photoproduction asym-
metries on the A resonance was possible at this particular energy /target setting. While
a few references to the 687 MeV data set are given in this writing, a full discussion of

the G° apparatus for all data sets is given in Ref. [8].
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Figure 2.4: Four-momentum transfer versus scattering angle for recoil protons at forward
angle on the left (beam energy is 3 GeV) and for scattered electrons at back-
ward angle on the right (beam energy is 362 MeV) on the right. The angular
acceptance of the apparatus is indicated by the vertical bands shown on the
graphs.

2.3 G apparatus in backward angle configuration

The G° backward angle measurements were made with liquid hydrogen and deuterium
targets. For the LH, target cell, the G° apparatus in backward angle configuration is

sensitive to the following processes:

elastic: et+p—e+p (2.1)
etp—et+ At we+p+a

inelastic: (2.2)

y+p— At = p+a°

where the particles detected by the apparatus are underlined.
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The neutron target is indirectly provided by liquid deuterium (LD,). In that case, the

apparatus is sensitive to additional processes:

quasi-elastic: e+n—e+n (2.3)

e+n—-e+ A" —se4+n+n
inelastic (7"): (2.4)

y+n— A%(1232) = v +n + x°

e+n—e+A%1232) s e+p+m
inelastic (77): (2.5)

vy+n— AY(1232) > y+p+ 7~

The neutral pions are detected indirectly through their decays:

™ =g+ — 2t +2e” (2.6)

Elastic scattering (2.1) with a proton target, and quasielastic scattering (2.3) from a
neutron target are the processes of interest for the primary goal for the G experiment.
The two inelastic processes (2.5) are the ones of interest for the measurements of 7~
asymmetries in the photoproduction limit and thus for the extraction of da. Section
3.9 of Chapter 3 will provide a detailed simulation of 7~ production for the G° exper-
iment at backward angle with a beam energy of 362 MeV and a LD, target and will

demonstrate that (Q?) < 0.01 (GeV/c)? in that configuration.



48 Chapter 2. The G° experiment

The contributions to the expected rates in the G° apparatus with an LD, target at a
beam energy of 362 MeV are listed in Table 2.2. This shows that negatively charged
pions are the most significant source of background for the quasi-elastic electron data.
This demonstrates the need for an additional particle identification system with a high
efficiency for detection of electrons and a 7~ rejection factor of 1/100 or better in
order to measure quasi-elastic electron asymmetries. The absence of inelastic electron

rates for a beam energy of 362 MeV is due to the low energy and the spectrometer

acceptance.
Particle Reaction number Expected Rates (kHz/uA)
Quasi-elastic e~ (2.1),(2.3) 100
. (2.5) 160 (320)
Inelastic e~ e+ N—-A—e+N+nx
70 (2.2),(2.4),(2.6)

Table 2.2: Total expected rates in the G° apparatus for the backward angle measurement
with a beam energy of 362 MeV and a LDs target. The rates are normalized to
the beam current given in pA. The number in parentheses for the expected 7~
rates comes from the early simulations performed before the running of the G°
experiment at backward angle. No inelastic electrons are expected to be detected
at 362 MeV as they lose too much energy during the inelastic scattering process.
Inelastic electrons are detected at the higher beam energy, 687 MeV.

The main requirements that guided the design of the apparatus were as follows:

e Detect outgoing electrons for elastic and inelastic asymmetries: The separation
between elastic and inelastic events was achieved through the use of a toroidal
superconducting magnet spectrometer and coincidences between scintillation de-

tectors (CED-FPD).
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e [dentify particles, mainly to suppress 7~ background: The identification was done
through a third coincidence with a Cerenkov detector. The pion events were also
recorded for the measurement of da, as discussed above.

e Count raw detector rates of a few MHz and correlate them with the beam struc-
ture: A custom data acquisition system combined with fast electronics was used
to resolve all the coincidences and also to collect data from ancillary measure-

ments.

The high 7~ rates, and the requirements for an additional particle identification sys-
tem, also enabled a measurement of pion asymmetries to be made concurrently with

the quasi-elastic electron asymmetries using the same apparatus and electron beam.

An overview of the G? apparatus in backward angle mode is pictured in Figure 2.5. The
detector package consists of 8 sectors also referred to as octants, arranged symmetrically
around the beam line. One octant contains two arrays of scintillator bars; the Cryostat
Exit Detectors (CED) and the FPDs. There is also a Cerenkov detector located at the
exit of the CEDs with respect to the outgoing particles from the target to perform the

identification between pion and electron tracks.
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CED + Cerenkov

Figure 2.5: Simplified view of the GY apparatus for one octant. The blue (FPD) and red
(CED) bars represent the arrays of scintillators. The yellow blocks on the right
represent the collimator system.

2.3.1 Beam requirements

To achieve the statistical and systematic accuracy required to measure parity violating
asymmetries in e-p and e-n scattering at the part per million level, a polarized electron
beam, with helicity correlated parameters small enough to not generate any significant
false asymmetries is required. Appropriate values for those beam parameters were

defined in Ref. [64] and are listed in Table 2.3.

In the next sections, a description of the polarized electron beam and its transport to
the apparatus will be provided. This will be followed by an overview of the different
components of the GY apparatus with an emphasis on the particle identification system,
and a brief description of the DAQ system. Then a summary of the data collected for
the dataset corresponding to the LD, target and the electron beam energy of 362 MeV

will be presented.
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Beam Parameter nominal DC value maximum helicity correlations
Energy 360 MeV 0.0005 keV
Average Current 80 nA 2 ppm
Position at target “0” 40 nm
Angle at target “0” 4 nr
RMS width at target 200 pm 4 pm
Polarization 70 % (N/A)

Table 2.3: Required nominal beam parameters and allowed limits on their helicity correlated
variations. The latter correspond to average values over the running of the
experiment.

2.4 Polarized electron beam

The Jefferson Laboratory features a Continuous Electron Beam Accelerator Facility
(CEBAF) that can provide beams of highly polarized electrons up to 6 GeV. CEBAF
consists of an injector, two linear accelerators connected to recirculation arcs and an
extractor, also referred to as the beam switchyard, as seen in Figure 2.6. The electron
beam, which is essentially DC, can be delivered to 3 experimental halls simultaneously
at 499 MHz each, to meet the demands of the experimental program. The G° appara-

tus was located in Hall C.

The injector contains a 100 kV GaAsP photoemission electron gun to generate a po-
larized e~ beam, as seen in Figure 2.7. There are three independent fiber-based laser
systems [65] ideally providing independent polarized beams to each experimental hall.
The laser light is circularly polarized through a Helicity Pockels Cell (HPC), as required

to produce spin polarized electrons. The high voltage applied to the HPC is reversed
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Figure 2.6: Schematic view of the CEBAF accelerator and experimental halls.

periodically, which in turn reverses the polarization of the electron beam. This creates
an 85 % polarized electron beam pulsed at 499 MHz that can reach DC currents of
up to 200 pA. The electron gun is stabilized through feedback loops to the rotating
half wave plate RHWP and piezoelectric mirrors (PZT) to minimize helicity correlated
changes in beam parameters. The beam intensity is adjusted with the Intensity Atten-

uator (TA).

The spin reversal frequency at CEBAF is 30 Hz, in order to cancel 60 Hz noise due to
the cycle of the power line. Each 1/30 s will be referred as a macro-pulse (MPS) rep-
resenting about 15 x 10° RF pulses with the same helicity state. The electron helicity
of a given MPS is defined by the polarity of the electric field in the Helicity Pockels
Cell. In between MPSs, there was a ~500 us period, during which the data taking was

inhibited, to allow the high voltage on the HPC to settle. The helicity flip sequence
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Figure 2.7: Schematic of the electron gun. A description of the different components is
given in the text.

was generated in a quartet pattern, such as + — —+ or — + +—, in order to minimize

the effect of long term drifts.

To avoid bias in the data sequence, the helicity bit of the first MPS within a quartet
was set by a software pseudo-random bit generator [66]. To further eliminate poten-
tial cross-talk of the helicity bit with the detector electronics, the actual helicity state
that was reported to the experimental data acquisition was delayed by 8 MPSs, to be
reconstructed later in software. In addition to the 30 Hz spin reversal, an insertable
half wave plate (IHWP), seen in Figure 2.7, can be placed in front of the laser every

few days to reverse the overall helicity of the electron beam.

Ideally, the electron beam polarization is fully longitudinal at the G° target; in reality

this may not be exactly the case. Spin precession along the trajectory of the electron
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beam arises due to interations with the magnetic field used steer it through the injector
and recirculating arcs. Electron spin misalignments were partially corrected through
the use of a Wien filter [67] at the injector, but small residual transverse polarization

components were found in the data, as discussed in Section 3.8.2 of Chapter 3.

2.5 Polarimetry

The electron beam polarization, P,, is approximately 85 % at CEBAF. It is important
to measure the beam polarization, as the measured PV asymmetries are proportional
to its value. The polarization of the G° beam was measured periodically with the
standard Hall C Mgller polarimeter [68] [69] but also with a Mott polarimeter [70] for

the low energy setting of G°.

2.5.1 Mgller polarimeter

The Mgller polarimeter is based on the well known spin dependence of electron-electron
scattering. If both the incident beam and the target atomic electrons are polarized
longitudinally with polarizations P, and P, respectively, then the asymmetry of the
scattering cross section between the beam-target spin parallel and anti-parallel config-

urations is given by [68]:

do ™" do™
- in? O (8 — sin® Ocar)
Apr = B2 dY _pp A A (Goy) = — LM il 2.7
T Aot dot bhieEs (bow) (4 — sin? Ocpr)? o (27)

@ e
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where do/dS is the differential cross section for electron-electron scattering, A,.(f0c )
is the analyzing power of the Mgller scattering, and 6, is the center-of-mass scattering
angle. The first superscript in do/dS2 indicates the target spin while the second super-
script indicates the electron beam spin. The expression for A,,(0cys) is a very good
approximation for high energy electrons (7 > 1). With a known target polarization
P,, a measurement of the scattering asymmetry, A,,, allows the beam polarization
to be deduced. The analyzing power A,, peaks at 0oy = 90°, giving A,, = —7/9.
Background due to Mott scattered electrons (described in the next section) is reduced

by detection of the 2 Mgller scattered electrons in coincidence.

The Hall C Mgller polarimeter is located 40 m upstream of the Hall C target; there is
no further polarization change due to beam transport before the electron beam reaches
the G° target. The layout of the polarimeter is shown in Figure 2.8. The Mgller tar-
get is made from a 4 pm thick Fe foil oriented perpendicular to the incoming beam
direction. The target is polarized to saturation with an out-of-plane 4 T magnetic field
provided by a pair of superconducting Helmholtz coils. For pure iron, the polarization

under this circumstance is very well known: P, = 8.00 = 0.02% [68].

The electron spectrometers are made up of two quadrupole magnets, ()1 and @2, sep-
arated by 3.2 m, with a collimator in between to exclude small angle and high energy
scattered electrons from elastic electron-nucleus scattering, and focus only the Mgller

electrons with 90° center-of-mass scattering angles onto the detectors. Located 7.85 m
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Figure 2.8: The layout of the Hall C Mgller polarimeter. Figure taken from [67].

downstream of ()5, two left - right symmetric detectors are positioned with lead slits
in front of both of them, to further define the angular acceptance. In front of the
main detectors, there are two hodoscopes, each made up of 14 vertical scintillator bars,
which provide information on the scattering angle. A left/right detector coincidence
is required such that the Mgller scatter/recoil pairs are detected with essentially no
background. The asymmetry between the two beam helicity states is measured, which

leads to a determination of the beam polarization using Equation 2.7.

The system of a movable collimator and the pair of quadrupole magnets allows the
Mpgller polarimeter to be tuned for a beam energy range of 0.8 to 6 GeV, determined
by the angular acceptance of the detectors. Below 800 MeV, the laboratory angle for
Mpgller scattering at 90° center-of-mass angle increases rapidly, as shown in Figure 2.9.
By shifting the first quadrupole about 21 cm closer to the superconducting solenoid,
a measurement of the polarization at 687 MeV beam energy was made possible. Un-

fortunately, attempts at 362 MeV were largely unsuccessful at providing an accurate
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measurement of the beam polarization [71].
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Figure 2.9: Mgller scattering angle in the laboratory frame as a function of beam energy
when the center of mass angle is 90°.

As the Mgller measurement process is invasive requiring a separate beam tune and
insertion of a polarized target foil into the beam, the beam polarization measurements
could not be performed simultaneously during the G° PV asymmetry measurements.
Instead, several measurements of the beam polarization were made at regular intervals
during the G® backward angle experiment. The graphs in Figure 2.10 show all the

measurements performed during the 687 MeV data runs for G°.

These measurements are consistent with a constant average value of [71]:

P,(687) = 85.78 & 0.07q¢ & 1.38,s % (2.8)
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Avg. Pol. = 85.81+/-0.16%
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Figure 2.10: Mgller polarization measurements taken during 687 MeV running for G%. In-
ner error bars denote statistical errors only, while the outer error bars denote
the statistical and point to point errors added in quadrature. The solid line is
a constant fit to the data (reduced x? is 0.80). Figure taken from [71].

For 362 MeV, the Mgller polarization measurements yielded an average result of:

P,y(362) = 89.22 = 3.24,1y & 4.61,,, % (2.9)

Unfortunately, the accuracy of the Mgller polarization measurement at 362 MeV was
not satisfactory to meet the precision required for G°. The problem is that only one
measurement at 362 MeV was partially successful with an unusual Mgller optics tune
and a maximum solenoid field of 1 Tesla [71]. This issue was addressed by additional
polarization measurements using the Mott polarimeter at the polarized injector, as

described in the next section.
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2.5.2 Mott Polarimetry

The Mott polarimeter [70][67] allows a measurement of the beam polarization within
the injector, where the beam energy is 5 MeV. The Mott polarization measurement
is based on transversely polarized electron-electron scattering from a high 7 target.
The interaction of the orbital angular momentum (magnetic field) with the magnetic
moment of the scattered electron (spin) leads to a spin-orbit coupling term in the
scattering potential. Referring to Figure 2.11, the differential cross section as function
of the scattering angles (6, ¢) is given by [67]:

do(0,¢) _ doy(0)

e o S(0)P - n) (2.10)

P (polarization)

» k' (scattered electron)

k (incident electron)

Figure 2.11: Diagram of Mott scattering from a target. In this diagram, the scattering
angle is in th? plz}ne formed by & — 2. The azimuthal angle (¢) is zero in this
case, as . = k X k' is aligned with P. Figure taken from [67].

where 0 (0) is the unpolarized cross section, n is the unit vector normal to the scattering

plane and P, is the incident electron polarization. S(6) is known as the Sherman
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function [72]. From Equation (2.10), a scattering asymmetry is defined as:

A= R pg(6) (2.11)

where the labels “R” and “L” refer to a scattered electron on the right or left side of the
beam line (looking downstream) respectively. S.s¢(#) is the effective Sherman function
which takes the target thickness into account [67] [70] and is maximized at large angle
(S(172.6°) &~ —0.5). Therefore, an asymmetry measurement of Mott scattering at large

angle permits the beam polarization to be deduced.

The setup of the Mott polarimeter is shown in Figure 2.12. The target consists of a
5 pm gold foil. A set of collimators defines a scattering angle of 172.6° and a solid angle
of 0.18 msr. Two sets of detectors, each containing a pair of scintillators attached to
photomultiplier tubes, are located on each side of the beam line. The asymmetry in
detected elastic events between them enables a measurement of the beam polarization

using Equation 2.11.

Mott measurements were performed during both the 687 and 362 MeV running periods.
Figure 2.13 shows a clear consistency between the 2 sets of measurements indicating
that the average polarization did not change between the two running periods; however,
the measurements are much noisier, and the reduced x? is significantly larger than

unity for both sets of data as compared to the Mgller measurements at the higher
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Figure 2.12: Main view of the Mott polarimeter apparatus; the electron beam comes from
the left and hits the gold foil on the target ladder. The scattered particles
at large angle go through thin aluminium windows to reach the scintillation
detectors. Figure taken from Ref. [67].

beam energy. The electron beam polarizations as measured by the Mott polarimeter
are systematically lower than for the Mgller measurements which were discussed in
the previous section. Given that the Mgller polarimeter is intrinsically a much more
accurate device, Mgller polarization measurements were used to calibrate the Mott
polarimeter asymmetries resulting in a renormalization factor of: 85.8/82.86. The
systematic error was increased due to fluctuations of the Mott results [71] during the
362 MeV running period, and the final beam polarization that was deduced for the 362
MeV pion data is:

Py(362) = 85.78 & 0.07q; £ 195, % (2.12)
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This polarization value corresponds to the value of the Mgller measurement at 687
MeV with an increased error. The systematically lower value for the Mott measure-
ments with respect to those from the Mgller was attributed to an increased sensitivity

to and insufficient handling of potential background contributions in the Mott data

analysis [71].
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Figure 2.13: Comparison of the Mott beam polarization results for 362 and 687 MeV run
periods. Figure taken from Ref. [71].

2.6 Beam monitoring and helicity correlated effects

Ideally, when the spin of the electron is flipped, only the longitudinal beam polariza-
tion should reverse. However, other important beam parameters have potentially small
correlations with the electron helicity, and could hence create false asymmetries in the
GY experiment. To quantify the helicity correlated (HC) changes in beam parameters,

the beam current as well as its position and incident angles were measured using beam



2.6. Beam monitoring and helicity correlated effects 63

current /position monitors (BCM/BPM) as described in this section. The beam energy
was monitored with the use of a BPM at the end of the arc section. The halo, which
corresponds to a cloud of unfocused electrons around the beam line, was monitored
using scintillation detectors. All the parameters that were monitored were associated

with the helicity state of the electron beam.

The HC difference for beam parameter ¢ is defined as:

AP, = P — P (2.13)

where P~ represents the value for the beam parameter i for + and - helicity states.
The helicity correlated changes in beam current are defined in a slightly different way.
In that case we refer to a charge asymmetry that is given by:

-1

S E 92.14
Tt (2.14)

where I}, is the beam current. The HC beam parameter differences contribute to a false

asymmetry defined as:
—~ 0A
OF,

Afalse - AR (215)

i=1
where n is the number of beam parameters considered, 0A/0P; is the sensitivity of
the measurements to the ¢th hc beam parameter variation, and AP; is defined above.

Simulations of apparatus yield estimates for JA/OP; were used to set the acceptable
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limits on AP; (see Table 2.3). Induced modulations during data taking enabled actual
0A/OP; to be measured. The devices used to monitor the beam parameters were

located just upstream of the G° target as seen in Figure 2.14.

1.4 meters
D beamline
BPM .BCM x2 fast raster Intrumentation . G0Target
after last “Unser (X,y) girder: :
bend into “monitor :
hall . . - 2x BPM
(beam energy) : : - 1x BCM

- associated
monitors
21 meters
26 meters

Figure 2.14: Schematic of the beamline from the Hall C extractor to the target. The fast
raster system in the figure was used to increase the width of the beam profile
to minimize boiling the target. Figure based on Ref. [8].

The charge asymmetry Ag needed to be measured with an accuracy better than 2
ppm. For that purpose, two types of monitor allowed measurements of the current of
the electron beam. The first type is the Unser monitor, based on the principle of a DC
current transformer [73]. The Unser, consisting of 2 magnetic toroids around the beam
line, enabled non invasive beam current measurements. While the gain of the Unser
monitor is well known, the device is sensitive to ambient temperature variations and
magnetic fields, creating DC offset fluctuations and drifts of the current signal. There-

fore, the Unser monitor could not be used for accurate beam current measurements.
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Instead, two resonant cavities also referred to as beam current monitors (BCMs) dis-
playing the required stability (see Table 2.3) were used for G°. Consisting of a 15.2 cm
long metal cylinder with a diameter of 15.5 cm, the BCM is a waveguide designed to
be sensitive to the RF frequency of the beam (499 MHz). While traversing through
the cavity, the beam excites its transverse mode TMO010 [74] and produces an electro-
magnetic field. The induced current collected by an antenna, consisting of a wire loop
around the beam line, is proportional to the beam current. The BCMs are calibrated
with respect to averaged Unser measurements at selected values of beam current. The
BCMs cover a range of current from 0.5 to 200 pA. Figure 2.15 shows the BCM charge
asymmetry data accumulated during the pion asymmetry measurement at 362 MeV.
The high x? of the Gaussian fit is due to the use of a slow active feedback loop to
reduce the average charge asymmetry. The average value is consistent with zero, thus
indicating that the systematic correction for this effect should be negligibly small.

The beam position monitors (BPM) are devices designed to measure vertical and hor-
izontal positions of the beam. Each BPM consists of a 4-wire antenna array of open-
ended wire striplines tuned to 499 MHz. The 4 strip lines run along a cylinder and the

layout of the antennae is shown in Figure 2.16.

As the beam passes through the cylinder, it generates a current in each of the strips as
described for the BCMs. The beam position relative to the center of the BCM is then
determined by the relative intensity between two opposite lines. A larger beam current

will generate more current in the lines; this effect enables the BPM devices to also be
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Figure 2.15: Charge asymmetry histogram for the pion measurement at 362 MeV with the
LD, target. The graph on the left corresponds to the Insertable Half Wave
Plate (IHWP) “in” and the graph on the right corresponds to the Insertable
Half Wave Plate “out”. Both average values are consistent with zero, indicat-
ing a negligible charge asymmetry.
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Diagram of the orientation of the BPM antennae. The cylindrical housing is
not shown. The beam travels out of the page and is slightly off center, leading
to a position dependent signal. Figure taken from Ref. [75].

used as beam current monitors. Assuming that the monitor is perfectly parallel to the

beamline and a linear dependence between the beam current and the total currents in
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the wires, we can write:

IR _ L r _ B
wire wire wire wire
T X S Y o T 1B (2.16)
wire wire wire wire

R,L,T,B
I

where z and y are the the beam positions on their respective axis and 1,,;,." "~ are the
current intensities in the Right/Left/Top/Bottom wires respectively. BPMs with ac-
ceptable linearities were calibrated according to the Unser monitor and used for beam
position measurements. The beam position monitors have a typical resolution of a few

pm for the absolute position and can measure helicity correlated position differences

down to the nanometer scale.

The beam energy measurement was performed indirectly in the arc section of the ac-
celerator (see Figure 2.6). In that region, the electrons experience a perpendicular
magnetic field to guide them through the beam line [8]. By tuning the magnetic field
to the appropriate value and measuring the position at the end of the arc section with
a BPM, the beam energy can be deduced. The halo around the electron beam was

monitored with the help of scintillator detectors near the beam line.

Two different methods can be used to estimate the sensitivities JA/JP; discussed ear-
lier in this section. The first method is to impose controlled modulations of the beam
parameters P; to measure the effect on the asymmetry measurements [76]. The second

method is to perform a correlation analysis of main asymmetry data using natural
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beam motion. This second method was found to be most reliable and was used for

evaluating 0A/OP; for data analysis as discussed in Chapter 3.

Table 2.4 shows key beam properties, their natural range of random fluctuations (RMS)
and the run-averaged hc values over the course of the experiment. Associated correc-

tions to the PV asymmetry data are discussed in Chapter 3.

Parameter DC NBM (RMS) HC

z (mm) “0” 0.02 mm 82.5 4.2 nm

y (mm) “0” 0.01 mm —36.2 £ 5.6 nm
0, “0” 0.001 mrad 5.4 + 0.3 nrad
0, “0” 0.01 mrad —1.5 £ 0.5 nrad
Current 35 uA 0.3 nA —0.17 £ 0.22 ppm

Energy 362 MeV  0.003 MeV  0.008 £ 0.0007 keV

Table 2.4: Range of beam beam parameter variations for natural beam motion (NBM)
and size of the corresponding HC effects. Note the change in scale for the HC
properties. The values for NBM were taken for one production run (~1 hour) of
the pion data.

2.7 Liquid deuterium target system

The main component of the target consisted of a 20 cm long aluminium cell containing
liquid deuterium (or hydrogen) maintained at a constant temperature of 22+0.01 K by
a Proportional-Integral-Differential (PID) feedback system which used the measured
beam current to regulate the power output of a low power heater (LPH) placed up-
stream of the heat exchanger. Beam current heating under normal running conditions

was 450 Watts [77]. Target temperature stability and uniformity as well as high fluid
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flow to minimize boiling were very important considerations for the G° target. The

length of the target associated with a beam current of 35 yA provides a luminosity of:

t ]
2 =9222%x10% cm 2 57! (2.17)
Mmol €

L=N,

where A, is the Avogadro number, ¢ is the target thickness in g/cm?, m,, is the
molecular mass of the deuterium, [, is the beam intensity, and e is the charge of the
electron. The target was positioned horizontally near the center of the magnet system,

which will be described in Section 2.8.

The target manifold consists of 2 cylindrical cells entirely made of aluminium (Al-6061
T6). The outer shell is 0.0174 cm thick all around, except on the exit window where
it is only 0.0076 cm thick. The manifold is seen in Figure 2.17 where the 22 K liquid
deuterium enters from the flange at the bottom, then goes through the middle of the
cell where the interaction region is and escapes from the flange on the other side of the
manifold. The liquid is guided toward the end of the cell by a conical tube (light blue
in Figure 2.17) that has some holes in its wall to help remove heated liquid from the

interaction region.

The electron beam enters from the right in Figure 2.17. A helium gas-filled cell was
placed upstream to preserve the azimuthal symmetry of the manifold. It was also de-

signed with the same curvature as the deuterium cell (the left side of the helium cell



70 Chapter 2. The G° experiment

MANIFOLD

HELIUM CELL

———
o ——
———

INNER CONE
HYDROGEN TARGET CELL

Figure 2.17: Schematic view of the target manifold. The target cell is represented in red
and can handle either liquid hydrogen or deuterium. The helium cell appears
in green. The hydrogen/deuterium flow is indicated by solid arrow. Figure
taken from Ref. [78].

in the figure) to minimize the change in target length for variations in beam position.
The intrinsic width of the beam profile (200 pm) was increased by a fast raster system

upstream of the target (2x2 mm?) to minimize local heating.

Bremsstrahlung is electromagnetic radiation produced by the acceleration of a charged
particle, such as an electron, when deflected by another charged particle, such as an
atomic nucleus. This process is what dominates the energy loss of the electrons within
the target. A secondary photon beam is thus created at very forward angle in the
liquid deuterium. The mean distance, also referred to as radiation length, over which
a high-energy electron loses all but 1/e (e = 2.71..) of its energy by bremsstrahlung is

given by the expression [7]:

716.4A
Xo(ecm) = 587 (2.18)
Z(Z4+1)In—
pZ( ) NG
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where A is the atomic number within the material considered, Z is the nuclear charge
and p (g/cm?) is the density of the material. The radiation lengths of the various

materials in the target cell are listed in Table 2.5.

Target L(em) t(g/em?) ¢(Xo)(%) p(g/cm?) Xo(cem)
LD, 20 3.350 2.66 0.1674 752.9
Vacuum Window  0.0174 0.047 0.1956 2.699 8.896
Entrance Window  0.0229 0.062 0.2570 2.699 8.896
Exit Window 0.0076  0.021 0.0857 2.699 8.896
He Cell(gas) 16 0.066 0.0026 0.0041 21925

Table 2.5: Thicknesses, densities, and radiation lengths of the materials. The vacuum win-
dow is the upstream window of the Helium cell, the entrance and exit windows
are the Aluminium walls that the beam is going through before and after in-
teracting with LDy respectively. L(t), p and Xy correspond to the thickness,
density and radiation length respectively.

The target walls and the helium cell are a source of background events in the G° appa-
ratus. Their respective thicknesses, densities and radiation lengths are summarized in
Table 2.5. The thickness referred to as L in the table is defined along the central axis
of the target, and t is defined as L x p, which represents of the amount of material the
electron beam is interacting with. Backgrounds originating from the target cell were
estimated by replacing the liquid deuterium by gaseous deuterium for a beam energy of
687 MeV; unfortunately, those measurements were not repeated at 362 MeV. However,
backgrounds from the target walls at 362 MeV were estimated to be roughly ~ 2 %.
The background asymmetry contribution is discussed in Chapter 3. This estimate was
performed by measuring the counting rates from thin (0.3 and 0.08 cm) Al frames that

were substituted for the main target.
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2.7.1 Luminosity Monitors

Given that the beam intensity has to be as high as possible to achieve the small re-
quired statistical errors for G°, there is a potential risk that the cryogenic target will
boil. Boiling would generate additional random fluctuations in the detector rates and
thereby increase the statistical error in the measured asymmetries. Therefore, a spe-
cial set of target luminosity monitors (LUMI) was constructed for G° [79], whose main

purpose was to provide an independent check on the target stability, as described below.

The LUMIs consist of a set of 8 quartz Cerenkov detectors, as shown in Figure 2.18,
which were placed ~3.5 meters downstream of the target to intercept electrons at
very small scattering angle. Under these conditions, the scattered electron rate was
much larger than for the main detectors (arising from the 1/Q* dependence of the
cross section), and the PV longitudinal asymmetry was much smaller (since it scales
as %, which increases with scattering angle). Thus LUMIs with much higher statis-
tical precision were able to detect any increase in noise due to target boiling. The
relative increase of the LUMI asymmetry width at nominal beam current with respect
to low beam current (~ 5 pA) measurements was more than 50 times smaller than
the asymmetry width of the main detectors, hence the boiling effect was found to be

negligible [79].

Since they are 8-fold symmetric around the beam line, the luminosity monitors also
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downstream
LUMI5

LUMI7 LUMI8

LUMIG6
Electron Beam
Figure 2.18: Cross section view of the G luminosity monitors. Figure taken from Ref. [2].

detected the characteristic azimuthal dependence of the scattered electron asymme-
tries due to unwanted transverse polarization components in the beam. This effect is

discussed further in Chapter 3.

2.8 Superconducting Magnet System (SMS)

The superconducting magnet system [80] was designed to separate and focus the elastic
and inelastic electron trajectories onto the G° main detectors. As seen in Figure 2.19,
the SMS consists of a toroidal apparatus made up of eight superconducting coils en-
closed in a single cryostat. The toroid magnetic field configuration has the advantage
of providing a large acceptance arising from a relatively unobstructed geometry, and an
intrinsic axial symmetry. Each coil, made up of 144 turns of integrated superconduc-
tors, is contained in an aluminium case; the system is cooled to 4 K by liquid helium.
In order to provide line-of-sight shielding of the detectors from neutral particles (7°,7)
originating at the target, collimator modules consisting mainly of lead blocks (yellow

boxes in Figure 2.19) were hung from the straight sections of the octagonal rings be-
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tween each pair of adjacent coils.

Figure 2.19: Schematic of the G? spectrometer on the left with the labels corresponding
to the octant numbers and the beam direction given for the backward angle
mode. The iron-man shows the scale of the apparatus. On the right, the same
GO spectrometer is seen in a cutaway view with the collimator shown in yellow
and the detector package located at the exit of the SMS for one octant.

The nominal current in each coil is 2650 A for the 362 MeV data set, leading to a field
integral of 0.85 7" - m. The combination of the collimator system and magnetic field
leads to an angular acceptance of 108 + 2° for elastic events and 98 4+ 5° for pions. The
azimuthal acceptance of the apparatus is 160°. The current in the coils can be adjusted,

and the polarity of the power supply can be inverted for background studies [81].

2.9 Detector Package

The detector package for each octant consists of two arrays of scintillators with a

Cerenkov detector in between, as seen in Figure 2.20. The detectors corresponding
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to octants 1, 3, 5 and 7 were built in France, while octants 2, 4, 6 and 8 were built
in North America; however, differences in design were minor. The octant numbering
starts from 1 at the top of the apparatus and increases clockwise looking downstream
with respect to the beam, as shown in Figure 2.19. The first array of scintillators after
the exit of the SMS is referred to as the Cryostat Exit Detector array (red bars in
Figure 2.20). The second array of scintillators, also called Focal Plane Detectors, is lo-
cated downstream of the rest of the apparatus with respect to the direction of scattered
particles, as seen in blue in Figure 2.20. The Cerenkov detector (grey in Figure 2.20)
is located directly in front of the CEDs. The combination of segmented CED/FPDs
permits particle tracking at low resolution, sufficient to separate elastic (green tracks
in Figure 2.20) and inelastic (red tracks in Figure 2.20) events. The Cerenkov detector

was designed to provide improved separation between pions and electrons.

2.9.1 Cryostat Exit/Focal Plane Detectors (CED/FPD)

As mentioned in Section 2.1, the FPDs were used in the forward angle [2] measure-
ments of the G° experiment. In backward angle mode, only FPD numbers 3 to 16 were
inside the kinematic acceptance (there were 16 FPDs in total for the forward angle
measurements). Fach FPD has 2 separate layers of scintillator. The material used
in the CED and FPD scintillators was plastic (Bicron BC-408), well suited for fast
detection of charged particles, as the response time is less than a nanosecond. The

scintillation light from the passage of charged particles is guided through light-guides
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Figure 2.20: Schematic of the detector package for one octet. A detailed description is in
the text. Figure taken from Ref. [82].

(as seen in Figure 2.21) to photomultiplier tubes (PMT) which are attached on one
end of each of the two FPD layers (one left and one right). Typical signal output for
an electron passing through a scintillation layer is about 70 photoelectrons. While the
pions do not deposit as much energy as the electrons in the scintillators, their detection

efficiency is nevertheless nearly 100 % in all cases.

The CEDs were designed specifically for the backward angle mode, permitting (CED-
FPD) coincidences to identify the particles. The CED array consists of 9, 0.5 to 1 cm
thick mono-layer scintillator bars with PMTs attached to each end, as seen in Figure
2.22. The intrinsic detection efficiency of the CEDs and FPDs is nearly 100%. The

azimuthal acceptance covered by the CED/FPD combination is about 20 degrees per
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octant, which leads to a total of 160 degrees of angular acceptance for all 8 octants.

Figure 2.21: Schematic view of the FPD package for one octant as it was used in forward
angle mode. The light-guides appear on each side of the scintillator bars. The
FPDs are numbered from 1 to 16 from the bottom to the top.

Figure 2.22: Picture of the CED detector packages before mounting them on the apparatus.
The CEDs are numbered from 1 to 9 from the bottom to the top of the picture.
The black Cerenkov detector box is also seen in the middle of the picture.
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2.9.2 Cerenkov Detectors

Given a medium of index of refraction n, when a charged particle moves at a speed
greater than the speed of light in that medium, it emits a cone of Cerenkov light
along its path, as illustrated by Figure 2.23. The condition for emitting Cerenkov
light is v > ¢/n where v is the speed of the particle and c is the speed of light in
vacuum. The Cerenkov angle is given by cosfc = 1/(n) where 5 = v/c. Because of
their difference in mass, pions and electrons have different momentum thresholds for
producing Cerenkov light in a given medium. If n is 1.03, the threshold momenta for

producing Cerenkov light are:

m

electron: pe = ——— = 2.07 MeV/c (2.19)
vn? —1

pion: k= % — 567 MeV /¢ (2.20)

Given the fact that electron and pion momenta are both in the 200 MeV range for the
GY backward angle experiment at 362 MeV, electrons would produce Cerenkov light in

such a medium but pions would not, leading to a clear distinction between particles.

The Cerenkov detector material for G° consists of 5 layers of 1 cm thick aerogel with
index of refraction 1.03. The Cerenkov detector for each octant is contained in a light
tight diffusion box which is 46 cm wide near the beamline and 60 cm wide on the

opposite side; it is 70 cm long along the radial axis of the G° apparatus and 20 cm
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deep [83], as seen in Figure 2.24. The front wall of the box consists of a 0.8 mm thick
aluminium plate, as thin as practically possible in order to minimize the production of

secondary background particles traversing the detector.

|
|
|
|
f
|
| ct/n |

Figure 2.23: Cerenkov radiation. Spherical wavelets of EM radiation field of a particle
traveling at velocity greater than the velocity of light in the medium. Figure
inspired from Ref. [74].

The inner walls of the detector box are lined with white millipore paper to enable
homogeneous diffusion of the Cerenkov light within the box. The light bounces several
times on the walls before either being absorbed or impinging on one of the 4, 5”7 pho-
totubes. For this reason, the time response of the Cerenkov detector is slow compared
to that of the CED and FPD scintillators. Its signal is therefore used for a scaler veto
but not as a fast trigger for the experiment. Each of the PMTs is housed inside a 1.4”
thick low carbon 1024 steel cylinder to shield against the residual magnetic field (~ 40
Gauss) of the SMS [83] [84]. The Cerenkov detector trigger is set in a coincidence mode

between the 4 phototubes; if two out of the four tubes detects a single photoelectron
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n-CER4 n-CER3 n-CER? n-CERI

Diffusion
Box

Figure 2.24: Schematic view of a Cerenkov detector on the left. The corresponding pho-
tograph can be seen on the right. The Cerenkov detector is shown with the
cover removed in this case.

signal within 20 ns, then the event is recorded as an electron, if not then it is recorded
as a pion. A more detailed discussion of the Cerenkov detector performance for pion

detection will be given in Chapter 3 as well as a more general discussion in Appendix B.

Ideally, the Cerenkov detectors would only be sensitive to electrons scattered from
the G° target. However, inelastic electron scattering from the liquid deuterium target
is a source of neutrons which later thermalize in the experimental hall. Initially, the
Cerenkov PMTs (XP4572B [85]) contained borosilicate in the glass part (window, sides)
of the tube. Hence neutrons could end up being absorbed in the PMTs [86]. The cross

section for thermal neutron absorption in boron (!°B) is very high, via the following
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process:

B +n — "Li+ a + T[2.31 MeV] + 7[0.48 MeV] (2.21)

where o is a *He nucleus and 7T is the kinetic energy in the final state. The process has
a branching ratio of 94 %' [87]. The resulting ~ rays can interact with the photocath-
odes of the PMTs releasing electrons, and hence generating random background noise.
At significant rate, this process can not only damage the tubes but also artificially

increase the rates recorded from the Cerenkov detector.

In an attempt to reduce the neutron background, extra shielding was initially placed
on the SMS exit windows and around the Cerenkov PMTs, but no significant im-
provements were noticed [86]. The borosilicate photomultiplier tubes were eventually
replaced by quartz tubes (custom made from Photonis [85]), which decreased the sin-
gles rates in each PMT from typically 200 to 80 kHz/uA. The new quartz tubes were
already installed at the time of the measurements with the LDy target at 362 MeV,
but not for the liquid hydrogen target at both beam energies, and they were only par-
tially implemented for the high energy deuterium measurements. As a result, careful
attention had to be paid to the individual Cerenkov detector analysis for those data.
Corrections for random noise in the PMTs are part of the analysis described in Chapter

3, Section 3.5.

!The remaining 6 % directly goes to the ground state of "Li, hence not producing any ~ radiation.
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2.10 Electronics and DAQ System

The electronics for the G° backward angle measurement were designed to generate
coincidence signals between CED and FPD detectors and use the Cerenkov detector
outputs to distinguish between electrons and pions. The time separation between elec-
tron beam micro-pulses is 2 ns, but given the expected coincidence rates (see Table
2.2), a coincidence between any CED and FPD is produced every 100 ns on average.
This allows the definition of coincidences within a few nanosecond time window. Two
sets of electronic logic systems were used in the experiment, one being North American
(NA) and the other French (Fr). As those 2 logic systems were very similar, they can

be described generally by the logic diagram in Figure 2.25.

CED LEFT CED RIGHT FPD LEFT FPD RIGHT CERENKOV TRIGGER :
CFD CFD CFD CFD 2 out of 4
COINCIDENCE
15ns Window
CED MT FPD MT Veto Enable
COINCIDENCE COINCIDENCE

| CED/FPD COINCIDENCE |
|
| |

Pion COINCIDENCE Electron COINCIDENCE

Figure 2.25: Logic diagram of the NA electronics.
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As shown in the figure, the detector pulses coming from the left and right PMT of each
scintillator bar are fed to Constant Fraction Discriminators (CFD) to generate logic
signals, and their timing is averaged to create a meantimer (MT) signal with a 20 ns
pulse width. If any CED MT and FPD MT within an octant record a logic signal, a
15 ns trigger window is created®. Then for each CED/FPD combination, the mean-
timers are placed in coincidence with the 15 ns trigger, and a 10 ns overlap between the
2 meantimers and the trigger timing gates is required. If for one CED, multiple FPDs
are hit (and likewise for one FPD and multiple CEDs), the event is referred to as a
multihit (MH). All the different types of coincidences are then counted incrementally
by custom scaler modules and read out at a frequency of 30 Hz, synchronized with the

helicity reversal of the beam pulses.

At the scaler inputs, the CED/FPD coincidences are labeled by the Cerenkov trigger
generated according to Figure 2.26. The analog signals from the Cerenkov PMTs are
fed through CFDs, and the width of the output logic signal is adjusted to 20 ns. If any
2 of the 4 Cerenkov PMT signals are detected within their timing gate of 20 ns with
an overlap of at least 2 ns, then a Cerenkov trigger is created with a width of 32 ns.
Its start is synchronized with the arrival time of the first signal coming from any PMT

of the Cerenkov detector. More details on the Cerenkov trigger are given in Section

B.2 of Appendix B.

212 ns for the French electronics.
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PMT1
20 ns

PMT2

20 ns

PMT2

PMT4

Cerenkov
32ns trigger

Figure 2.26: Schematic of the Cerenkov Trigger logic. At least 2 PMTs must fire to generate
a trigger.

2.10.1 Monitoring electronics

As described above, custom electronics were required to accumulate data at the very
high rates needed to give sufficient statistics to measure PV asymmetries at the ppm
level. The system developed for G° was able to accumulate high statistical accuracy
with a custom system designed to be read out only at the relatively low spin rever-
sal rate of 30 Hz. A necessary compromise of this technique was that event-by-event

recording was not possible.

In order to study the performance of the Cerenkov detectors in detail and also to
study the electronic deadtime and random event rates, a special beam structure at 31
MHz, also used in the G° forward angle measurement, was implemented to increase
the time separation between beam pulses to 32 ns. Only a very small fraction of

the data were taken in this special mode. The specific 31 MHz beam structure was
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used in combination with a separate set of conventional Fastbus ADCs (Analog to
Digital Converters) and TDCs (Time to Digital Converters), to record more detailed
information on an event by event basis for a small fraction of the beam pulses. In
particular, the ADCs recorded the integral of the analog signals coming from all the
PMTs. In addition, a custom module called an Analog Ring Sampler (ARS) was used
to separately record signals from the Cerenkov PMTs. The ARS module could sample
pulse heights at a frequency of 1 GHz over a range of 128 ns each time a Fastbus event

was recorded.

2.10.2 Data acquisition

The GY data acquisition (DAQ) was based on the CODA system [88] developed at
Jefferson Laboratory, and ran on a Linux computer in the Hall C counting house. The
DAQ computer sent the trigger command to a “command module”, called the trig-
ger supervisor (TS), which then passed appropriate signals to the readout controllers
(ROC) of each GY electronics crate. The data from the ROCs were transfered to the

DAQ computer through Ethernet.

The data were stored in the standard CODA format onto a disk in a “bank” struc-
ture: the data from a given ROC were written into a bank, with the ROC number and
the length of the data encoded in the bank header. Data were collected in typically
one hour runs, after which each run was analyzed by a replay routine running on an

dedicated analysis computer. The run-average data were then written into a dedicated
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MySql database, and a data file containing all MPS events for each run was automat-

ically generated.

Real time monitoring was done through a shared memory buffer, also called an event-
transfer (ET) buffer. A custom program running on the same analysis machine read
the data from the ET buffer in real time and produced diagnostic plots that were

monitored during data taking, including detector rates, beam parameters, etc.

2.11 Raw data summary for LD, at 362 MeV

A summary of the G° data collected for the LD, target with a beam energy of 362 MeV
is given in Table 2.6. These data were analyzed to extract the PV pion asymmetry as

described in Chapter 1. Details of the analysis are presented in Chapter 3.

dataset  N,u,s Charge (C) [ (pA)  Aneas (Ppm)
electron 649 70 35 -14.05 £ 0.81
pion 154 17 35 -0.17 £ 0.75

Table 2.6: Summary of the LDs data at 362 MeV. N, represents the number of runs (~1
hour long) collected; the integrated beam charge is given in the third column. I
represents the average beam current and A,,cqs is the total measured asymmetry
before corrections.

Unfortunately, pion data were recorded only for a subset of the 362 MeV runs. While
the main goal of the G° backward angle measurements was to acquire precise electron
asymmetry measurements, it was possible in principle to acquire pion data simultane-

ously. However, the problem encountered with neutron background in the Cerenkov
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detectors described in Section 2.9.2 led to the use of the pion related electronics for ran-
dom neutron background measurements for a significant fraction of the time. The loss
of statistical error on the pion measurement was mitigated, however, by the relatively
higher pion rates and near 100 % pion detection efficiency of the Cerenkov detector (in

veto mode).

2.11.1 Coincidence rates

To identify tracks of scattered particles through the G apparatus, two coincidence ma-
trices were defined for each octant: one for the signals tagged as electrons, and one for
the pions. Each matrix contains 126 cells (9 CEDs x 14 FPDs). Coincidence counting
rates are normalized to the primary beam current. The electron matrix containing the
normalized scattering rates shown in Figure 2.27 is more easily understood by looking
back at Figure 2.20; elastic electron events are less deflected by the magnet, so they
occur in the upper right corner of the coincidence matrix. Inelastic events on the other
hand are located in the lower CED/FPD corner of the matrix. The bottom right corner
of the matrix is not populated, as no particle tracks coming from the target are allowed
by the geometry (see, e.g. at CED 1 and FPD 16 in Figure 2.20). As mentioned at the
beginning of this chapter, there are no expected inelastic rates in the detectors at 362
MeV because the beam energy is too low. Indeed the rates seen in the lower left corner
of Figure 2.27 originate from the radiative tail [89] of the elastic scattering process.
The rates in the upper left corner, while relatively low, consist mainly of electrons

coming from 7° — vy — 2et + 2e~ decay.
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The regions in the coincidence matrices corresponding to elastic/inelastic electron and
pion events are referred to as the corresponding loci. The locus definition of the electron
matrix was found by using the results from the field scan analysis [81]. This method
consisted of varying the SMS field to change the deflection and focusing of the particles
on the CEDs and FPDs, and measuring corresponding variations of the rates for each
cell of the coincidence matrix to quantify the respective contributions of elastic and
inelastic events. The inelastic locus definition for the electron matrix is more relevant
at 687 MeV, as significant inelastic rates were detected by the G° apparatus at that

energy [8].

e Yield for the sum of all 8 octants

1237 258.8
116.8

268.7 211.0

112.4 127.6

4 6 8 10 12 14 16
FPD

Figure 2.27: Electron coincidence matrix for LDy at 362 MeV. The rates are averaged
over the 8 octants. The rates are given in Hz per pA of beam current. The
elastic/inelastic loci are defined by the black/red lines respectively.
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Figure 2.28 shows the raw coincidence rates for pion events defined when a CED/FPD
coincidence occurs but the Cerenkovs do not trigger. Most of the pion events are
located in the bottom left corner of the matrix, which is where inelastic events are
expected. The pion locus shown in Figure 2.28 was defined based on the rates and on

the purity with respect to the electron contamination, as described in Section 3.8.1 of

Chapter 3.

’ pi Yield for the sum of all 8 octants

610.1 498.9

582.6 777.8

o ﬂ

4 6 8 10 12 14 16
FPD

Figure 2.28: Pion coincidence matrix for LDs at 362 MeV. The rates are averaged over the
8 octants. The pion locus definition is defined by the black line around the
cells.
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Chapter 3

Data Analysis

3.1 Note on contributions discussed in this thesis.

As noted in the Acknowledgements Section, the G® experiment was carried out over
many years by a large collaboration. The backward angle data which are the focus of
this work were jointly analyzed by a team of Ph.D. students from Canada, the USA
and France. As one of the Ph.D. students working on the backward angle mode of
the G° experiment, I helped with the testing of the CEDs before their installation and
joined the backward angle measurement effort during data taking. I spent one year at
Jefferson Laboratory to take shifts. Common analysis tasks were shared amongst this
group, led by an Analysis Coordinator. Each student also focused on a unique physics

topic for his/her Ph.D.

91
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My broader contributions to the experiment included:

e Contributions to the main analysis passes.

e Cerenkov performance studies: Those studies were especially important for the
687 MeV LD, elastic data, for which a determination of the pion contamination
in the elastic sample was an essential part of the analysis. A full discussion of

the Cerenkov detector analysis is provided in Appendix B.
My unique contributions, as described in this thesis were:

e Analysis tasks specific to the pion data. Those are discussed in Section 3.8 of
this chapter.
e Pion simulations discussed in Section 3.9 of this chapter.

e Determination of the LEC da which is found in Chapter 4.

These topics are discussed in more detail in the remainder of this thesis.

3.2 From raw to physics asymmetries

The focus of this chapter is the analysis of the pion data for the LD, target and 362
MeV beam energy setting, which leads to the measurement of the low energy constant
da discussed in Chapter 1. However, the elastic and “inelastic” electron data may also
be discussed for the same data set when required and a few comments about the other

energy/target settings are given for clarity as needed.
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The analysis strategy leading from the raw asymmetry to the final physics asymmetry
and extraction of physics quantities is summarized by the flow chart given in Figure
3.1. Starting from the raw pion asymmetry at the top of the figure, the experimental
corrections (passes) were applied at the macropulse level (MPS) on the coincidence

yields before calculating the asymmetries, or by quartet. The analysis passes were:

Pass 1: Data quality cuts and calibrations. This is also referred to as the “raw

pass”.

Pass 2: Cuts on the coincidence rates to eliminate faulty scaler data.

Pass 3: Rate corrections arising from deadtime and random coincidences.

Pass 4: Removal of helicity-correlated systematic effects though linear regression.

Once averaged over the entire data set, the asymmetries from pass 4 were corrected
for physics backgrounds, for residual transverse spin asymmetries and for beam polar-

ization to obtain the final physics asymmetry.

Monte Carlo (MC) simulations were performed to confirm the measured pion rates and
to extract other physical quantities associated with the pion physics asymmetry. Those
quantities are the average four-momentum transfer squared (Q*) and the average real
photon depolarization, (D(y)) for the process: yn — p 4+ 7~. This chapter will cover

the steps described above in detail.
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blinding A raw
factor "
Experimental corrections (passes) :
Rate corrections : Deadtime/randoms
Bad counts : RCS cuts
Helicity correlated effects : Linear regressions
Background corrections
Transverse spin asymmetries
Beam polarization
Simulations :
2
<Q >
Photon depol. : <D(y)> AY (<Q?>) d,

Figure 3.1: Flow chart of the data analysis strategy. The various steps are discussed in
the text. An encrypted blinding factor of order unity was applied to the data
before the analysis and removed at the end, to prevent unintentional bias in
applying the various data corrections.

3.3 Pass 1: Calculation of the raw asymmetries

The asymmetries were calculated for each helicity quartet from the normalized detec-
tor coincidence yields by the analyzer. Before calculating the asymmetries, cuts were

imposed MPS by MPS! to ensure the data quality. The main cut concerns the beam

'Recall that each helicity state (30 Hz) is referred to as a macropulse MPS; a set of 4 helicity states
+—+ or -++- is a quartet, as defined in Chapter 2.
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current. If the beam current was lower than its nominal value by a significant amount
(chosen arbitrarily depending on the run period) then the corresponding MPS was ex-
cluded, as well as the 3 other MPSs of the quartet. The beam current was typically
kept within 10 % of its nominal value. Furthermore, the first 500 MPSs after a beam
trip recovery were removed, in order to allow time for the target to stabilize thermally.
In addition, there were other cuts associated with scaler overflows or any anomalous

behaviour of the readout electronics.

For the events passing the data quality cuts, a helicity asymmetry can be defined. This
asymmetry can be calculated before and after rate corrections or any correction being
made on a MPS basis. Those corrections will be described in the next sections. The

normalized detector yield is defined as:

Y, = — (3.1)

where R; is the detector rate for the MPS ¢ in the quartet and [, ; is the measured beam
current (in pA) for the corresponding MPS. The helicity asymmetry for a quartet is

then given by:

_%K+n—%+%)
Yi+Yi+Ye+Y;

(3.2)

where Y] 234 correspond to the normalized yields for the quartet pattern (+ - - 4) or

(- + + -) for H being equal to +1 or -1 respectively. H is representing the helicity
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pattern. Equation (3.2) is general for all the measured yields in the G° experiment. The
charge asymmetry is computed in a similar fashion from the BCM data as described
in Chapter 2. In order to store and analyze the data more efficiently, the computed
asymmetries and their errors as well as all the other measurements are averaged over
each run and stored in a database with a label corresponding to the run number. The
statistical width of the measured asymmetries over a run is given by:

(4%) — (A)?

o =4 —— 3.3
A Nowr (3.3)

where Ngprr is the number of good quartets during the run. It is assumed here that
each quartet during the run has comparable statistical weight. This is justified by the
stability of the beam current imposed by the cut described above. Asymmetries can be
computed cell by cell in the coincidence matrix, but for the first passes of the analysis,
they were computed only for each locus. A comparison of the average asymmetry from
the two methods showed an agreement better than 0.1 ppm, which is much smaller

than the statistical error (~ 1 ppm).

The weighted average of the locus asymmetries over all runs can be compared for each
of the detector octants. Figure 3.2 shows the locus weighted average of the elastic
electron asymmetries over all the runs for the LD, data at 362 MeV as a function of
octant number. The data are divided into two groups, one for each half wave plate

state which controls the overall beam helicity (described in Section 2.4). As seen in
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Figure 3.2, the elastic electron asymmetries are at the 107° level, with statistical errors
below 1 ppm; they change sign with respect to the half wave plate state. There is no

noticeable azimuthal dependence of the asymmetry for the elastic electron data.

Figure 3.3 shows the raw asymmetries versus detector octant number for the “inelastic”
electron locus?. The statistical error is relatively larger and the average asymmetry is
smaller. The sign of the asymmetry also changes consistently with respect to the half
wave plate state. The reduced y? is also fairly close to 1 which is consistent with the

constant fit.
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Figure 3.2: Raw elastic asymmetries vs octant number for LDy at 362 MeV. The filled
circles correspond to the HWP “out”. The diamonds correspond to the HWP

W

in”. Note that the standard definition of the asymmetry given in Chapter 1
corresponds to the HWP “out” state.

The raw pion asymmetries as shown in Figure 3.4 are qualitatively different to the
electron asymmetries. Values are close to zero, with relatively large variations from

octant to octant. Note the non reversal of the average value with respect to the half

2 For 362 MeV beam energy, the inelastic locus contains events arising primarily from the radiative
tail of the elastic process as mentioned in Chapter 2.
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wave plate state. Moreover, the larger reduced x? indicates a non-statistical spread
in the data and possibly an azimuthal dependence of the asymmetry. The overall
statistical error is larger than in the elastic electron case despite higher pion rates in
the corresponding locus (comparing Figure 2.27 and 2.28). The reason is that pion
coincidence data were only acquired for a fraction of the running time for this beam

energy setting, as explained in Section 2.9.2.
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Figure 3.3: Raw “inelastic” electron asymmetries vs octant number for LDy at 362 MeV.
The filled circles correspond to the HWP “out”. The diamonds correspond to
the HWP “in”.

The average pion asymmetry for the first analysis pass is:

APt = —0.17 4 0.76,44; ppm . (3.4)

Note that the value of AP! is consistent with zero, and the statistical error is ~0.8
ppm. Corrections to the asymmetry, and their systematic uncertainty as discussed in

subsequent sections, should be viewed in this context.
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Figure 3.4: Raw pion asymmetries vs octant numbered for LDs at 362 MeV. The filled
circles correspond to the HWP “out”. The diamonds correspond to the HWP

Ltin” .

3.4 Pass 2: Exclusion of faulty scaler data

The ratio of the asymmetry error to that expected from counting statistics (Ratio of

Counting to Statistics: RCS) is defined as:

0A

RCS =

(3.5)

Ostat

where o4 is the error on the measured asymmetry and o, is the expected error from
counting statistics. The RCS value should be ideally unity if the distribution of the
measured asymmetries is consistent with counting statistics. For certain data-taking
modes, it was found to be as large as RC'S = 1.5. This was eventually determined to
arise from a combination of effects which were reduced via improvements to the elec-
tronics during the course of the experiment. Data quality cuts were placed on MPS

yields at the 4 o level to reduce the fraction of bad counts. Figure 3.5 shows that the
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cuts reduce the RCS values from 1.4 to about 1.06 for the data affected by the faulty

scaler problem.

Eventually, the counting problem was addressed by reprogramming the coincidence
boards to output logic signals with a fixed 10 ns width. Dramatic improvements
are seen in Figure 3.6, comparing electron asymmetry data for the same CED/FPD

coincidence in two different run periods. Those improvements are also seen in Figure

3.5.
B 16 out: 1.10429 +0.00367 X* = 42.185 8 F Out: 1.01006+ 0.00367 X = 1477
€ v X1.12F
1.5E ﬂ 11
14 1.08
F 1.06
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C 1.04;
12f 1.02F
1.1 =
E 0.98F
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Figure 3.5: RCS values for the pion locus (LD2, 362 MeV) as function of run number. The
graph on the left shows pass 1, and the graph on the right shows pass 2, where
additional data quality cuts were applied on the normalized yields. Note that
the faulty scaler problem was fixed, as described in the text below, for more
than half of the pion data set. For pass 1, the average pion asymmetry was
AP = —0.174£0.76 ppm and for pass 2, AP? was —0.17 £ 0.75 ppm.
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Figure 3.6: Example of electron asymmetry spectra before (on the left) and after (on the
right) reprogramming the coincidence modules. Note the change in horizontal
scale.

The FPGA reprogramming is independent of another problem: random bit flip errors
in the scalers. Simulations were performed to understand better the mis-behaviour of

the scaler modules [90] [91], and confirm the appropriateness of the RCS cuts procedure.

The residual false asymmetry after data quality cuts was found to be directly propor-

tional to the physics asymmetry® [92] [8]:

an
Afalse - _70-qrtAphys (36)

where n represents the shift of the quartet asymmetries between the corrupted events

and the mean of the asymmetry distribution normalized to the distribution width, «a

3For all data sets.
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is the fraction of events that were not rejected by the cuts on the yields, and o4, is the
width of the quartet asymmetry distribution for a given run (typically 45000 ppm). «
was found to be less than 1 % from simulations [90] [91], leading to a false asymmetry
of less than 1072 ppm. Moreover, for these data, the cuts on the yield account for only
a 0.27 % reduction in number of good quartets, hence not significantly reducing the
data set. The systematic error related to this scaler problem was therefore concluded

to be negligible.

The data quality cuts performed on the normalized MPS yields did not change the
average pion asymmetry from pass 1, and the statistical error was reduced to 0.75 ppm

from 0.76 ppm. Hence, the average pion asymmetry after pass 2 corrections is:

AP? = —0.17 4 0.7540; PP . (3.7)

3.5 Pass 3: Rate corrections to the coincidence
yields

The rate corrections based on the work of Ref. [93] and [8] were applied to all the

datasets of the G° experiment. The basic principles of rate corrections will be discussed

first in this section. The results obtained for the electron elastic data in Ref. [8] will

then be used to estimate the systematic errors associated with the correction for the

362 MeV pion data.
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3.5.1 Principle and application to pion data

Deadtime is the time after each event during which the data acquisition system is busy
and therefore not available to record another event. Given a system with an intrinsic
time response 7 and a rate of incoming events R, the average probability that the

system is busy and therefore fails to record valid incoming data is:

fdead =1~ e_RT ~ Rt (38)

which is also referred to as the fractional deadtime of the system. The G electronics
system is comprised of many elements, so this simple formula does not apply; however,
the overall deadtime of the system under typical operating conditions, which will be
discussed later in this section, was about 20 %. The last step in Equation (3.8) assumes

Rt << 1. The measured rate, r is then expressed as:

,,,.:I: - (1 - f;;ad)Ri> fc:lléad = RiT’ (39)

in which the labelling + corresponds to the helicity state. This implies that the dead-
time can generate false asymmetries, since RT # R~ and that if a correction is made,

it would need to be applied at the MPS level*. In terms of normalized coincidence

4To extract the true pion asymmetry, we need to apply the definition of Equation (3.2) to the
corrected normalized detector yields Yrje[aﬁ thus far we have been using the measured yields Y,;F, . in
pass 1 and 2.
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yield, Equation (3.9) becomes:

Y:t = (1 - fc:liad)y;“:gal - (]' - [l;tT)/;’:gal)Yi

meas real

(3.10)

in which R = Y+

£ I where ;¥ is the beam current (and the beam current monitor

does not require any deadtime correction). Therefore, there is a linear dependence be-
tween the measured normalized yield and the beam current. The measured normalized

apparent yield decreases as the beam current increases.

A random count occurs when two uncorrelated events are recorded in two different
detector channels in time to register a coincidence. Random counts artificially increase

the measured coincidence rate. The measured rates are then written as:

rt =t (3.11)

rand

+

where 7,

corresponds to a false coincidence rate produced by random events. For a

+

coincidence between two detectors ¢ and j, 7,

4 1s proportional to the product of the
rate rii, in detector ¢ with the rate rji, in detector 7, with neither of them corresponding

to a real coincidence. The beam current dependence of the measured rates then is given

by:

+ _ .+ = N V==
m =Treal +Ti rj Tr = Y;‘eal

IF+ Y LY L, (3.12)
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where 7, is the trigger gate width of the coincidence electronics. The normalized

+

yields, Y= | V= and in correspond to the absolute rates r_ ,

r* and rji respectively.
A quadratic term in beam current (7, bi) is seen in this expression, which leads to only

a linear relation for the normalized yield as in the deadtime case.

In order to make a proper rate correction, specific data were taken while the beam
intensity was varied during the run from about 10 pA to the nominal current of 35 pA.
This procedure was referred to as a beam current scan (BCS). Assuming the detector
rates vary linearly with respect to the beam current as shown above, these data allow
for an extrapolation to I, = 0, allowing the true normalized rates to be determined.

The rate correction needs to be done MPS by MPS because of the non-trivial rate
dependence of the overall fraction of deadtime and random events which can carry
an asymmetry. For that purpose, an accurate calculation [93] [8] of the expected
deadtime and random contributions to the rate was performed using the logic diagram
of the electronics (see Figure 2.25 in Section 2.10) and the various widths of the logic
signals. Those calculations were compared with the results of the BCS for each cell
in each coincidence matrix to estimate the efficiency of the correction and the residual
deadtime and random effects. The formula deduced for the CED/FPD deadtime for

total coincidence rates (sum of electron and pion rates) in the G apparatus is [93]:

meas rand £MH12 MH?22
Y*ijDTcm"r _ }/;j B Y;j ij (1 B me'g iy ) (313)

2-1]‘-“{12(1 — Froig — i]J\JH22)(1 _ fiCFD _ fiMT)(l _ ijFD _ fJMT)
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in which YZ-JDTCO’"’" and Y;7**** are the corrected and measured total (e+m) normalized
coincidence yields respectively, for a given CED 7 and a given FPD j. The Ym”d corre-
spond to the random coincidence yields in the relevant cell. The fractional deadtimes

forD, pu

are denoted and fr,;, for the constant fraction discriminators (CFDs), the

meantimer (MT) and the coincidence trigger (Trig) respectively. The fractional dead-
times for multihit events are denoted f}'*** (2 CEDs and 2 FPDs are hit) and f;}//"?
(one hit in one array of scintillators and 2 hits in the other array)®. Given that the
contribution from Y’"‘md is small compared to Y;7***, Equation (3.13) can be written

in a simplified form:

Ymeas

Yoreorr & ——— 3.14
or 0= for) (3:14)

where fpr ~ 11% is an effective fraction of CED/FPD deadtime accounting for both

deadtime and random coincidence effects.

Additional corrections to Equation (3.13) due to Cerenkov randoms and deadtime were

made using the following equations [93]:

YDTcm"r ff{d (YDTcorr +YDTcorr)
m

. - - (3.15)
j 1= fDT fRdm
e _ Yo = S (YT A YT YA
e (3.16)
L= fiam — fDr 11— fZ..

5This symbol is not directly present in Equation (3.13); instead we make use of fMH12 =1 fAH12,
MH12 ’ ’
j

in which f; is the corresponding fractional deadtime.
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where f§; is the fractional Cerenkov deadtime and ff,,, is the fraction of Cerenkov
randoms contributing to the rates. The latter was found to be relatively large in some
cases due to neutron backgrounds described in Chapter 2. In the last step of Equation
(3.16), the effective fraction of Cerenkov randoms and deadtime fZ_, is defined. Note
that the fraction of Cerenkov randoms ff,,, has the same effect as a deadtime in the
pion case, while its main contribution appears in the numerator of Equation (3.15) for
the electron case. The contribution from ff, in the numerator of Equation (3.16) is
negligible, as f5,r ~ 1% [8] and the measured electron rate is 10 times lower than the

pion rate in the pion locus.

A typical example of the resulting deadtime/random corrections in the case of the pion
matrix for the LD, target at 362 MeV is shown in Figure 3.7. Both the measured and
corrected rates are consistent with the same value at I, = 0. At the nominal beam
current of 35 A, the total deadtime is about 20 %. In subsequent analysis, the residual

rate dependence will be treated as a source of systematic error.

tot

At the nominal beam current setting I, = 35 pA, the total fraction of deadtime f;f

for each cell is defined as:

Ymeas(o) _ Ymeas(35) )
tot 2] 1) corr resid
) Y’gwas (0) 1] + 1] ( )

where Y;7****(0) corresponds to the true pion coincidence yield determined by linear



108 Chapter 3. Data Analysis

1300

Rate (Hz/pA)

1250

1200

1150

1100

A N B B S B A
10 15 20 25 30 35 40

lp (A)

O
(63}

Figure 3.7: Normalized pion yield versus beam current for octant 4. The coincidence cell
shown is CED1/FPD3. The filled circles represent the uncorrected data. The
triangular markers represent rates corrected using equations (3.16) and (3.13).
Statistical errors are smaller than the size of the markers.

extrapolation of the beam current dependence of the yield to its value at 0 pA, and
}/;9’15“8(35) is the measured pion coincidence yield at 35 pA. The rate correction f.,,.. is

the sum of three contributions; the fraction of CED/FPD deadtime f;”, the fraction of

CED/FPD randoms f7; and the fraction of Cerenkov randoms and deadtime f7,,.

ij,rand’

The deadtime and random corrections averaged over the coincidence cells (weighted

by the yield in each cell) and octants are summarized in Table 3.1.

ftot fcorr .fDT fg’er f:—and fr’esid
19.6 16.7 11.1 6.7 1.0 2.9

Table 3.1: Average fraction of deadtime and randoms (in percent). A description of each
entry is given in the text. Values are taken from [94] and [95].

The CED/FPD deadtime (fpr) accounts for more than 60 % of the correction. The

Cerenkov randoms contribute about 30 % of the correction, and the CED/FPD ran-
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doms account for the rest. The residual fraction of deadtime not eliminated by the
application of corrections (3.13) and (3.16) is fresiq = 2.9 %. This will be accounted for
as a systematic uncertainty in A, as described in the next section. The pion asymmetry

after deadtime and random corrections is:

AP3 = —(0.54 4+ 0.78 ppm . (3.18)

3.5.2 Estimate of systematic asymmetry due to rate
dependent effects

In the previous section, a systematic rate correction applied to the normalized detector
yields at the MPS level was developed and applied to the data; the corrected yields
then produced a corrected pion asymmetry (Equation (3.18)). Now we wish to make an
independent assessment of these corrections by examining data from auxiliary scalers
which recorded rates of singles, multihits, randoms and Cerenkov signals during the
run, corresponding to the various quantities in equations (3.15), (3.16) and (3.13). It
has been shown in Ref. [8] that the asymmetries from the auxiliary scalers sum to

account for the total rate dependent systematic asymmetry as:

Asys - Ameas - Atrue

Asingle + ATrig + AMH12 + ACe?‘ (319)
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where:

Agingie corresponds to effects related to the CFD and MT, affecting the singles

events, as well as random CED/FPD coincidences Y44

Aryig contains the DT contribution and multihit (MH22) contributions.

Aprpo is the multihit contribution MH12.

Acer 18 associated with the contamination due to the Cerenkov electronics; this

contribution will be different for pions and electrons as described below.

The asymmetries Agingre, Arrig and Aprmi2 affect both electron and pion data equally,
since both e~ and 7~ contribute to these overall rates. The asymmetries listed above
can be calculated from the rate/asymmetry measurements at each stage of the coin-
cidence logic, which were also stored in the database, as mentioned in Chapter 2. A
formal expression for Aginge, Arrig and Aprgi2 can be found in Ref. [8], and a de-
scription of Age, is given later in this section. A summary of the contributions to
the systematic asymmetry in the elastic electron case for the LD, target at 362 MeV
is given in Table 3.2 [8]. Good agreement between the expected size of systematic
asymmetry and the asymmetry change resulting from the rate correction is shown.
Moreover, the level of agreement between Ay, and the size of the correction is about
25 % of the asymmetry change between pass 2 and 3 for all datasets [8]. This value
was assigned as the systematic error due to the rate corrections for the elastic electron

data [15].
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in out
Asingle —0.014 0.009
Arrig —0.258 0.250
Anai2 —0.148 0.137
Cer —0.359 £ 0.198 0.396 + 0.214
ASys —0.762 £ 0.198 0.784 £0.215
pass2 -pass3 —0.92 0.78

Table 3.2: Systematic asymmetry (ppm) contributions to the rate corrections for the elastic
electron sample (LD2, 362 MeV). The labels “in” and “out” refer to the two HWP
states. Values taken from Ref. [8].

For the pion data, a similar level of agreement between the rate corrections to yields at
the MPS level and the overall rate asymmetries described above is expected. The size
of the correction in this case is 0.37 ppm (pass3-pass2) so it is reasonable to assign 0.1
ppm systematic error to this correction. Note that this uncertainty is small compared

to the statistical error of ~0.8 ppm.

A similar dedicated, scaler based assessment of the rate-dependent asymmetry correc-
tion (AZ,,) was not implemented for the 362 MeV pion data. However, a qualitative
comparison of the terms shown in Equation (3.19) with the elastic electron case can be
made. The Cerenkov deadtime and random contribution to the systematic asymmetry

for elastic electrons is calculated from Equation (3.15) [8]:

E’er = eDTcorr - Alfrue (320)

A= A = (= BT A + L AU )
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where 5, ~ 1 % is the fractional Cerenkov deadtime and f7,,,, =~ 7 % is the fraction of
Cerenkov randoms contributing to the rates [96]. The fraction of pions in the electron

coincidence matrix due to Cerenkov randoms, f,, is defined as:

Yitue/ fd
= —trued Rdm 3.21
f YDETcorr ( )

The main contribution arising from A, is the first term fr(A7.,. — Af,...) given that

™
true

Ior, A(fHr) and A(f5,,) are relatively small [8].

The Cerenkov deadtime and random contribution to the systematic asymmetry for the

pion sample may be derived from Equation (3.16):

7Cr'er - A7[T)Tcor7’ _A;True (322)

= fE(Afrue - A?rue) - (1 - fe)li%‘%l(f}c%dm) + fEA(-fBT)

where the fraction of electrons in the pion matrix due to Cerenkov deadtime, f., is
defined as:

true £c
Y fbr

fe= (3.23)

YBrcorr
which is known to be about 1 % or less. The dominant contributions in Equation (3.22)
are the first two terms, given that the fraction of Cerenkov randoms, [, is still ap-
proximately 7 % according to the scale of fZ,,. given in Table 3.1. The systematic

asymmetry contribution from Cerenkov deadtime and randoms, A7, is expected to
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be a small fraction of a ppm in magnitude with an uncertainty of about 0.1 ppm [97].
The other contributions to A7, are assumed to not be significantly different from the

elastic electron case [97]. Therefore, the uncertainty on A7, remains the dominant

systematic error on the rate correction.

After rate corrections, errors associated with the residual beam current dependence of
the rates have to be taken into account as mentioned in Section 3.5.1. The rate cor-
rections described above do not fully correct two effects; the first residual contribution
corresponds to CFD deadtime; the associated asymmetry, APT. . is 0.04 ppm [8]. The
other residual effect is attributed to the fraction of CED/FPD randoms ( f,4,q) in the
analyzer that is not corrected for in the electron sample but is fully assigned to the
pion sample, leading to an over-correction. The expected size of the corresponding

residual asymmetry due to CED/FPD randoms should about 0.05 ppm. Since both ef-

fects are not corrected for in the analyzer, a systematic error of 0.1 ppm is assigned [97].

An estimate of the overall systematic error due to the rate corrections of the pion data
is given by adding in quadrature the expected uncertainty on A7 . (0.1 ppm) and the

systematic error due to residuals. The final systematic error was increased to a more

conservative 0.2 ppm. The average pion asymmetry after rate corrections is:

APP = (.54 4 0.78,40y & 0.20,3 ppm (3.24)
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3.6 Pass 4: Helicity correlated effects

3.6.1 Formalism

As mentioned in Chapter 2, false asymmetries occur when fluctuations of the beam
parameters at the target are correlated with the electron beam helicity. For instance, if
the beam position at the target varied by dz, the measured yield Y in the G° apparatus
would change by 0Y,. Given small variations of the measured yields, the relation
between the change in yield corresponding to the variations of the beam parameters is

assumed to be linear:

Y =Y CioP; (3.25)

i=1
where 0Y and § P; represent variations of the normalized yields and the beam parameter
i respectively, with respect to their average values. The coefficients C; = 9Y/0P; are
the sensitivities, also referred to as slopes. If each parameter is a function of the beam
helicity, the measured asymmetry can be written as:

N > G(op —6P])

A meas meas __ i=1
meas

Yni—eas + Y?’T;@(IS B -
Yiy + Yo, + > C(6PF +6P))
=1
“. AP,
~ 4 Corl — Apy + A 3.26
PV + ; 20Y) pv + Ay ( )

where Apy is the parity violating asymmetry, Y= are the measured yields and (V') ~

Yiy + Ypy assuming that C;(0P;" 4+ dP;7) are relatively small. The helicity correlated
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beam parameter differences can be any of the following:

Current: Ag = I{;Ib: (3.27)
L+ 1,

Energy: AE, = E} — E; (3.28)

Position: Az =a2"—2", Ay=y" —y~ (3.29)

Angle: Ab, =07 -0, A, =06 -0 (3.30)

where Ag is the charge asymmetry, AE, is the difference of beam energies and Az (y)
and Af,(6,) are the beam position and incident angle differences in z(y) respectively.
It can be shown [98] [2] that one can extract the correlation slopes by a linear regression
method, giving:

(6P;0Y) =Y C/(0P,0F) (3.31)

in which 0Y is the net change of yield with respect to its average value for a variation of
the beam parameters 6 P;, and P; is one of the parameters considered®. The variations
of beam parameter §P; arise from natural beam motion, as discussed in Chapter 2.
In Equation (3.31), the brackets () represent an average over N measurements (at the

quartet level). This expression can be rewritten in a matrix representation:
{=PC (3.32)

where C is a vector containing the sensitivities, ( is the vector covariance between

6The index i may be equal to j in the summation.
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the yield and the beam parameters and P is the covariance matrix between the beam

parameters, which can be written explicitly as:

Pji (0P;0 ;)

I
—~
—
D

I
—~
T
~
~—
—~
o

I
—~
-0
~
~—
~

where the matrix elements of the covariance matrix represent the correlations between
the parameters. Equation (3.32) is in fact a system of n linear equations with n un-
knowns C; that can be solved by inverting the matrix P; the results for the sensitivities
are given by:

C=P'C (3.34)

3.6.2 Size of the corrections and stability for the pion data

The extracted values of the normalized correlation slopes C;/(2(Y")) are listed in Table
3.3 for the pion data together with the values of the helicity correlated (HC) AP,
averaged over the running period. The product of the two is also given to show the
order of magnitude of the false asymmetries A; arising from HC effects. Note that
all of these effects are smaller than the statistical error in A, (0.8 ppm). The yields
were corrected MPS by MPS using the slopes C; extracted from the linear regression.
The difference between the final pion asymmetry before and after slope corrections was
found to be only 0.02 ppm, which is an order of magnitude smaller than the estimated

false asymmetries given in Table 3.3.
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Beam Parameter Value Slope Ay (ppm)
Ag (ppm) —0.17+0.22 0.00103 £ 1075 %/nC 0.00 + 0.00
Az (nm) 82.5+4.2 —0.0653 £ 0.003 %/mm  —0.06 £+ 0.004
Ay (nm) —36.2+5.6 0.183 £ 0.004 %/mm —0.06 +0.01
Af, (nrad) 54+0.3 —2.80+0.08 %/mrad ~ —0.1540.01
A, (nrad) —1.5+0.5 —2.29 +0.07 % /mrad 0.03 +0.01
AFE, (keV) 0.008 £ 0.0007 —0.7114+0.017 %/MeV  —0.06 + 0.005

Table 3.3: Average of helicity correlated beam parameter differences and asymmetry for the
pion data with their respective normalized correlation slopes C;/(2(Y")).

Relatively large slope fluctuations are seen on a run by run basis, as illustrated by
Figure 3.8 for octant 1. Similar effects are found to occur for the electron data as well,
for the same running period. These slope fluctuations could be partially explained by

correlations with other corrections performed by the analyzer [99].

Simulations were performed to estimate the size of the normalized slopes C;/(2(Y")),
and these indicated that the expected size of the effects is smaller than what is shown
in Table 3.3 by at least an order of magnitude [100]. Moreover, the impact of the slope
corrections on the asymmetries for the elastic electron dataset is 5 times smaller than
for the forward angle measurement, as expected [8] [2]. However, given the range of
measured slopes, a conservative error of 0.16 ppm, corresponding to the largest esti-
mate of false asymmetry A, in Table 3.3, was assigned to the correction. This error is

8 times larger than the size of the net correction on an MPS by MPS basis.
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When plotted on a run-by-run basis, relatively large fluctuations of C;/(2(Y)) can be
seen. An example of (dY/df,)/Y for octant 1 for the relevant runs is shown” in Figure
3.8. This is not unique to the pion locus, and similar fluctuations are seen in the elec-
tron case. Therefore, the same strategy to the electron case was followed, and an error
of 0.16 ppm was assigned. Averaging over the full data set, there is an exceedingly

small correction with no impact on statistics and in agreement with simulation.

The average pion asymmetry after pass 4 is:

AP = (.52 4 0.7814¢ £ 0.16,4 ppm (3.35)

[ Octant 1 Pion nbm Slope, dYdtx ]
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Figure 3.8: Normalized slope Cg,/(Y) versus run number for octant 1. The run period
corresponds to the pion dataset (LDo at 362 MeV). Note the high y? values
from the linear fits indicating relatively large variations of the slope with time.

"The slope numbers in Table 3.3 would be 1/2 of what is shown in Figure 3.8.
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3.7 Slow helicity reversal

As described in Section 2.4, a half-wave plate (HWP) was periodically inserted and
removed from the laser beam in the injector to reverse the definition of + and - helicities
seen by the experiment. Figure 3.9 shows the average octant asymmetries for the 362

MeV pion data after the pass 4 correction. The data are grouped by HWP state “in

and “out”.

20

X2 I ndf 18.7417
po 1.348+1.182

15

10

Asymmetry in ppm

o o
HH‘\\H‘HH‘HH‘HH‘HH‘HH‘HH
<t
——
—e—o

e
o
—
——

-10
X2/ ndf 25.68/7
-15 pO 2.001z 1.053
T oo by e b e by b e b by by
207 2 3 7 5 6 7 8

octant

Figure 3.9: Half wave plate “in” (diamond) and “out” (filled cirle) asymmetry values as a
function of octant number after pass 4. The parameter p0 (2.19 for “in” and
1.48 for “out”) is the resulting average asymmetry value.

The average indicates both measurements agree with zero within errors. However,

there is some evidence of a lack of sign reversal with HWP state.

Figure 3.10 shows the sum (“in” 4+ “out”) of the pion asymmetries seen in Figure 3.9,
which should be ideally zero if the asymmetries reverse sign by changing the half-wave
plate state. The reduced 2 for a constant fit to the sum (“in” + “out”) of asymmetry

data is about 2.9, indicating a very poor quality of fit (probability of 0.55 %). This
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indicates a poor consistency of sign reversal upon HWP state change octant by octant.
The consistency is worst for octant 5, where a 3 ¢ discrepancy is seen. Despite hints
that octant 5 might have experienced a problem due to noisy Cerenkov PMTs (see
Section B.2 of Appendix B), there was no clear evidence of correlation between the
asymmetries and the PMT noise found in that octant. The constant resulting from
the fit is in agreement with zero to within 2.2 ¢, which is just within error. Therefore,

no additional systematic uncertainty due to lack of sign reversal is assigned.
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Figure 3.10: “in+out” asymmetry values as a function of octant number after pass 4.

The average of the pion asymmetries taking the half wave plate state into account is
shown in Figure 3.11. The reduced x? of the constant fit is again not satisfactory. This
is a hint for possible transverse spin asymmetry contaminations that will be discussed

in Section 3.8.2 of this chapter.
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Figure 3.11: Average (over “in” and “out” HWP states) pion asymmetries as a function of
octant number after pass 4.

3.8 Other corrections

Other corrections include those for particle misidentification, residual transverse po-

larization, overall longitudinal polarization, and target window backgrounds.

3.8.1 Backgrounds due to particle misidentification

Particle misidentification in the pion data sample arises when an electron fails to gen-
erate a signal in the Cerenkov detector. A similar effect occurs when pions misfire the
Cerenkov detector.

3.8.1.1 Special data taking mode for PID

Fastbus data (see Section 2.10.1) were acquired using a pulsed electron beam at the
frequency of 31 MHz and average current of typically 1 pA. Data of this type were

acquired for the following sets of data:

e LH, target, beam energy 362 MeV

e LD, target, beam energy 362 MeV
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e LD, target, beam energy 687 MeV

e Carbon target, beam energy 362 MeV

The 31 MHz signal triggered data acquisition and provided a common start to the
TDCs. Figure 3.12 displays the resultant ToF spectrum for one FPD. Electrons have
a shorter ToF than pions because of their higher speed. Very conservative timing cuts
defined relatively pure electron and pion samples for the purpose of quantifying the

backgrounds due to particle misidentification, as demonstrated in Figure 3.12.
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Figure 3.12: ToF spectrum of FPD09 at 362 MeV of beam energy and for the LD, target.
The electrons correspond to the left peak and the pions to the right peak. The

overlap between them is an issue since it decreases their purity.
The Cerenkov efficiency for electron detection €. is determined from the fraction of
pure electrons (defined by their ToF) which fire the Cerenkov trigger. The electron
efficiencies for each FPD were averaged over the elastic and inelastic loci. The result is

reported as a function of octant number in Table 3.4. An example of FPD dependence

of the Cerenkov efficiencies is shown in Figure 3.13.
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Octant 1 2 3 4 5 6 7 8
€. (%) 4.7 82.3 845 748 794 882 T80 8&83.0
Statistical Error (%) 0.3 03 03 03 03 02 04 0.3

Table 3.4: Electron efficiencies averaged over the FPDs for the elastic and inelastic locus as
a function of octant number. The averaging was performed using the statistical
error on the electron yield as a weighting factor.
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Figure 3.13: Cerenkov efficiency for LDs at 362 MeV as function of FPD summed over the
elastic and inelastic loci.

A systematic check of the Cerenkov trigger recorded by the Fastbus electronics was
made using the ARS data. Those results are presented in Appendix B.2 and give addi-

tional confidence to the Cerenkov efficiencies extracted from the ToF method [101] [102].

The Cerenkov efficiency for pion detection € is similarly defined as the fraction of
pure pions (defined by their ToF) which fire the Cerenkov trigger. As an example, let

us consider the pion contamination of the electron sample C7 /., expressed as:

Cpje = == 22 (3.36)
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where ¢, and ¢, are the fluxes of electrons and pions respectively. The relative fluxes
are determined from a two-Gaussian fit to the ToF spectrum for each FPD. The results
for the contaminations, averaged over the FPDs for each octant, are summarized in
Table 3.5. The ratio of the fluxes (¢, /¢.) is close to unity over the elastic+inelastic
loci but is known absolutely at the 10 % level; a corresponding increase of the errors

on the contaminations has to be accounted for.

At 687 MeV, the separation between the timing peaks for pion and electron signals is
typically less than a nanosecond, making separation of the two peaks difficult. Figure
3.14 illustrates the ToF measurements under these conditions. An alternate method
based on the ARS data and Monte Carlo simulations, discussed in Appendix B, was
developed to resolve this problem. The results do not affect the 362 MeV pion data of

interest.

Octant 1 2 3 4 5 6 7 8
Crre (%) 041 048 037 032 057 041 0.53 0.46
Error (%) 0.13 0.12 0.13 0.10 0.17 0.12 0.16 0.14

Table 3.5: Pion contamination in the electron sample (elastic+inelastic) for the LDy target
at 362 MeV beam energy. The errors correspond to statistical uncertainties
increased by 10 % to account for the overall uncertainty in the flux ratio (¢ /de).
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Figure 3.14: Time of flight spectrum for all elastic and inelastic cells of octant 3, LDs at 687
MeV. The smaller peak on the left represents events triggered by the Cerenkov
detector. The large peak on the right represents events that do not trigger
the Cerenkov detector. The spectrum encompassing both represents all the
events producing a CED/FPD coincidence. Figure taken from [103].

3.8.1.2 Results for electron contamination of the pion sample at 362 MeV
for the LD, target

Of importance for the interpretation of the A, asymmetry measurements, the electron

contamination of the pion sample is given by:

(3.37)

The pion Cerenkov efficiency €, (~0.2%) is small compared to unity, and all other
factors were determined using the ToF method [103]. Figure 3.15 shows an example
of electron contaminations in the pion coincidence matrix. The averaged C,/. is 2.6 &
0.034¢0:%. The pion locus was defined by limiting the contamination to < 10% and

requiring the pion rate to be more than 100 Hz/uA.
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Figure 3.15: Octant 1 values of C,/, in percent for the relevant cells of the coincidence
matrix.

The pion asymmetries were corrected cell by cell for each octant using:

i A:;,JP4 - 16773174 ;7w
Aﬂ’,corr = 1 i (3.38)
T Ye/m

where Af;yjpll and Ai’;ﬂ are the pass 4 pion and electron cell asymmetries respectively

and A% is the pion asymmetry corrected for contamination. The statistical errors

T, corr

] 1,J 1,J ; ; f ot i,j
on C/ Axy and Ajy, were included to determine the statistical error on A%, For

reference, the pass 4 electron asymmetry averaged over the pion locus is —5.754+0.944,

ppm which gives the scale of the correction to be 0.15 ppm?.

8Number calculated by simply multiplying the average of A, over the pion locus by the correspond-
ing average of C¢/r.
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The corrected cell asymmetries A%, .., were then averaged with their statistical er-
rors as weighting factors. This increased the average statistical error to 0.88 ppm, in
contrast to the average value from pass 4, which is 0.82 ppm when the averaged pion
asymmetry is calculated from the asymmetries in each cell of the pion locus. There is
indeed a small discrepancy on the order of 0.04 ppm between the averaging of asym-

metries over the locus and calculating the asymmetries directly from the total locus

yields, the latter giving a statistical error of 0.78 ppm for pass 4 as seen in Figure 3.11.

For the systematic error estimate, the method presented above was compared with
an approximate analysis from Ref. [104] where a single ToF cut t.,; in the middle
of the electron and pion distributions was applied to the total number of events N
that did not fire the Cerenkov trigger. In that case, the contaminations C’;/jﬂ were
determined by the ratio N(t < t.,)/N, where the numerator represents the fraction of
events N detected before t.,;. The resulting average value C. /. was found to be 50 %
higher than for the method presented above. The discrepancy is assumed to be due to
the approximate nature of the analysis performed in Ref. [104]. Since the correction
to the value of A, is so small and we wish to present a conservative estimate of the
uncertainty, the contaminations C;/W calculated from Equation (3.37) were increased
by half of this discrepancy, and corrections were applied using the method described
by Equation (3.38). Comparing the resulting average pion asymmetry with the one
corrected with the nominal values of C’;/ﬁ, the difference between the two was taken as

the systematic error of the correction, that is 0.10 ppm.



128 Chapter 3. Data Analysis

The average pion asymmetry after these additional background corrections is:

Abak — (.22 + 0.88,40; & 0.10400 PPM (3.39)

3.8.2 False asymmetries from transverse polarization

As described in Section 2.4, the electron spin is not perfectly aligned with the incident
beam direction, due to imperfect correction by the Wien filter in the 5 MeV section of
the accelerator. One can decompose the spin direction into longitudinal §7, (along the

beam) and transverse Sr (transverse to the beam) components as:

§=38r+sg (3.40)
and define:
Al
cosg = —— (3.41)
1511

so that £ = 0° for a perfectly longitudinal spin orientation. For imperfect spin align-

ment, the measured pion asymmetry, A7°** will be:

Ameas — AL cos € 4 Ay psiné (3.42)

where AL is the asymmetry for longitudinally polarized electrons and A, 7 corresponds
to a pion asymmetry for fully transversely polarized electrons. For small misalignments,

& < 2° so that cosé is unity to a very good approximation. Therefore the measured
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pion asymmetry can be written as:

AP = AL+ AT (3.43)

where AﬁT is a residual transverse asymmetry coming from spin misalignment and AL
is the longitudinal pion asymmetry of interest. The quantity A, r was constrained with
ancillary measurements with transversely polarized electrons. The result, corrected for
electron contamination, is shown in Figure 3.16. The pion transverse asymmetry is on
the order of 150 ppm, much larger than the pion and electron longitudinal asymmetries

of interest to GP.

—@—

n

150

Asymmetry i
a1
o

o
w\\H‘HH‘\\H‘\\H‘HH‘HH‘HH‘HH‘\

v b b b b b b by
1 2 3 4 5 6 7 8
octant number

Figure 3.16: Transverse pion asymmetry (A, 7) as a function of octant number. Note that
a first order electron contamination correction was applied to these data.

In fully transverse mode, s7 is aligned with octant 1. Thus, taking ® = 0 for octant 1

and considering that the 8 octants cover 27, the data were fitted using:

Arr(®) = AT cos(P + Do) + AD 1 (3.44)
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which led to the following parameters determinations:

mar = 165.2+8.1 ppm (3.45)
A)p = —5.7+5.6ppm (3.46)
®Y. = —0.0240.05 rad (3.47)
° = ? (3.48)

where the error bars are statistical. The constant parameter ASF,T was allowed to vary

from zero but the result from the fit leads to a value consistent with zero within errors.

0

If the statistical errors were smaller, non zero value for A7

o would be due to a small
detector asymmetry. The large amplitude of the pion transverse asymmetry A, is
known to be parity conserving. It would arise from a cross term related to the trans-

verse and longitudinal virtual photon polarizations (L7”) in the expression of the pion

electro-production cross section [105].

The degree of transverse polarization was determined using the luminosity monitors
(LUMI) asymmetries, which are of good statistical quality. The asymmetries detected
by the LUMI correspond principally to scattered electrons at small angle (Moller ™)
and hence they arise from a different process, i.e. the transverse electron asymmetry
analogous to Equation (3.42). The LUMI asymmetries, while of a different scale are
directly proportional to 7 which is needed for the pion asymmetry correction. Figure

3.17 shows LUMI asymmetries as a function of octant number for both longitudinal and
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transverse beam polarizations. An analogous sinusoidal fit as Equation (3.44) leads to
the parameters in Table 3.6. A small phase shift of 0.33 rad between the transverse
and longitudinal data for the LUMI asymmetries should be noted. The quality of the

longitudinal LUMI data indicates a very stable intrinsic phase of the residual transverse

polarization.
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Figure 3.17: Luminosity monitor asymmetry as a function of octant number for longitudi-
nally (left) and transversely (right) polarized electron beam.

A?Snxn (ppm) A%umi (ppm) (I)%,Lumi (rad) X%umz
Transverse  23.154+0.32  0.084+0.02 —3.08+0.02 31.93/5
Longitudinal ~ 0.99 £ 0.04 0.09+£0.03 —2.754+0.04 12.86/5

Table 3.6: Fit parameters from the fits to the LUMI asymmetries as a function of octant
number. Transverse and longitudinal refer to the beam polarization.

The quantity sin¢ from Equation (3.42) is extracted from the ratio of these asymme-

tries:

AL Tumi  0.99 +0.04 ppm

- = 0.0427 + 0.0018 3.49
Apsz - 23.15+0.32 ppm (3.49)

siné =
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This value compares reasonably well with a value determined by a Wien filter scan
of sin1° ~ 0.017, which is uncertain to ~ 2° [106]. Scaling the amplitude of the
pion asymmetry in fully transverse mode A7'S" by sin&, and shifting the phase Y. by
0.33 rad provides the parameters needed for the transverse correction, which are the
amplitude of Af,T and its phase respectively. These parameters are 7.054+0.45 ppm for
the amplitude and 0.26 + 0.07 rad for the phase. Subtracting the residual transverse
pion asymmetry from the longitudinal data removed the azimuthal dependence of the
asymmetry, as shown in Figure 3.18. The average value decreased from —0.22 to —0.45

ppm with this correction, well within the error bar of 0.9 ppm (Equation (3.39)), and

the reduced x? improved from 3.75 to 1.23.
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Figure 3.18: Pion asymmetry versus octant number for LDy at 362 MeV after transverse
correction. The average value from the fit is —0.45 £+ 0.89 ppm with a reduced
2
x“ of 1.23.

The value of sin¢ is known to about 5 % as shown above, and the transverse pion
asymmetry is well measured. Therefore, to estimate the systematic error due to this

correction, the amplitude was varied by 0.5 ppm, giving the range: Af”?“x =6.5t07.5
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ppm. The phase of the correction was varied by half of the phase difference between
longitudinal and transverse LUMI asymmetries, that is by 0.16 rad, according to Table

3.6.

A numerical calculation leads to a systematic error of 0.06 ppm which corresponds also
to about a third of the difference between the averaged asymmetry values from linear
fits before and after transverse correction. The pion asymmetry after correction due

to transverse spin effect is:

ALl = —0.45 4 0.89444; + 0.06,. ppm (3.50)

As an independent check, we can consider the azimuthal dependence of the PV pion
asymmetry data, corrected for all other effects discussed so far. Figure 3.19 shows the
pion asymmetry versus octant number before residual transverse asymmetry correc-

tions. The sinusoidal fit gives:

AT = 5.64 4+ 1.26 ppm (3.51)
A), = —0.42+0.88 ppm (3.52)
®Y = 0.26+0.22rad (3.53)
b % (3.54)

The fitted value A7'7" = 5.64 &+ 1.26 ppm agrees well with the independently deduced
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residual transverse correction 7+ 0.5 ppm applied to the data, and the fitted constant
A%L = —0.42 4 0.88 ppm agrees well with the corrected value AX = —0.45 + 0.89
ppm quoted in Equation (3.50). These results indicate that the transverse polarization

correction is appropriate and that the error has been assigned conservatively.
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Figure 3.19: Pion asymmetry versus octant number for LD at 362 MeV of beam energy. A
linear fit was performed on the left graph with the average asymmetry corre-
sponding to the parameter p0. A cosine fit was performed on the right graph
with the parameters listed in the text. These data are corrected from all the
effects described in the previous sections but not from transverse asymmetry.

3.8.3 Beam polarization

The beam polarization Py, was discussed in Section 2.5 of Chapter 2 and was determined

to be P, = 85.78 £ 0.07 14t = 1.955,5 %. The resulting pion physics asymmetry is then:

L

A
ALR — ?: = —0.55 + 1.03,44; & 0.01,,,; ppm (3.55)

where the statistical error has been increased by 15 % due to the value of P, and the

last error represents the contribution from the uncertainty on the beam polarization
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itself.

3.8.4 Target windows

Backgrounds due to 7~ production in the aluminium (Al) target walls were estimated
to be 2%, as mentioned in Chapter 2, and are not corrected for. In a model where quasi-
free 7~ production from neutrons is assumed, the inelastic aluminium asymmetry would
be the same size as that of the deuteron. We do not include the nuclear corrections to
the PV asymmetry in our case, since they have never been evaluated theoretically and
are likely not warranted yet given the present precision of our data. We do attempt to
include them for unpolarized cross section estimations as will be described in 3.9. For
reference, nuclear corrections of the quasi-elastic electron asymmetry from a deuteron

target to an aluminium target were found to be of order 5 % in Ref. [15].
3.9 Physics corrections

3.9.1 Strategy

At this stage of the analysis, the pion asymmetry given in Equation (3.55) above rep-
resents a physics asymmetry that has been corrected for all experimental systematic
effects. The next step is to extract the low energy constant da from this result and
the associated kinematics. For that purpose, Monte Carlo simulations were performed.
These reproduced the measured pion rates and allowed an extraction of other physi-
cal quantities associated with the pion physics asymmetry, which are the average 4-

momentum transfer (Q?) and the photon depolarization (D(y)). The latter quantities
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enable us to deduce the photoproduction asymmetry AY by using the relation:

AZ = (1= Foire) (DY) A% + fire ARV ((Q%)) (3.56)

where fyi¢ is the fraction of virtual photon contribution to the pion rates in the G°
inel

experiment and A%’ is the inelastic electron asymmetry. Details of the method used

to extract A) and therefore da are discussed in Chapter 4.

The simulation strategy used in this analysis is indicated in Figure 3.20. The pion
electro- and photo-production differential cross sections were taken from the Mainz
unitary isobar model (MAID) [107] [108], which agrees well with experimental data.
The differential cross sections were then implemented in a Monte Carlo generator to
simulate the virtual and real photon contributions to 7~ production. Results were
then compared to cross section measurements from Ref. [109] and the Short Orbit
Spectrometer (SOS) [110] data taken in Hall C. Once tested, the generator was imple-
mented in the G° simulation framework and compared with the LD, pion data at 362
MeV. When good agreement was reached, the physics quantities needed to implement

Equation (3.56) were calculated from the simulation.

3.9.2 Cross-sections and photon fluxes

In the case of a 362 MeV electron beam scattering from a 20 cm liquid deuteron target,

negative pion production may be initiated by both virtual photons, and by real photons
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Figure 3.20: Strategy to extract reliable values of physics quantities from the Monte Carlo
simulation.

originating from bremsstrahlung in the target. The two contributions are of similar
size and cannot be disentangled experimentally, but both can be used because of their
sensitivity to the pion photoproduction asymmetry. Contributions of both processes

to unpolarized cross-sections are also needed for the analysis.

The 7~ electroproduction process displays a relatively small average four-momentum
transfer, since the corresponding electron scattering cross section is highly peaked near
zero scattering angle. Hence, a very careful treatment of the corresponding cross section
is required. The first part of this section will be focused on an accurate calculation of

the virtual photon flux in this regime, without neglecting the electron mass.
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Figure 3.21: Feynman diagram of the inclusive pion electroproduction process.

3.9.2.1 Contributions from virtual photons

Using the notations of Figure 3.21, the 5-fold” differential cross section for electopro-

duction of 7~ is given by [107]:

do _T do,
dedEfngM N UngM

(3.57)

where o is the exclusive pion production cross section, €2 is the solid angle of the

QM s the pion

outgoing electron in the laboratory frame, € is the electron final energy,
solid angle in the center of mass, and do,, /dQ¢™ is the differential pion photoproduction

cross section. The virtual photon flux, I', is defined as:

_ o () (3.58)
Y22 \ € l1—¢ '

95-fold accounts for: (07, ¢y, ep, 0SM, pCM).
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where:
1
— 3.59
) 1+2qﬂt 2 )
Q? 2

in which ¢ is the 3-momentum transfer, 6; is the outgoing electron angle and Q?
is the four-momentum transfer squared; ¢ is the degree of transverse polarization of
the virtual photon. K, = (W? —m2)/(2m,) is the photon equivalent energy, or the
laboratory energy necessary for a real photon to excite a hadronic system with center
of mass energy W. In these equations, the electron mass is assumed to be negligible,
so that I', diverges for 6y — 0.

As Equation (3.57) needs to be integrated over electron kinematics, an accurate expres-
sion for I', is therefore required. The correct expression including the electron mass

was derived starting from the leptonic tensor (Equation (6.25) of Ref. [1]):
LYY = 2(/{:7/{:;’ + KYk] — (kyp -y — m2)g") (3.60)

and the hadronic tensor (Equation (8.27) of Ref. [1]) removing the ¢” terms as they

do not contribute to the contraction (Equation (8.25) of Ref. [1]):

Wy
W/u/ = _ng;w + Wpi,upi,u . (361)



140 Chapter 3. Data Analysis

Contraction gives:

W-
LW, = 2(kpki + kiki — (kg - ki — mi)g”")(m—jpivupi,u — Wigu) (3.62)

W
= AWi(ki - ky —2m?) + Qm—j[Q(pi ki) (pi - kg) — my (ki - ky —m)]

n

-

Selecting the laboratory frame where p; : (m,,,0) gives:
LYYW, = 2W1(Q* — 2m?) + Wa(4eier — Q7) (3.63)

and the differential cross section (Equation (8.33) of Ref. [1]) becomes:

4

(& dsk‘f

1

d - — Lt 1/4 n .64
7T Wk p)E— mEm) [@4 e WA ] 2, 2r)? (3.64)

(47a)*47m, ) ) ) k]%dk‘fdQ

2 -2 de;er — -
T @ — a7 (2@ = 2me) + Waldees = QO] 505
Performing a change of variables dk; = (ef/ky)de;s leads to:

de;dQ~ Q* <€g - mg> [2(Q% = 2m2) W1 + (deiey — Q*)Wr] (3.65)

Relating this to the photonuclear cross sections or and o, defines the virtual photon

flux via:

do
dEfdQ -

F;(UT + E/UL) (366)
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where:

4 2
or = (0" + o) = szMQ(w,q2) (3.67)
y
4y w?
o, = o) = T [(1 — —2) Wa(w,q?) — Wi(w,q?)| . (3.68)
5y q

Comparing Equation (3.65) with Equations (3.66), (3.67) and (3.68), and defining &’

to be in agreement with Ref. [111] gives:

-2
q
(deey — Q%) — 2m§—2
e = @ (3.69)
q
(dejer — Q%) +2(Q° — ng)@
and:
Lo ak, (G-m\'? (3.70)
v 2mQ? \ €2 — m? 1—¢ '

The use of ¢’ instead of ¢ is required as e diverges for 8y — 0. However, aside from
e, I', is a good approximation of I/ and does not affect the results. The 5-fold cross

section 1s rewritten as:

do do,
=I v 71
dedEfngM UngM (3 7 )

For reference, the expression for % in the laboratory frame, keeping terms in m, is:

Q> = —¢* = —(ki—ky)?

= —2m2 + 2(eep — \/622 — mg\/efc —m?cosby) . (3.72)
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3.9.2.2 Real photon flux
Real photons result from bremsstrahlung in the liquid deuterium target. The total

number of bremsstrahlung photons per MeV per incident electron is given by [112]:

2 d*n
I, = dt .
/0 dwdt (3.73)

where z is the position (here in g/cm?) within the target at which the pion is photo-

produced and:

d*n 3495 x 107
dwdt Aw

[Z2®,(Z, €,w) + Z®(Z, €;,w)] (3.74)

where d?n/dwdt is the number of bremsstrahlung photons per MeV per incident elec-

2. ®, and ®, are the electron-nucleon and electron-electron terms in

tron per g/cm
the bremsstrahlung cross-section respectively and are functions of the atomic number
Z =1, the initial electron energy ¢;, and the photon energy w. A = 2 is the number
of nucleons per atom. d?n/dwdt is the number of photons produced within an energy

range dw within a target thickness dt. Most of the bremsstrahlung flux is produced at

forward angles with respect to the direction of the electron beam.

3.9.2.3 n(~,7)p cross section and nuclear corrections

For the photonuclear cross-sections for a neutron target, the Mainz unitary isobar

model (MAID) [107] [108] was used. A generator of the differential cross sections



3.9. Physics corrections 143

based on the calculations performed in [113] and [107] was available online [114] and

also in the form of a subroutine written in FORTRAN (MAID2000) [113] [115].

The G° experiment used a liquid deuterium target. While the dominant process for
7~ production is quasi-free production from neutrons, the following nuclear corrections

had to be applied:

e Fermi motion: The neutron is not at rest within the deuteron. This leads to an
initial target momentum pr, the Fermi momentum (||pr| < 110 MeV/c), that
tends to smear the scattering cross section over a corresponding kinematic range.

e Pauli Blocking: The Pauli exclusion principle can have an effect on the cross
section if the final state of the scattering process is not allowed.

e Final State Interactions (FSI): There is a possibility that the scattered particles

interact with the proton spectator (p;), hence affecting the cross section.

The method used to perform the nuclear corrections is to make use of the available
cross section data for the reaction d(v,m)pps (where p; is the proton spectator in the
process). The ratio of the experimental values of 7~ photoproduction cross sections
from a deuterium target and the same cross sections predicted by MAID2000 assuming

a neutron target was used as a scaling factor to perform the nuclear corrections.

The cross section for the process d(y, 7~ )ps was measured in Ref. [109] in a bubble

chamber experiment at DESY with a bremsstrahlung beam of energies between 0.2
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and 5.5 GeV. The data were corrected for nuclear effects in order to extract the cross

section for yn — 7 p.

Figure 3.22 shows the deuteron cross section extracted from the bubble chamber ex-
periment together with the neutron cross section recovered in Ref. [109]. There is a
change in the amplitude of the resonance peak due to nuclear corrections, from 250
ub for d(~,m)pps to 300 ub for n(v,m)p. As seen in Figure 3.22, the latter is in good

agreement with MAID2000.
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Figure 3.22: Comparison of neutron and deuteron cross sections as a function of photon
energy. The dashed line represents the yn — 7w~ p cross section generated by
MAID2000. The triangles indicate the vd — ©~ pps cross section measured in
Ref. [109]. The small bullets represents the yn — 7~ p cross section deduced
from this experimental data.
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3.9.3 Physics generators

The physics generator used the photoproduction cross section, do,,/dQSM, provided
by the MAID2000 [114] routine based on Ref. [107]. A Monte Carlo integration was
then performed as described in this section. The results were compared with a test
code which performed an analytical integration using a forward peaking approximation
method [116] [117]. In the latter case, it was assumed that most of the cross section
is dominated by small scattering angles ;. The real photon part of the cross section

was calculated using do,,/dQSM and the photon flux given by Equation (3.74) [112].

A kinematic limit has to be applied to the pion electro- and photo-production gener-
ators. This limit arises from the center of mass energy threshold for creating a pion.
This is given explicitly by:

W? > (m2 4+ m?2)? (3.75)

where W is the total energy in the center of mass and m, , are the reaction product
masses. Useful kinematic variables such as the pion energy and momentum as func-

tions of the input variables are calculated in Appendix A.

While the magnitude of the cross section was corrected for Fermi motion, smearing
effects of the pion momentum in the laboratory frame need be taken into account
properly. The problem is due to an imprecise knowledge of the variation of nuclear

corrections as a function of laboratory angle, and that the norm of the pion momentum
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needs to be calculated in the laboratory frame and not the neutron rest frame. A simple
sketch of the initial conditions in those 3 frames is displayed in Figure 3.23. The best
way to proceed is to calculate the pion kinematics and cross section in the center of
mass, then perform a Lorentz boost to the reference frame in which the neutron is at
rest, and at the end a Lorentz boost to the laboratory frame where the cross section is
then corrected as described in Section 3.9.2.3. A detailed calculation of the kinematic

variables in that case is discussed in Appendix A.

Lab Frame CM Frame NR Frame

—

PFr

q qom qom dNR
— > — > — >
e O =0, s Q.

Figure 3.23: Initial photon momenta in the 3 different reference frames relevant to the
calculation. From the left to the right, we can see the laboratory (Lab),
center of mass (CM) and neutron at rest (NR) frames respectively.

For both virtual and real photon contributions, the Monte Carlo integration is done
using do,,/dQ¢M given by Ref. [107]. The difference between them resides in the
integration procedure. The 5-fold differential cross section for virtual photons was given
in Equation (3.57). The variables €y, {2y, QM are generated randomly; an integration
is performed while calculating and recording all the relevant kinematic variables at each
step. For the solid angles (£2), flat spectra of cos 6 are generated, since the definition of
the differential solid angle is d€2 = d cosfd¢. The cross section being highly peaked at

6y = 0 makes the Monte Carlo integration very inefficient (d cosfy — 0 ). The solution
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is to integrate over In Q? instead of 6; by using:

do do

e, dCagdm P~ de;da0ag,

where the the Jacobian factor J is given by:

dcos b Q?

|

_ |Dcosby 0Q?
| 0Q? 0lnQ?

Oln Q? 21 il 1%

where Equation (3.72) was used. Equation 3.76 then becomes:

do Q? do

desdQMdgsdInQ® 9|k ||| ]| ded QLM dCYy

with the new integration limits for In Q*:
InQin = W[2(eier — [|Kill [ 5gll —m?)]

Qe = W2(eses + |[Kill[El| —m?)]

max

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)

The kinematic limits of the Monte Carlo generator were carefully checked before pro-

ceeding further. For virtual photons, we see in Figure 3.24 a 2 dimensional histogram

of Q? as a function of the photon energy w. The first limit is calculated from Equations

(A.1) and (3.75), leading to:

Q% <m2 + 2muw — (my, +my)?

(3.81)



148 Chapter 3. Data Analysis

The second limit is derived from Equation (1.2) written explicitly as a function of w:

Q* < dejes = dei(e; — w) (3.82)
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Figure 3.24: Graph of Q? vs w in the virtual photon case. The limits are given in the text.

Another kinematic test was performed on the pion energy in the center of mass. Using

Equation (A.4) with A.1 gives:

mp + 2muw — Q* + m2 —m? (3.83)
2¢/m2 + 2m,w — Q2 .

Ercom =

The two ? limits defined in Equation (3.82) and 3.81 were used to deduce those on
E ¢ as a function of w. This is what is shown in Figure 3.25.

Earlier simulations of pion photoproduction yields for the G° backward angle exper-
iment were done at different beam energies [117]. However, since the original simu-

lation code was still available, a direct comparison at 362 MeV was made possible.
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Figure 3.25: Graph of F; ¢y vs w in the virtual photon case. The overlaid black dashed
lines are the limits given by taking the limits on @? in Equation (3.83).

From the present Monte Carlo simulation, the quantity do/dk,dS), was generated for
an out-going pion angle 0, ~ 108°. This was done by considering the pion momentum
distribution in the laboratory frame with a cut on the pion angle and a weighting factor

defined as:

108 _ 1 AesA¢rAln Q*AQCM
v N? 270 cos 0.0k,

Fvents

(3.84)

w

in which 0 cosf, is the cosine of the width of the cut in pion lab angle, 0k, is the
number of MeV per bin in the histogram and the A’s are the ranges of generation
of the final electron energy (ef), azimuthal electron scattering angle (¢;), InQ* and
outgoing pion solid angle in the center of mass (Q¢M). Ng . .. is the number of
events generated by the MC. Figure 3.26 displays a fairly good agreement between
the present MC simulation and the previous simulation based on the form of the cross
section described by Tiator and Wright [116], which used a simpler analytical approach

(forward peaking approximation).
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Figure 3.26: Virtual photon part of the differential cross section for 6, ~ 108°. The beam
energy in the simulations is 362 MeV. The histrogram represents the present
simulation, and the blue curve is the earlier simulation obtained from Ref.
[116] [118].

For real photons, the integration must be done over the various photon energies and

the pion solid angle. The integrand then becomes:

do do,,
dodae™ = U goon (3.85)

The variables w and QY™ were generated in the same fashion as discussed above, and

a Monte Carlo integration was also performed. The event weight is given by:

_do AwAQSM
© dwdQCM N7

FEvents

(3.86)

Wy

The pion energy in the center of mass is completely determined by the real photon

energy and the masses as described by Equation (3.83) when Q2 is set to 0.
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A comparison of the two simulations similar to the virtual photon case was performed.
The results are expected to agree perfectly since the method is almost exactly the same
in this case. do/dwdS), was generated from the MC and compared with Ref. [117] as
seen in Figure 3.27, in which good agreement with the previous study is displayed. In
the course of these studies, a small mistake was found in the bremsstrahlung part of the
code related to Ref. [117] as the deuteron density was set to twice the hydrogen density
as a first approximation instead of its actual value. This was corrected in subsequent

calculations.

do/(dwdQ) (ub sr*MeV)
o
(2]

Il I Il Il ‘ Il Il ‘ Il Il I Il
200 250 300 350
w (MeV)

Figure 3.27: Real photon part of the cross section for 6, ~ 108°. The histogram is the cur-
rent Monte Carlo simulation, The blue curve was obtained from the previous
simulation based on Ref. [118][116][112].

A comparison of the real photon contribution to the MC cross sections with the data
from Ref. [109] as a function of the pion lab angle is shown in Figure 3.28. A cut on

the photon energy was applied (280 < w < 300 MeV) in this example. The error bars
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on the results from the MC generator (solid line) account for the spread due to the
range of photon energies. The scaling factors applied to the MC representing nuclear
corrections are given by the ratio between the data points corresponding to the dashed
line and the solid line for sub-ranges of photon energies. The scaling factors are applied

for w sub-ranges that are typically 20 to 40 MeV wide.

do/(dk dQp

N
3]

N
o

=
a1

=
o
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Figure 3.28: Real photon part of the cross section as a function of the pion lab angle. A
cut was placed so that the photon energy is between 280 and 300 MeV. The
smooth curve represents the Monte Carlo; the dashed line under it represents
the measured cross section for the reaction d(vy, 7~ )pps from Ref. [109].

The present Monte Carlo was tested against the Short Orbit Spectrometer (SOS) [110]
data taken in Hall C for background study purposes [119]. This comparison provides an
additional check of the new generator. The SOS data taken in the context of Ref. [119]
correspond to a pion scattering angle of about 136° and a beam energy of 824 MeV

with different LD, target thicknesses. The purpose of the SOS data was to examine the

size of possible 7~ backgrounds for the main backward angle G° data at high energy
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(687 MeV). From these measurements, the resulting cross sections corresponding to
several deuterium target thicknesses are shown in Figure 3.29. The new generator is in
good agreement with the SOS data for a 15 cm target; there appears to be an overall

scale discrepancy for the 4 cm target data.

Virt+Brems, 15cm LD2 Target

Virt+Brems, 4cm LD2 Target
) LD, 4cm (SOS data)

] LD, 15cm (SOS data)

do/(d Q_d k,) (nb/sr/(MeVic))

0.5

Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il — ‘ 4 4 4 L
POO 150 200 250 300 350 400
k. (MeV/c)

Figure 3.29: Monte Carlo simulation results compared with SOS data [119]. Cross section
do/dwdQ; as a function of pion momentum in the lab frame. The simulation
contains nuclear corrections and Fermi smearing of the pion momentum.

3.9.4 Implementation in GOGeant

The new 7~ generator was implemented in the current GO-GEANT [120] simulation
program which is a customized GEANT3 [121] code that describes the passage of
elementary particles through the G° apparatus. The program was taken from the
forward angle mode and adapted to perform G° backward angle simulations. GO-

GEANT is set to track secondary particles such as negative muons (u~) arising from
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7~ decay'®. However, the GO-GEANT simulation is not necessarily complete; for
example, the 7~ or their decay products, = have a small probability to be absorbed
in materials hence not leading to a CED/FPD coincidence in some cases. While not

explicitly implemented in GO-GEANT, those processes are found to not affect the rates

by more than 1 % [122] [123].

3.9.5 Results for rate simulations and comparison to G’ data

The simulated pion rates in Hz/uA for the virtual and real photon contributions to
the 362 MeV LD, target data are shown in Figures 3.30 and 3.31 respectively. The
secondary particles (™) are automatically included as part of the standard GO-GEANT

tracking. The virtual and real photon parts account for approximately half of the pion

production rates respectively.

CED

Figure 3.30: Virtual photon contribution to the simulated pion rates (Hz/puA) in the G°
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coincidence matrix for one octant (LDy target, 362 MeV).

10At the kinematics considered here, 7~’s have a half-life corresponding to a range of about 10

meters in the laboratory frame.

0
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Figure 3.31: Real photon contribution to the simulated pion rates (Hz/pA) in the G co-
incidence matrix for one octant (LDy target, 362 MeV).

The rates were summed over the pion locus defined earlier to compare the relative
size of the 2 contributions. The total simulated rates corresponding to virtual(real)
photons were found to be 7490(8978) Hz/uA respectively. One can extract the relative

contribution from virtual photons defined as:

V.o 7490
V 4+ R 7490 + 8978

Jvirt = = 0.45 (3.87)

The measured pion coincidence matrix corrected from dead-time and randoms is shown

for comparison in Figure 3.32.

The simulation and data are compared by looking at the normalized yields as function
of FPD number, displayed CED by CED as shown in Figure 3.33. The simulation still

overestimates the data by about 15 — 20% in the high rate cells, which is nevertheless
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Figure 3.32: Measured pion rates (Hz/pA) in the context of the G coincidence matrix for
one octant.

a very significant improvement with respect to the previous implementation of pion
generator in GO-GEANT where a factor 2 discrepency was found between the simula-
tion and the pion rates in the coincidence matrix. The new simulation underestimates
the data in two lowest rate elements, CED 8 and 9 by about 50 %. This could be
due to Cerenkov inefficiency for the detection of elastic electrons in CED 9, but it is
irrelevant in this context as the pion locus does not include CED 9. The missing rates
in CED 8 seem to display the same FPD dependence as the simulated pion rates. This
discrepancy could be due to an inaccurate implementation of Fermi smearing effects.
It can also be due to geometry issues with the implementation of the G° apparatus in
GEANTS3. The discrepancy between the data and the simulation (~15 %) can be used

as the uncertainty on f;.
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Figure 3.33: Pion rates (Hz/uA) as a function of FPD number. The dotted yellow and grey
curves are the photon and virtual photon parts of the simulated pion rates.
The blue curve is an estimate of the electron rates leaking into the pion data.
The orange and brown curves are the data and total simulated rates plus the
electron rates respectively. All the graphs are at the same scale.
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A conservative error estimate for the simulated value of f,;.; is obtained by comparing
the effective radiation length of virtual photons X" = 2 % [124], and the radiation
length of the material in the target contributing to bremsstrahlung, while assuming
that do,,/dQSM has the same value in either case. This gives a “back of the envelope”
alternative calculation of f,;. To a good approximation, the radiation length con-
tributing to the bremsstrahlung flux within the LDy target is the sum of the radiation
lengths of the material upstream of the target (X,7) added to 1/2 of XFP? (see Table
2.5 for numbers). This is due to the fact that the bremsstrahlung flux increases linearly
as the electron beam passes through the LD, target. Explicit calculation shows that:

X(l)}iTt
Xé)irt + (XOLD2/2 + Xétp)

Jvirt = ~ 0.54 (3.88)

From Monte Carlo simulations, it was found that the acceptance of the GY apparatus
along the z axis of the LD, target decreases linearly by a factor of 3 from the entrance
to the exit of the target. Assuming a flat distribution of the virtual photon contri-
bution along the target and an increasing bremsstrahlung flux as z increases, the real
photon contribution from the LD, target (X/?) is reduced relative to the virtual pho-
ton contribution by a factor 5/6. This consideration increases the estimated relative
contribution from virtual photons to f,;,+ = 0.56. The systematic error is then taken to

be the discrepancy between the estimate discussed above and the Monte Carlo result,

which is 0.56 — 0.45 = 0.11, so that f,;+ = 0.45 £ 0.11.
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3.9.6 Extraction of physics quantities

The real photon depolarization for a bremsstrahlung event, D(y), with respect to the
electron beam polarization, has a dilution effect on the pion asymmetry. This factor

can be calculated formally [125] and has the form:

s+ 50— )
D(y) = 2

I+ -y) =51 -y)

(3.89)

in which y = w/e; is the ratio of photon energy to the electron beam energy. A graph

of D(y) as a function of y is shown for GY kinematics in Figure 3.34.
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Figure 3.34: Photon depolarization as a function of y = w/e;.
Figure 3.35 shows the spectrum of photon energy w for events accepted by the G°

apparatus. Given that w tends to be close to the beam energy ¢;, the variable y is very

close to unity, which translates into D(y) being very close to 1, according to Figure 3.34.
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Figure 3.35: Rates in the coincidence matrix as a function of w.
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Equation (3.89) was implemented in GO-GEANT to extract the average (D(y)) for
each cell of the coincidence matrix. Figure 3.36 shows a spectrum of D(y) over the
pion locus. Given the fact that the distribution of D(y) is sharply peaked at 1 and that
the average value is 0.95, it is reasonable to take 0.05 as a conservative systematic error
on the average, which leads to an average photon depolarization of (D(y)) = 95 £ 5%.
This error would translate into an error on y of about 15 %. Effects due to Fermi
smearing were not taken into account in the generation of the spectrum of w, but those
effects would certainly not affect the average y at the 15 % level. The assigned errors

on y and D(y) are thus demonstrated to be conservative.

For the virtual photon part of the cross section, the value of the average four-momentum
transfer squared within the pion locus must be determined. Figure 3.37 shows the dis-

tribution of @* within the pion locus, with an average of 0.00316 (GeV/c)2.
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Figure 3.36: Photon depolarization factor (in %) spectrum calculated within the pion locus.
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Figure 3.37: Histogram of Q? for events in the pion locus.

Entries 14322
Mean 0.003161
RMS  0.007116

0.01

0.02

0.03

0.04 0.05

Q? (GeVic)?

Systematic effects on the average Q? were estimated by changing various experimental

parameters in the simulation. Table 3.7 shows the sensitivity of (Q?) with respect to

relative changes of the SMS magnetic field, target position and beam energy. Given

that the accuracy on experimental parameters is at least one order of magnitude [126]
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better than the variations shown in Table 3.7, the systematic error was conservatively

assigned to be 10 % for (Q?).

Furthermore, an analytical estimate that approximates the cross section to be propor-
tional to 1/Q?* as indicated by the flux factor defined in Equation (3.70) agrees with
the simulation within 10 %, hence giving additional confidence in the assignment of

the systematic error at this level.

Parameter Shift from nominal value (Q?) ((GeV/c)?)
Magnetic field +10 % 0.00292
Beam Energy -5 MeV 0.00300
Target position +4cm 0.00345

Table 3.7: Sensitivity of the average Q2 to various parameters.

3.9.7 Impact of nuclear corrections to the pion asymmetry

Nuclear corrections to the unpolarized 7~ production cross section were taken into
account in the simulation. However, no nuclear correction were applied to the pion
asymmetry. Those could include parity violating Final State Interactions (FSI) or
higher order processes due to nucleon-nucleon interactions in the deuteron. Since the
resonant 7~ production process ¥ +d — 7~ + p + ps is dominated by the subprocess
¥ +n— A’ — 7= + p, nuclear effects on the asymmetry are expected to be relatively

small [39] on theoretical grounds.



3.10. Summary: Pion physics asymmetry, errors and kinematics 163

Nuclear effects related to 7~ production in the Aluminium windows of the target cell
can be potentially larger than those for deuterium. As discussed in Section 3.8.4, back-
ground rates from the aluminium windows were found to be only a ~2%. Therefore,
even if the nuclear corrections due to the 7~ asymmetry for aluminium were of the
order of 100 %, there would be no significant impact on the result for A, given the

experimental sensitivity of the pion asymmetry measurement in G°.

3.10 Summary: Pion physics asymmetry, errors and
kinematics

After all corrections, a pion physics asymmetry and its error were extracted from the
data. Other parameters necessary to interpret the physics asymmetry and compare

with theory are reported:

e The average momentum transfer of the virtual photon contribution to the pion
data in the G° experiment.

e The relative contribution of the virtual and real photon contributions to the pion
rates in the inelastic locus as well as their respective errors.

e The real photon depolarization factor, D(y) and its error.

3.10.1 Pion asymmetry and errors

The final value of the pion asymmetry after all corrections is:

AER = —(0.55 4 1.03444; & 0.37,,s ppm (3.90)
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A summary of the systematic corrections to the pion asymmetry after each step in the
analysis is given in Table 3.8. A list of the dominant systematic errors is given in Table
3.9. The systematic errors were added in quadrature to arrive at the total systematic

error in Equation (3.90).

Data analysis Correction  Asymmetry (ppm) Stat. Error (ppm)

Pass 2 RCS —0.17 0.75
Pass 3 Rates —0.54 0.78
Pass 4 Linear Reg. —0.52 0.78
Additional Particle ID —0.22 0.88
corrections Transverse —0.45 0.89

Beam pol. —0.55 1.03

Table 3.8: Pion asymmetries at each step of the analysis.

Correction  Error (ppm)
Rates 0.26
Linear Reg. 0.21
Particle ID 0.12
Transverse 0.08
Beam pol. 0.01

Table 3.9: Systematic errors associated with each correction.

3.10.2 Kinematics and their errors

The physics pion asymmetry (3.90) was determined at the kinematic parameters listed

in Table 3.10.
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Parameter Value Error

(Q?) 0.0032 (GeV/c)? 0.0003 (GeV/c)?
fuirt 0.45 0.1
(D(y)) 95 % 5%

Ey [126] 359.51 MeV 0.66 MeV

Table 3.10: Kinematic parameters used to interpret the pion asymmetry measurement. Ej
is the mean electron beam energy at the center of the target.

The average four-momentum transfer, (Q?), is given for the virtual photon part of
the pion data only. The quantity f,;+ represents the fraction of events due to virtual
photons. The average real photon depolarization factor (D(y)) is also given. In the
next chapter, a preliminary extraction of da is presented using the work of Ref. [1§]

as a reference.
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Chapter 4

Results and discussion

The low energy constant da can be calculated from the pion physics asymmetry ALE.
This is the principal goal of the present work. As discussed in Chapter 1, to first order,

the relation! between da and A7 is [39]:

2Myda
T 2 .
Ar CY(0)A, (41)

in which My is the neutron mass, Cy (0) = 1.39 is the dominant N —A vector transition

form factor, and A, is the scale of chiral symmetry breaking. As discussed in Chapter

3, the pion physics asymmetry measured in the G® experiment (AZ%) is not the same

as AY, since a fraction of the pion rates (f,;+ = 0.45) arise from inelastic e-n scattering
inel

with a corresponding asymmetry A%¢. This chapter will focus on the relation of AL?

to AY and the resulting world’s first experimental limit on da.

!We refer in this section to dy from Chapter 1.
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4.1 Extraction of A}

As previously mentioned in Section 1.1.4 of Chapter 1, the inelastic asymmetry A%

in the process e +n — A? — p+ 7~ can be expressed as a sum of three contributions:

_Gr@®
V2 4dra

A%\i’l = [ ?1) + A?2) + A??,)] (4-2)
where G is the Fermi constant and « is the fine structure constant. The low energy
constant da is included in A’(Tg), Amel coincides with Equation (4.1) in the Q* — 0
limit. A?l), Aé) and A??)) are shown again for reference as a function of Q? in Figure
4.1, calculated by the authors of Ref. [18], for beam energy 424 MeV. Since these con-
tributions are dominantly a function of Q% and not beam energy, no additional theory
uncertainty associated with the comparison to G° data at 362 MeV is assumed for the

extraction of da.

The method used to calculate AY from AL is the following: the Q? dependence of
Ainel is essentially linear below 0.05 (GeV/c)?, as seen in Figure 4.1. Moreover, as
stated in Chapter 1, A% coincides with A in the limit of Q* = 0. Therefore, a linear

extrapolation of A% to the value of AY can be performed via:

AY = ARy +5(Q%) (4.3)
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Figure 4.1: Different contributions to the inelastic asymmetries as a function of |¢?|. The
long-dashed /dashed straight line corresponds to A% (A ) /ABE(Ag)) respec-
tively. The curves represent different possibilities for A’}’ﬁ—l(A(g)) depending on
the value of da (Solid line corresponds to da = 0 and the last dashed line cor-
responds to da = 100g,). A beam energy of 424 MeV for inelastic scattering
from the proton was used to make this figure, taken from [18].

where S represents the absolute value of the slope including the 3 above contributions
to A below Q% = 0.05 (GeV/c)?. To determine the slope, since A7 is measured to
be very small (da ~ 0), and since A is very well known, we take the contributions
Any, A and Az (da = 0) to determine S. For the uncertainty in .S, we consider only
the A(g) and A3y terms. The uncertainty is very conservatively estimated as £50% of
these values. This uncertainty is larger than the slope variations with respect to da
seen in Figure 4.1, and is larger than the slope variations due to the theoretical range
of the low energy constant an (see Chapter 1) that is not shown in the figure. Taking

the various contributions to the inelastic asymmetry from Figure 4.1 for Q? = 0.05
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(GeV/c)? gives an estimated slope (S) of 133 ppm/(GeV/c)?. The overall uncertainty

on the slope S was found to be 18 ppm/(GeV/c)?.

The pion physics asymmetry in the G° experiment can be expressed as a sum of virtual

and real photon contributions:

AﬁR = (1 - fmrt)<D(y>>A7r + fvirtA%\e/l“Qz)) (44>

where (D(y)) is the real photon depolarization, and (Q?) is the average four-momentum
transfer squared corresponding to the virtual photon contribution to pion production.

Using Equation (4.3) and extracting A7 gives:

A;yr _ A#R - fvirtS<Q2> (45)

(1 - fmrt)<D(y>> + fm'rt

Explicit calculation using the results presented in Chapter 3 and the numerical value

of the slope S discussed above leads to:

AT = —0.36 =+ 1.06,4; = 0.37,,5 & 0.03y, ppm (4.6)

where all the systematic uncertainty contributions are listed in Table 4.1. The last

quoted error corresponds to a theory error associated with the slope S which does not

depend on the G° experiment but on the theoretical input for A%,
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Contribution Value (ppm)
RCS 0
Rates 0.26
Linear Regression 0.21
Particle ID 0.12
Transverse Polarization 0.08
Beam polarization 0.01
(Q?) 0.02
(D(y)) 0.01
Jvirt 0.05
S 0.03

Table 4.1: List of all systematic error contributions to the final value of A7.

4.2 Results for da

The relation between da and AY was given in Equation (4.1) [18]. Neglecting the
uncertainties in the input parameters of Equation (4.1) and propagating the statistical

and systematic errors arising from AY, da is calculated to be:

da = (8.3 4 23.9,10¢ & 8.34ys + 0.741) Gu (4.7)

where g, = 3.8 x 1078 and the last quoted error represents a theory error due to the
assigned uncertainty on S. This represents the first experimental determination of da;
it excludes ~75 % of the theoretically possible range of values at 1 o, as illustrated by

Figure 4.2.
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4.3 Comparison with theoretical predictions

A comparison of the extracted value of da from the G° pion asymmetry measurement
at backward angle with respect to the range of theoretical predictions is given in Figure
4.2. As discussed in Chapter 1, the predicted range using the Resonance Saturation
Model for the absolute value of da is (9 — 25) g, [18]. Moreover, possible enhance-
ments could arise from the ratio of the CKM matrix elements, V,,4/V,s. On the other
hand, there is no reason for da to not be smaller than 9 g,, and possibly lower than its
natural scale, g,. Therefore, the full range of possible values for da: (—100 — 100) g,
is shown on the left side of Figure 4.2. The best value, |da| = 25 g,, which was calcu-

lated in Ref. [18], also appears in Figure 4.2.

With a 95 % confidence level (2 o), the results of this work are that da was found to
be in the range -42 to +59 g, with the assumptions presented here. This result tends
to favor smaller da, excluding the larger predictions in the theory range given by the
authors of Ref. [18]. The result tends to rule out the possible enhancements by V,q/Vis
corrections suggested in Ref. [18]. However, given the precision of this measurement,
the result is in agreement with both the enhancements due to the Resonance Satura-
tion Model which lead to the “best value” suggested in Ref. [18], and with the natural
scale. Higher statistical precision would be required to further distinguish between the

resonance saturation model without V,4/V,s enhancements and the natural scale.
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The comparison made above is in the context of Ref. [18][39]. Further work on the
theory would enable a more reliable determination of da. In preparing to publish this
result, it is planned to contact the authors of Ref. [18] [39] to confirm the extrapolation
of the experimental asymmetry to the photon point as described in Section 4.1. This
interpretation must account for the specific combination of target, kinematics and

selection of final state (pm~) as studied in the GY experiment.

100_—
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e

-501—

-100—

Theory G’

Figure 4.2: Comparison of da as calculated from the pion asymmetry measurement in the
G experiment with the theoretical predictions from Ref. [18]. The statistical
error on the measurement is represented by the inner error. The total error
(statistical, systematic and theory added in quadrature) is represented by the
outer error. The dashed lines shows the natural scale of da, and the square
markers represent the best values. The theory range on the left accounts for
phase uncertainties and possible V,,4/V,,s enhancements as discussed in the the-
ory chapter.
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4.4 Future prospects for da

A second experiment to constrain da using the Qe experiment apparatus at Jef-
ferson Lab has been proposed in Ref. [127]. The Qeqr experiment is a measurement
of the parity violating asymmetry in elastic electron proton scattering at very forward
angles (Q* = 0.03 (GeV/c)?), which could lead to a very precise determination of the
weak charge of the proton, @b, = 1 — 4sin? 60y [128]. The apparatus of Quyeqr can
be used to also measure the inelastic asymmetry A% at Q% ~ 0.022 (GeV/c)?, hence
providing an independent evaluation of da. The goal for the statistical accuracy for
the measurement of da in the Qe experiment is approximately 7 g, which is ap-
proximately 3 times smaller than the present result. For that purpose, it was proposed
to dedicate 1 week of beam time in early 2011 to perform the inelastic asymmetry

measurement with the Qw..x apparatus.

Like GO, the apparatus for the Qyyeqr experiment also includes a toroidal magnet
spectrometer. It is an 8-fold symmetric apparatus as for the G° experiment and uses
quartz Cerenkov bars as the main detectors. Unlike GY, it is a current mode experiment
with beam intensity as high as 150 pA. For the inelastic asymmetry measurements,
the magnetic field of the spectrometer will be lowered to focus inelastic electrons onto

the detector bars.
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Beyond the present work, further measurements of A, are not currently foreseen. The
G° experiment had several physics goals, with a high priority for the elastic asymmetry
measurement. Fortunately, the versatility of the G° apparatus enabled extra data to be
analyzed such as the pion asymmetry data presented in this work. The G° experiment
also allowed measurements of inelastic electron asymmetries at Q* = 0.35 (GeV/c)?
with the LHy target, for which the data analysis is currently under way [129]. However,
lower statistical accuracy combined with significant backgrounds in the inelastic elec-
tron locus at those kinematics will make a clear interpretation of the inelastic electron

asymmetry measurement more difficult.
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Appendix A

Pion production kinematics

A.1 Kinematic variables

This appendix provides more information on the kinematics related to pion production
from e-N scattering. All the kinematic variables derived in this section hold for the
virtual photon part of the process. Setting Q? = 0 usually gives the result for real
photons when applicable, that is when the equation does not involve the initial or final
electron energy. The kinematic variables of the nucleon N and the pion 7 in the final

state can be calculated starting from the center of mass' energy W defined as:

W2 = (pi+q)?=p+¢+2piq

= my — Q* +2WE; — fi - §) = m% — Q>+ 2wmy (A1)

!Defined for the virtual photon - nucleon system in this context.
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where my is the mass of the nucleon in the initial state, @? is the four momentum
transfer squared defined above and p; : (E;,p;) is the initial four-momentum of the
nucleon in which p; = 0 as the nucleon is assumed to be at rest. W can also be

expressed as a function of the final kinematic variables in the center of mass:

W? = (krom +prom)

—

= mi+m\+2E.omErom — Prov - krowm)
= mZ+my +2(ErcnBrom + |Proul?)

= m2+m\+2(E.cmErom + E]%,CM —m)?) . (A.2)

where m/y? is the mass of the nucleon in the final state and in the last step, momentum

conservation was used in the center of mass of the final state decay products, that is

—

kr.cm = —Prom- Using the energy conservation relation, W = E¢cn + Er om, Efom

is expressed as:

W2+ m/? —m?
T . A.
oY (A.3)

Erom =

Applying the conservation of momentum relation |y car| = |Fr.com| = 4 [ EF car — M,

the energy of the produced pion can be calculated to be:

W2 +m?2 — m)?
Erom = ST N (A.4)

In order to obtain the above energies in the laboratory frame, one can just apply
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a Lorentz transformation to it with a Lorentz boost 5 = Gem/Eicm, where E; oy

is the neutron energy in the photon-neutron center of mass. The standard Lorentz

transformation applied to four-vectors is given in Ref. [74], but the expression for 5 is

still needed. The Lorentz invariant formed by ¢ - p; is calculated in the laboratory and

center of mass frame as:

q-Pi = dom " Pi,cMm

wm, = (WemBiom +3@2y) -

Using the relations wey = /—Q? + ¢y, and E; o = /m2 + G2y, gives:

(Mmpw — Cfch)2 = (Cfch - Qz)(ffch + mi)
miWZ - 2(7(}2an W+ JéM = JéM - szfch - QQmi + cngmi
which leads to:
o o mi(w+ Q%) mi(w+Q?)
oM = 2 — Q2 + 2maw W2

(A7)

Therefore, the Lorentz boost of the center of mass frame with respect to the laboratory

frame is given by:

= qcm
Bem = —

Eicm

(A.8)
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A.2 Fermi Motion

A neutron inside a nucleus is not at rest; there is a momentum distribution of the
neutron with respect to the deuteron rest frame, also referred to as Fermi motion. This
can be represented by a momentum distribution n(pr). This distribution is shown in
Figure A.1. When implementing Fermi motion corrections, a cut is placed to set a
maximum possible value for the Fermi motion. This cut-off was varied from 80 to 200
MeV /c in the simulations and does not affect the results of the simulations described

in Section 3.9.
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Figure A.1: Fermi momentum distribution with a cut off at 120 MeV. Histogram generated
with part of the code of the GOGEANT simulation. Based on Ref. [130].

The Lorentz boost from the laboratory frame to the neutron rest frame associated with

Fermi motion is:

ﬁFermi
ermi — A9
ﬁF EFermi ( )

where Epermi = \/Dfermi + M2 1s the neutron energy in the laboratory frame.
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A.2.1 Effect of Fermi motion corrections on the cross section

The effect of Fermi motion corrections on the cross section was investigated. Figure A.2
shows the effect of Fermi motion on the real photon contribution to the pion production

differential cross section.
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Figure A.2: Real photon differential cross section as a function of pion momentum for a
beam energy of 362 MeV. The black curve does not include Fermi motion while
the blue curve does. The impact of Fermi motion is not significant.

In the final analysis, the nuclear corrections to pion production cross sections were
performed according to [109], and the pion momentum was smeared by a Lorentz

boost in the appropriate laboratory frame.
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Appendix B

Cerenkov Performance, ARS data

The time of flight method for separating pion and electron events has its limitations
with a beam energy of 687 MeV, as a precise enough timing measurement can not
be performed to resolve the separation between pion and electron signals. A different
method mainly based on the signal amplitude and relying less on the time of flight can
be used for the determination of the Cerenkov efficiencies for electrons and pions as

well as the 7/e and e/7 contaminations, Cy /. and C./, respectively.

The G° DAQ contained a device called the Analog Ring Sampler (ARS). This device
recorded samples of detector pulse height every ns over a span of 128 ns. For each
Fastbus event, there was an array of 128 values that represented an oscilloscope trace
of the Cerenkov photomultiplier tube (PMT) signals. These raw ARS data needed to be
processed for each event to reconstruct some useful information such as the Integrated

ARS (IARS) spectrum, which is equivalent to an Analog to Digital Converter (ADC)
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spectrum, and the Arrival Time (AT) of the pulse in the ARS module, equivalent to a

TDC.

B.1 Integration and calibrations

The ARS signals could be integrated over a tight timing gate in order to obtain an
accurate ADC equivalent spectrum. The Figure B.1 shows a typical Cerenkov signal

seen by the ARS device.
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Figure B.1: Signal from one of the Cerenkov PMTSs seen by the ARS module for one event.
The timing of the ARS module with respect to the trigger system is such that
most pulses come around 30-40 ns from the start of recording. There is a
boundary effect for early times as seen on the left of the graph.

The signals are integrated over a tight timing gate of 28 ns, and the start of the in-
tegration period was given by an arbitrary low threshold setting (equivalent to one
quarter of a photoelectron). If the trigger condition was not met, the integration was
done within a gate set between 30 and 58 ns. The baseline and its slope were found

by a simple linear regression.
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This method has 2 main inconveniences; first, it reduces the time range to 95 ns
(= 128 — 28 — 5) where the 5 ns cut aims at removing boundary effects (see Figure
B.1). Second, it may bias the integral for very small or very broad pulses. Despite those
limitations, this method gives consistent results. Figure B.2 shows the reconstructed

integrated (IARS) spectrum for octant 4 for each of the 4 PMTs.
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Figure B.2: Integrated ARS spectra (IARS) for each Cerenkov PMT of octant 4. A fit with
3 Gaussians was performed to obtain the distance between the pedestal and
the first photoelectron signal (PE) to allow a calibration.

From the TARS distributions, a calibration in terms of number of photoelectrons for
each PMT is performed. Figure B.3 shows the result of this calibration after summing
the four TARS signals. The error on the location of the single photoelectron peak is

not significant enough to affect the rest of the analysis.
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Figure B.3: Spectrum of the sum of the IARS signals over the 4 PMTs of one Cerenkov
detector (or IARSSUM) in terms of number of photoelectrons (PE). A small
peak corresponding 1 photoelectron can be seen.

B.2 Application: Trigger reconstruction

The behaviour of the G° hardware trigger was simulated using the ARS data. For that

purpose (see Figure B.1), a new set of variables was generated in the data “ntuple”:

e ATpmtX - The arrival time of the pulse! when it crossed a certain threshold
(which is set to 27mV for FR octants and 20mV for NA octants) for a PMT X.
This variable can be understood as the ARS trigger for each PMT.

e ATfirst - The AT of the first pulse in all 4 PMT’s crossing that threshold.

e Nfirst - PMT that trigger first.

The first multiplicity 2 requirement was to have at least 2 ATpmtX? over 4 not equal
to 0. The second condition was on the timing as the trigger requires the signals to be

within 20 or 24 ns. This condition was generated by applying a cut on the spectrum

"When no pulse crossed the threshold, ATpmtX took the value 0.
2Basically 2 non-zero values of ATpmtX corresponding to 2 pulses crossing the threshold.
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of (ATpmtX - ATfirst) when Nfirst # X, Figure B.4 shows this distribution for the

Cerenkov PMT 2 of octant 6.
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Figure B.4: Histogram of (ATpmt2 - ATfirst) when Nfirst # 2 for octant 6. The cut was
placed on 20ns for NA octants and 24 ns for FR octants.

The software threshold on the amplitude of the pulses was set to its nominal hardware
value (27 mV) for the Fr octants, but was lowered to 20 mV when simulating the

trigger for NA octants to improve the results.

The Cerenkov detector electron efficiencies calculated with either the hardware or soft-
ware trigger are summarized in Table B.1. Results from Ref. [101] based on a similar

ToF method are also shown for comparison.

The method presented here is based on the FPD ToF's, whereas the results presented in
Table B.1 from Ref. [101] were obtained from averaging Cell by Cell (CbC) efficiencies

or by calculating them globally for the relevant loci. Table B.1 shows that correlations
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Octant Hard. Trig.  Soft. Trig. ~ CbC [101] Global [101]
1 84.7+03% 824 +03% 826+0.3 86.8+0.3
2 823+ 0.3% 80.1+03% 81.3+0.2 84.8+0.3
3 84.5 £ 0.3% 825+03% 84.8+0.3 86.3+0.3
4 748 +£03% 736 +03% 73.1+03 76.4+0.3
bt 794+ 03% 7544+04% T76.7+0.3 8274+0.3
6 882+ 02% 87.0+02% 86.2+0.2 89.3+0.2
7 780 +£04% 7224+04% 7654+0.3 81.44+0.3
8 83.0£03% 794+03% 80.2+£0.3 83.5+0.2

Table B.1: Electron efficiencies for elastic+inelastic for the 2 different triggers (Software
and Hardware). The two columns on the right are the results from Ref. [101];
the efficiencies were calculated either Cell by Cell (CbC) then averaged over the
relevant loci, or calculated globally by superposing the ToF spectra for all cells.

between detectors can change the measured efficiencies if one calculates them cell by

cell, FPD by FPD or octant by octant.

The large discrepancies between the software and hardware trigger methods for octant
5 and 7 could be explained for octant 5 by baseline noise likely originating from the
postamplifiers of the PMTs, which biased the threshold value by a few mV. Figure B.5

shows that this baseline noise that appears very clearly on PMT 4 for octant 5.
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Figure B.5: Baseline spectrum for Cerenkov PMT 4, octant 5. A double peak appears with
a separation of about 3-4 mV between the 2 peaks. This was assumed to be
due to 60 Hz noise from the postamplifier.

B.3 Application: e/7m separation for LD, at 687
MeV

As previously mentioned, extraction of the Cerenkov efficiencies® for a LD, target with
a beam energy of 687 MeV was more difficult because of the poor timing resolution.
An alternative method using the IARSSUM instead of the ToF spectrum was used in
order to make that separation. The strategy was to understand the distribution of the
signals detected by the PMT’s for either pion or electron events at 362 MeV, where
the time of flight separation was simple, and then to combine those two functions to
extrapolate to what the contamination would be at 687 MeV. The method also had
to rely heavily on simulations to take into account the additional pion contamination

from delta rays at 687 MeV.

3The original setup of the Cerenkov trigger for the LD, data at 687 MeV was multiplicity 3, then
it changed to multiplicity 2 after the phototubes were upgraded.
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B.3.1

Cerenkov response functions at 362 MeV

By placing time of flight cuts on the LDy 362 MeV data, which have both high pion

and electron rates, the JARSSUM spectrum for either case was obtained, as seen in

Figures B.6 and B.7.
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Figure B.6: TARSSUM with time of flight cut to select the electron signals for LDy at 362
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Figure B.7: TARSSUM for octant 6 with time of flight cut to select the pion signals for

LDy at 362 MeV; the fit is a modified Poisson distribution convoluted with a
Gaussian. In the left plot, @« = 1 and in the right plot, @ = 3. The purple data
are the events selected by the Cerenkov multiplicity 2 trigger.

The TARSSUM spectrum in the electron case was fitted by the following modified
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Poisson distribution [131]:

1(3:—:60)2 1 <x—x0—k‘)2

! P i R

P(z) = Ae 2\ 00 +§ B, T Tp B.1
(z) 2B ok (B.1)

containing the following parameters (noting the index “e” for electron):

e A.: Amplitude of the pedestal.

e 1o: Residual shift from 0 after the calibration.

e 0o Width of the pedestal.

e B.: Amplitude of the Poisson.

e 0,: Width of the Gaussian that is convoluted with the Poisson (or width of single
PE peak).

e /.. Average value of the Poisson distribution.

The ratio of the integral of the pedestal to the integral of the Poisson was used as a

constraint in the electron fit and is be described by the relation:

B Be(1 — e He)

VT A, (B.2)

Since the average number of photoelectrons is very low in the pion case, the first term
(k = 0) in the Poisson sum can not be neglected. This term has to be written differently

because for k£ = 0, the Gaussian would have zero width, so the width of the pedestal
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was taken instead. The function used to represent the pion distribution was:

where an additional parameter (o) was added by hand and set to 1 by default. If « is
set to a value higher than 1, this means that not all of the pion distribution obeys a
Poisson, but instead a fraction of events are just producing a pedestal (as seen in the
electron case). Leaving the parameter « free leads to nearly 100 % correlation between
1r and B, in the fitting process. a was increased from its default value by a factor of
3 as a test for systematic errors arising from the assumption that Cerenkov response

to the pion events obeys a Poisson distribution at 362 MeV.

B.3.1.1 Pion contamination evaluated at 362 MeV using the ARS method

A global fit of the TARSSUM for the LDy (Epeamn = 362 MeV) data with a linear
combination of Equations (B.1) and (B.3) was performed. The fit function is written

as:

Pgﬁg(l’) = Pe(.f(f> + Pﬂ—(.f(f) (B4)

Using Equation (B.4) to fit the elastic LDy data at 362 MeV, one obtains Figure B.8.

The global fit overestimates o, but the reduced x? is still less than 2.
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Figure B.8: TARSSUM for octant 6 for LDs at 362 MeV; the fit is a modified Poisson
distribution convoluted with a Gaussian. In the left plot @ = 1 and in the
right plot @ = 3. P.(x) appears in blue, P.(z) in red and the purple histogram
represents the events triggered by the Cerenkov detector.

The pion contamination was then calculated using the following formula:

1
Cﬂezi N; fi B.
/ ZNZ f (B.5)

where N; is the bin content of the bin i of the histogram representing the events
triggered by the Cerenkov detector and f; is defined to be:

Pﬂ'(

o P
= Eo T (B.6)

An estimate of the statistical error can be performed. Differentiating with respect to

N; (where j may or may not be equal to i) leads to:

Nii
0Crfe 0 g:f

1 fi
— E Nif; | = _ _
ON;  ON; | ST N4 / SN Ng
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Hence the statistical contribution to the error on the pion contamination is:

' J

OCont\” N;
2 o o 2
Ocont — Z ( aN] ) Nj - Z Zijj\fl : (fJ - Cont) (B8>

Applying this method to octant 6 for LDs at a beam energy of 362 MeV gives Cont(a =
1) = 0.38 £0.02% and Cont(a = 3) = 0.48 + 0.02%, which is consitent with the time
of flight method besides a very small statistical error. The variation according to «

provides a more reasonable information about the real error.
B.3.2 Pion contamination at 687 MeV using the ARS method

B.3.2.1 Inclusion of delta rays

The LD, data at 687 MeV are different than at 362 MeV in the sense that additional
rates are expected in the Cerenkov detector from delta rays or “knock-on” electrons
coming from pions moving through the material in front of the Cerenkov box. Those
delta rays are produced either in one of the CEDs, in the Aluminium window or even

in the aerogel itself. The kinetic energy spectrum of delta rays is given by [132]:

AN 1 _Z 11— BT/Thas
=-K———-T—— B.9
dl'dh 2 Ap2? T2 (B.9)
where T is the kinetic energy of the delta ray, 3, is the pion velocity relative to c, C‘f;—d]\z

is the number of delta rays produced per incoming pion per unit of length per unit of
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energy and 7T,., is the maximum kinetic energy of a delta ray given by:

2
Tma:c - 2m5025i72 = 2m602 (p_ﬂ’) (BlO)

™

in which p, is the incoming pion momentum. The average number of photoelectrons
detected by the Cerenkov system depends on the kinetic energy of the incoming delta

ray via the semi-empirical formula:

#(T) = 20(; (nf. — 1) (B.11)

where the scattering angle of the knock-on electron (6.), and its velocity (f.) are

expressed as:

1 Me 2
cos@e:\/@%@me/Tle), ﬁe:\/l_(T—l—me) (B.12)

Equation (B.11) was defined to obtain z = 6 for . = 1, that is for a “good” electron,

neglecting the angular dependence cos ..

The relations above were used to generate a Monte Carlo simulations of the Cerenkov
detector response to pions via delta rays. Starting with a simplified case where the pion
momentum p, had a fixed value of 400MeV/c in order to compare with the available
test data taken at TRIUMF, the kinetic energy was generated flat between T,,;, = 2

MeV, which is slightly above Cerenkov threshold (1.6MeV') and T)y0. (pr) = 8.4MeV.
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A random number for z = [—1,12] (the number of photoelectrons detected in the
Cerenkov) and y = [0, Ymas) (the amplitude of the response function) were also gener-

ated.

The values of d>N/(dTdh) , z(T), cos @ and P(z,Z(T)) (Poisson distribution described
in Equation (B.3) but with no a and Z replacing p,) were then calculated. For each
generated event, the following condition was applied; if y < d*N/(dT'dh)P(x,z) the
event was kept, if not a new event was generated. The results from this procedure are
shown in Figure B.9. The distribution of the delta ray signals is similar to a Poisson

with a longer tail which can be successfully fitted by:

Ps(z) = (az®+ba® + cx +d) (B.13)
1l /z—2 1 (2 —x9—k
x | B c® .2 ( 70 0) +iB phe 1 e_% <‘772)
e
500\/27r p "kl ooV 2k

where a, b, ¢ and d are additional fit parameters.

In order to normalize this to the overall pion rates, a numerical integration of d> N/ (dT'dh)

was performed and proved to be consistent with the analytical integral:

T 2

max d N 1 Z 1 1 T

AN = Ah dT = Ah=K= = (Thuw — Tonin — Toin 32101
/Tmm dT'dh 2 A 57% TminTma:c ( ﬁﬂ— " Tmin )

(B.14)
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Figure B.9: Simulated response function of the Cerenkov detector to delta rays. This cor-

responds to a superposition of Poissons with different values of & and weighted
by d®N/(dTdh).

where T" was assumed to not depend on the thickness of the material which was taken
to be Ah = 1g/em?. That value is justified by the fact that low energy knock-on
electrons do not produce much light in the Cerenkov detector and by considering the
radiation lengths of the various layers of material in front of and within the Cerenkov

detector. Those values are summarized in Table B.2.

Material ~ thickness Density Ah(g/cm?) Xj at 1.6 MeV

CED 1 cm 1.0 1 0.8 cm
Al Window 0.08 cm 2.7 0.21 0.3 cm
Aerogel 5 cm 0.14 0.7 6.5 cm

Table B.2: Radiation length of electrons at threshold passing through the different layers
of material in front and in the Cerenkov detector. Taking an average value of
Ah =1 g/cm? is a reasonable choice.

For a 400 MeV /¢ incoming pion, the probability to create a delta ray is AN = 0.0238.
This value was used to normalize the simulation with the pion pedestal, as shown in

Figure B.10.
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Figure B.10: Simulated response function of the Cerenkov detector to delta rays including
the pions that contributed only to the pedestal.

These results can be combined with the results of Figure B.7 adding the delta ray

distribution to the fitted LDs pion data, that is:

PTotl(x) = P(z) + A\Ps(2) (B.15)

where A is a normalization factor proportional to AN = 0.0238. This function was used
to compare the various pion efficiencies with respect to different pion momenta and
analog sum Cerenkov thresholds. There is fairly good agreement between the delta-ray
simulation and the beam test data taken at TRIUMF, as seen in Figures B.11 and
B.12.

B.3.2.2 Results for LD, at 687 MeV

Before using the delta-ray simulation and the analysis at 362 MeV in Section B.3.1.1 to
extract the pion contamination, an estimation of the amount of random signals detected
by the Cerenkov detectors had to be performed. The main analysis of the production

runs includes rate corrections, and the purpose here is to extract a contamination due to
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Figure B.11: Comparison of pion rejection factors for a 3 photoelectron sum threshold
taken with different incoming pion momenta. The red dots are the results
from the beam tests taken at TRIUMF with an incident pion beam angle of
15 degrees. The blue bars represent the results using P7 % (z) which does not
account for any incident pion beam angle. The lighter blue is for the o = 1
case, and the darker blue is for a = 3. Note that the data at 300 MeV /c were
taken with a thicker CED (1.3 cm).
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Figure B.12: Comparison of pion efficiencies as a function of the analog sum threshold
taken at pion momentum of 400 MeV/c. The blue line is taken from the
the beam tests taken at TRIUMF. The red lines are using P otal The black
line is Pr(z) only. The incident pion beam angle is 0° (that is entering the
Cerenkov detector at normal incidence).



200 Appendix B. Cerenkov Performance, ARS data

Cerenkov detector imperfections. The contribution from randoms is even larger at 687
MeV due to neutrons coming from the target being absorbed by the individual Cerenkov
PMTs, as previously discussed. The best known way to estimate this contribution using

the ARS is to use the ’ATfirst” spectrum shown in Figure B.13 for LDy at 362 MeV.

ATfirst
3000~ 0 16F
L c |
[ S 14 40
2500[- sk
x S 12— 35
[ = C
2000(~ S 10f 30
[ 8 25
1500
f 6 20
1000f- 4 15
r 2
r 10
500(f- 0
[ E 5
ol M K S R T S S S 0
0 20 40 60 80 100 120 0 20 20 60 80 100 120 140
ATfirst ATfirst (ns)

Figure B.13: The left plot represents the timing distribution of the Cerenkov signal or
ATfirst; there is a high number of entries (off scale) at 0 which means no signal
was detected, then a peak when the signals arrive at the right time window,
and a flat layer of random events. The small peak at 5ns is an artifact of the
calibration that is suppressed with timing cuts. The right graph shows the
same on the horizontal axis but on the vertical axis is [ARSSUM; most of the
random events produce around 1 photoelectron in total.

A Cerenkov timing cut was placed to reduce the contribution of randoms to the

IARSSUM spectrum. The cut consisted of keeping the pedestal at AT first = 0 and

the events which were in time within a gate of 30 ns, and removing everything else.

This approach clearly biases the shape of the pion distribution because random events

were intended to contribute to the pedestal in the first place. This issue was resolved

by integrating the random events arriving between AT first = 60 and AT first = 90,

as seen in Figure B.13, and extrapolating to the range where they contribute to bias

the pion distribution. In the case of Figure B.13, that would be over a range of 108 ns.
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This integral was then related to the number of events in the pedestal. That led to
a correction of 5 to 15% that was directly applied to the o parameter of the fit. The

correction to « is written as:

N & Nran
o — o ped T Nrand (B.16)
Nped

where Npeq and N,4nq are the number of events in the pedestal and the number of
random events respectively. This correction varies octant by octant and with the beam
energy setting, so it was applied to ensure that the o parameter had the same meaning

for all sets of data.

There is a residual amount of random events beneath the distribution of time events
which arrive in the correct time window. For the LD,y data at 362 MeV, one can
simply apply a time of flight cut to select pion signals and use their AT first spectrum

to estimate the fraction of randoms under the pion distribution:
NT('

rand — ]\;:nd (Bl?)

gate

where Nyq are the pion events occurring in time within a gate of 30 ns. The correct

function to use in order to fit the LD4 data at 687 MeV is:

1 /(x— To — 1 2
Post(z) = PI(a) + Po(a) + 2t e 2\ 0 (B.15)
V2imo,
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where PTe () and P,(x) were defined in the earlier sections, and the last term ac-
counts for residual Cerenkov randoms mainly seen at 1 photoelectron. Several com-
ments have to be made on P (x) and on how A,q,¢ will be handled. The pion
part of the fit is almost fully constrained, the only free parameter being its amplitude
and the widths of the Gaussian terms. For the delta ray contribution, a customized
simulation was done taking into account p. extracted from a first iteration of the final

fit and used in the following way:

_ He 200
6 cosf,

z(T) (nfe — 1) (B.19)

which accounts for the fact that p. is different from 6 as assumed earlier, and depends

on the octant. The fitting process was done using different hypothesis:

e The average number of photoelectrons in Pr(z) is constrained by the fit at 362
MeV shown on Figure 13 but then multiplied by 1 — f.,,q4 to correct for the

Cerenkov randoms. In that case, A,,,q is left as a free parameter.

e The average number of photoelectrons is a fit parameter and the value of A,4.q

is fixed to a value estimated in a similar way as what was done for f,q,q-

e In either case, 2 different values for a (1 and 3) are tested.

All the fits are shown in Figure B.14 to B.21. The difference between the various

assumptions was taken as a systematic error.
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Fit of the elastic LD9 data at 687 MeV for octant 1. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A,.,,4 constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.
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Figure B.15:

Fit of the elastic LD9 data at 687 MeV for octant 2. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A, constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.



B.3. Application: e/m separation for

LD, at 687 MeV

[ ARSSUM for LD2 at 687MeV - Final Fit ]

hARSSUM.LD2.687MeV.2

Entries 14996

2100 Mean 1.093
ST F RMS 2.381
o F X2/ ndf 488.4 /253
L Prob 8.132e-19

L % 0.3192+0.0028

B 118.1+2.7

10% 0.5943 + 0.0241

10

5.487 + 0.080

632.9+6.7
60.53 + 3.19

‘ ARSSUM for LD2 at 687MeV - Final Fit

107

PRI
10

12

photoelectrons

10

205
hARSSUM.LD2.687MeV.2
Entries 14996
Mean 1.093
RMS 2.381
X2/ ndf 487.5/253
Prob 1.03e-18
G 0.3192 + 0.0029
Be 117.7+£2.7
G, 0.5874 + 0.0245
He 5.499 + 0.080
Br 227.2+2.4
A 60.68 + 3.25

I B
10 12
photoelectrons

[ ARSSUM for LD2 at 687MeV - Final Fit

\ ARSSUM for LD2 at 687MeV - Final Fit \ hARSSUM.LD2.687MeV.2
Entries 14996

8.3 Mean 1.093
510 E RMS 2.381
o X2/ ndf 488.7 /253
L Prob 7.318e-19

L % 0.3191 0.0029

B, 118.3+2.7

10% S, 0.597 +0.024

E He 5.484 + 0.081

Br 623.6 + 6.5

0.02462 + 0.00522

10

10°E

4 6 8 10

12

photoelectrons

10

hARSSUM.LD2.687MeV.2
Entries 14996
Mean 1.093
RMS 2.381
X2/ ndf 488.3/253
Prob 8.132e-19
% 0.3191+ 0.0029
B, 118+2.7
S, 0.5947 + 0.0238
He 5.491+ 0.083
Br 218.3+3.6

0.07325 + 0.01503

6

8

10 12
photoelectrons

Fit of the elastic LD9 data at 687 MeV for octant 3. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A,.,,4 constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have

« set to 3.
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Fit of the elastic LD9 data at 687 MeV for octant 4. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A, constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.
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Figure B.18: Fit of the elastic LD5 data at 687 MeV for octant 5. The grey curve represents

the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A,.,,4 constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.
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Figure B.19:

Fit of the elastic LD9 data at 687 MeV for octant 6. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A, constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.
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Figure B.20:

Fit of the elastic LD9 data at 687 MeV for octant 7. The grey curve represents
the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A,.,,4 constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have
a set to 3.
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Figure B.21: Fit of the elastic LD9 data at 687 MeV for octant 8. The grey curve represents

the residual random contribution. The top graphs have the average number
of photoelectrons constrained using the LDy data at 362 MeV. The graphs
at the bottom have the fit parameter A, constrained by its estimate using
the ATfirst spectrum. The left plots have « set to 1 and the right plots have

« set to 3.
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The pion contaminations with respect to different trigger setups and assumptions are
summarized in Table B.3 and B.4. Octant 2 has a much worse contamination but is
also much less consistent than the others, as seen by comparing the fit parameters

shown in Table B.5.

Pion contamination and electron efficiencies in percent

Octant | Pion Cont.(« = 1) Pion Cont.(a =3) €,
Hr Arand o Arand
1 6.08 6.50 6.48 7.04 88
2 7.64 6.11 8.08 6.11 86
3 4.74 4.17 4.98 4.30 93
4 5.52 5.07 5.79 5.15 74
3 4.93 5.77 4.75 6.26 70
6 5.36 5.10 5.57 5.18 87
7 5.33 4.49 5.50 4.56 78
8 5.80 4.71 6.19 4.75 81

Table B.3: Multiplicity 2 electron efficiencies and pion contaminations for the elastic LDo
data at 687 MeV.

The overall variation of the contamination results with respect to the various assump-
tions is 4.17 to 8.08% for the multiplicity 2 trigger, and 1.73 to 4.72% for the multiplicity
3 trigger. Octant variations of the pion contamination do not scale as they should with
their corresponding values of electron efficiencies. This should be taken as an addi-
tional systematic error. However, the origin of this discrepancy can be explained by
comparing the ratio of Cerenkov triggered events over the non triggered ones with the
electron to pion ratio from the pass 3 production data. This comparison is summarized

in Table B.6.
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Pion contamination and electron efficiencies in percent

Octant | Pion Cont.(w = 1) Pion Cont.(a =3) €,
Hr Arand Hr Arand
1 2.40 2.45 2.50 2.60 o1
2 4.61 4.47 4.72 4.47 49
3 1.78 1.73 1.85 1.76 93
4 3.32 3.27 3.39 3.29 35
5 1.96 1.98 1.80 2.19 33
6 3.52 3.48 3.58 3.50 o1
7 2.93 2.82 3.00 2.84 38
8 3.27 3.12 3.39 3.14 47

Table B.4: Multiplicity 3 electron efficiencies and pion contaminations for the elastic LDo
data at 687 MeV.

Pion contamination and electron efficiencies in percent

Octant | ALy, Aty plt(a=1) plMa=3) p?(a=1) p%a=3)
1 58 51 0.061 0.173 0.049 0.143
2 28 70 <0.002 <0.01 0.045 0.131
3 60 60 0.024 0.073 0.039 0.112
1 37 54 0.017 0.051 0.033 0.096
5 a1 23 0.059 0.170 0.034 0.101
6 A7 55 0.020 0.061 0.032 0.095
7 36 46 0.016 0.047 0.032 0.092
8 30 59 0.012 0.036 0.046 0.129

Table B.5: The fit parameters A,q,q and p, compared with their estimated values. The
estimations of randoms are consistent with the fit results. Constraining both
parameters to their estimates at the same time would make the fit fail for some
octants (2 in particular).

There is a 5 to 25 % difference between the ARS data and the pass 3 data. Taking
the results to be correct for the production runs, it becomes clear that cuts performed
on the ARS analysis biased the number of electron events with respect to the number

of pion events. The direct consequence is assumed to be an overestimation of the pion
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Cer/Cer ratio for pass 3 and ARS data

Octant | pass3 ratio ARS data ratio Difference (%) Y. Yx
1 0.197 0.170 13.7 0.77 3.9
2 0.200 0.165 17.5 0.72 3.6
3 0.187 0.178 4.8 0.77 4.1
4 0.170 0.134 21.1 0.68 4.0
D 0.161 0.118 26.7 0.76 4.7
6 0.198 0.187 5.8 0.79 4.0
7 0.171 0.145 15.2 0.73 4.3
8 0.204 0.157 23.0 0.69 34

Table B.6: Ratio of events triggering the Cerenkov detector over events not triggering it for
pass3 and ARS data. Y, and Y are the pass3 elastic electron and pion yields
in kHz/pA respectively.

contamination by 5 to 25%. The difference can be explained by several effects:

The histograms are cut at 12 photoelectrons*, hence biasing by a small amount

the electron yield toward lower values.

Cuts were made on the ARS data because a number of events were not synchro-

nized with the rest of the Fastbus data, potentially biasing the e/m ratio.

The trigger used in the Fastbus data might not fully represent the coincidence

trigger used for the scalers.

A change in the Cerenkov efficiency might have occurred between the 31 MHz

runs and the multiplicity 2 production runs.

A correction to the pion contamination based on these values was performed. This

4The main reason is that the calibration procedure for each Cerenkov PMT require a integration
range of 28 ns, which is not enough to integrate accurately much more than 3 PE (per PMT). The
fitting method used would therefore be biased if IARSSUM events at more than 12 PE were included.
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corrects would fix the octant dependence of the pion contamination and also lowers its
average value by about 15 %. This was done for the multiplicity 2 and 3 triggers and

the results are shown in Table B.7 and B.8 respectively.

Pion contamination and electron efficiencies in percent

Octant | Pion Cont.(« = 1) Pion Cont.(a =3) €,
Hr Arand o Arand
1 5.22 5.20 5.57 6.05 88
2 6.26 5.01 5.01 6.62 86
3 4.50 3.96 4.54 4.08 93
4 4.36 4.00 4.57 4.06 74
3 3.59 4.06 3.46 4.56 70
6 5.03 4.79 4.79 4.86 87
7 4.53 3.81 4.67 3.87 77
8 4.46 3.62 4.76 3.65 81

Table B.7: Multiplicity 2 electron efficiencies and pion contaminations for the elastic LDo
data at 687 MeV. These data are corrected toward lower values by a percentage
according to Table B.6.

The latter results are relatively more sensible than the previous ones, so the median
value for each octant was taken and a systematic error according to the magnitude of
contamination variations was assigned. This leads to the results shown in Table B.9
and B.10 for multiplicity 2 and 3 triggers respectively. Those values are used for an
octant to octant correction to the pion contamination. A global error of 30% on the
average contamination from the simulation was also assigned. That conservative error
is justified by the worse agreement between the TRIUMF data and the fact that the

latter were not taken exactly under the same conditions as the GY experiment.
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Pion contamination and electron efficiencies in percent

Octant | Pion Cont.(w = 1) Pion Cont.(a =3) €,
Hr Arand Hr Arand
1 2.07 2.11 2.15 2.24 51
2 3.80 3.69 3.89 3.69 49
3 1.69 1.64 1.76 1.67 93
4 2.62 2.58 2.67 2.59 35
) 1.43 1.45 1.31 1.60 33
6 3.32 3.27 3.37 3.30 o1
7 2.48 2.39 2.54 2.41 38
8 2.51 2.40 2.61 2.41 47

Table B.8: Multiplicity 3 electron efficiencies and pion contaminations for the elastic LDo
data at 687 MeV. These data are corrected toward lower values by a percentage
according to Table B.6.

Pion contamination and electron efficiencies

Octant

Pion Cont. (%)

€. (%)

1

O J O Ot = W N

5.6 = 0.45y5 £ 0.3 510
5.8 £ 0.85y5 £ 0.2
4.2 403, + 0.2,
43403, + 0.1y
414 0.6,y % 0.240
4.9 401,y % 0.1,
4.2 405, %+ 0.240
4.2 4064y % 0.240

88
86
93
74
70
87
7
81

Table B.9: Multiplicity 2 electron efficiencies and pion contaminations summary for the
elastic LD5 data at 687 MeV.
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Pion contamination and electron efficiencies

Octant ~ Pion Cont. (%) €. ()
1 2.2+ 0.15ys £ 0. 1510 o1
2 3.8 £ 0.25y5 £ 0. 1510 49
3 17401, %+ 0.1, 53
4 2.6 £20.155 £0.15a¢ 35
5 15401, + 0.1, 33
6 33401, + 0.1 51
7 2.5 £ 0.15ys £ 0. 1510 38
8 25401, %+ 0.1, 47

Table B.10: Multiplicity 3 electron efficiencies and pion contaminations summary for the
elastic LDy data at 687 MeV.
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