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CHAPTER 4

Quasi-elastic Ratio Measurement

In this chapter, we focus on the measurement of the Ratio used to extract G7},;. We will
start by discussing the data sets that have been used for this measurement. Next,
we will describe the procedure used to select quasi-elastic D(e,e'p) and D(e,e'n).

Finally, we will present the results of the Ratio measurement.

4.1 RGB Run Period

The CLAS12 Run Group B (RG-B) data were taken over three periods: Spring of
2019, Fall of 2019 and Spring of 2020. A 5 cm liquid deuterium target was used
with a polarized electron beam operating at three different beam energy (10.6, 10.2
and 10.4 GeV). Two different polarities of the torus magnet was used: outbending,
where the track of a negative particle bends away from the beamline, and inbending,
where the track of a negative particle bends toward the beamline. A summary of
the run conditions are shown in table 4.1. We analyzed each dataset separately. The

outbending dataset was excluded from the analysis due to a limited statistics.

Exp. Detail In-bending Out-bending In-bending
Run Period Spring 2019 Fall 2019 Spring 2020
Run Range 6156 - 6603 11093 - 11300 11323 - 11571
Number of runs|{ 117 runs 106 runs 97 runs 171 runs
Beam 10.6 GeV 10.2 GeV 10.4 GeV 10.4 GeV
Target Unpolarized LD2 |Unpolarized LD2|Unpolarized LD2
Current 35-50 nA 40 nA 35-50 nA
Torus Field -1 +1/+1.008 -1
Solenoid Field -1 -1 -1

Table 4.1: RG-B run period conditions
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4.2 Events select

The data files analyzed are referred to as "gmn” files, which contain evgnts of two
channels: D(e,e'n) and D(e,€'p). In the D(g,e'n) channel, the file includad events
where an electron was detected and all neutral| particles in the forward detector, while

for D(e, e'p) channel, the file contained events with both an electron and a positive

charge particle detected in the forward detector. In both D(e,e'n) and D(e, ¢'p) chan-
nels, the electron identification requires the cuts discussed in Sec. 3.4 and summarized
in Table. 4.2. For nucleon identification, different selections were made depending
on the channel. In the D(e, €'p) channel, a positively charged particle that hit the
calorimeter was selected as a proton candidate, while in the D(e, ¢'n) channel, neutral

particles that hit the calorimeter were considered as neutron candidates as shown in

Table. 4.2.
electron proton neutron
pid =11
v, vertex position
Nph > 2

PCAL fiducial V, W > 14 c¢m cut|Positive charge particle|Neutral charge particle
DC fiducial cut for 3 DC regions hit calorimeter hit calorimeter
SF vs. P, £3.50
Diagonal cut
chi2pid |x?| < 3 cut
Minimum PCAL Eg4, > 60 MeV

Table 4.2: Cuts used for electron and nucleon identification.

Once a scattered electron has been identified in the D(e,e'n) and D(e,e'p)

channels, the 4-momentum of a recoil nucleon (proton or neutron) can be calculate

assuming QE scattering
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as:

P!+ Pl = P!y Pl
(4.1)
Pl = P+ Pl — Pl — p,

where P“:(ﬁ, E) is the 4-momentum for each particle, and N is refer to either proton

or neutron. The square of the invariant mass of the nucleon can be written as:

W? = h¥h,,, (4.2)

where h,, is the 4-momentum of the recoil nucleon.

4.3 Quasi-elastic Selection

In order to measure the ratio o,/0, and extract G7%,, the Quasi-elastic peak of the
D(e,e'n) and D(e, e¢'p) channels is selected. For the D(e, e¢’p) channel, we required
at least one electron in the forward detector and a positive charge particle hit the

calorimeter. For the D(e, ¢'n) channel, we required at least one electron in the forward

and a neutron hit the calorimeter. The distribution of the invariant mass W
as a functiomef 0,,, which is the angle between the direction of the detected nucleon
(proton or neutron) and the direction of the virtual photon is shown in figure 4.1.
The quasi-elastic events tend to be emitted close to the direction of the mo-
mentum transfer ¢’ (6,, ~ 0°) while inelastic events are not. It is hard to observe the
quasi-elastic peak of the D(e, ¢'n) event compared to the D(e,e’p) channel due to the
mixing of the neutron with photons at this stage. The invariant mass W distribution
of D(e,€'p) and D(e,e'n) channels, shown in Fig 4.2, show a significant amount of

inelastic background events, which -medes the quasi-elastic peak of the nucleon dif=
Hewk—teo~observe. Therefore, several cuts\geed to be applied to reduce the inelastic

obscures
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Figure 4.1: The invariant mass W distribution as a function of 6,, for D(e, ¢'p) (top) and
D(e,e'n) (bottom) for each data set.
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Figure 4.2: The invariant mass W distribution of D(e, €'p) (top) and D(e, e'n) (bottom) for
each dataset.

background and make the peak of the proton and neutron masses visible. There are
three cuts applied to select quasi-elastic events:

1. Incident electron beam energy cut.

2. A cat

rogue space
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Below we will discuss each cut in detail.

from the measured
events

4.3.1 Incident electron beam energy c

The incident electron beam energy can be calculated in two different way:

1. EM#. Using the scattering polar angles of the electron and the nucleon, mea-

sured by CLAS12 FD, the beam energy is [84]:

define the observables [angles
here where they are first beam 1 — cosf.

my:

n6,
(cos O + cos O S,m — 1) : (4.3)

S1n U N

introduced instead of in \
the second equation in

this section.

D. Efrom ele: Using the scattering momentum and polar angle of the electron, mea-

sured by CLAS12 FD, the beam energy is [85]:

Efrom ele __ Pe/
beam - - 2,0, )
1 — 2P, sin*(%)/my

(4.4)

where my is the nucleon mass, 0., 0y are polar angles of scattered electron and
nucleon, either proton or neutron, respectively, and P. is the momentum of the
scattered electron.

The correlation between EX'& and Effom ele for events satisfying 6,, < 10° is
shown in Fig. 4.3. It is observed that the quasi-elastic events in the D(e,e'n) channel
exhibit a wider spread compared to the D(e, €'p) channel, making it difficult to discern

the peak in the Eﬁgfrlfls distribution. To address this, a cut is applied on the invariant

mass around the known nucleon mass, 0.85 < W < 1.05 GeV, in order to reduce

the inelastic background under the Eﬁrelfrlss distribution. Subsequently, quasi-elastic
events are selected by applying sector-dependent cuts on the EX & distribution.

Figures 4.4 and 4.5 show the E™ & distributions for D(e, ¢’p) and D(e, e'n) for each
sector, respectively. These distributions satisfied the criteria of 0.85 < W < 1.05 GeV,

and 6,, < 10° cuts, thereby capturing the peak corresponding to the incident beam
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function fit to the central peak.
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that satisfied 6,, < 10° cut for each dataset.

4.3.2 A¢ Cut

The difference in the lab azimuthal angle between the nucleon and the scattered

electron (A¢ = ¢y — ¢er) is used to select the quasi-elastic events. This particular

cut becomes necessary for the

even after applying the incident

D(e,e'n) channel, where some background remains

beam energy cut (E*#) as shown in Fig. 4.6. This

beam

background is most likely due to photon contamination. The cut applied corresponds

to 1 o on the Gaussian function fit to the central peak. These cuts are tight in order to

select as clean of a sample of quasi-elastic events as possible for D(e, e'n) channel. For

consistency, the same cut (1 o on the Gaussian) is applied for the D(e, €'p) channel.
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Figure 4.4: The Ezgiels distributions of D(e, ¢/p) events that satisfied 0.85 < W < 1.05 GeV
and 0,4, < 10° cut for each sector. The black vertical lines show the cut applied within 1o.
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Figure 4.6: The A¢ distributions for events passing cut on 0.85 < W < 1.05 GeV, 8,, <
10° and E™8' cuts for D(e, €'p) (top) and D(e, e'n) (bottom) for each datasets. The black

beam
vertical lines show the cut applied within 1o.

4.3.3 6, Cut

The distribution of the Q? as a function of 6,, for D(e, ¢’p) and D(e, e'n) events that
satisfied 0.85 < W < 1.05 GeV, 6,, < 10°, B8 and A¢ cuts are shown in Fig 4.7.
The quasi-elastic events depend on the Q2 value, where the distribution of quasi-
elastic events is narrow at higher % values and becoming broader as the (Q? range
decreases.

To select quasi-elastic events while minimizing background contamination in
the absence of the W cut, a function is introduced as follows:

6.2127

F(6p) = 25204 + Zoaiee (4.5)
pq

This function, defined using the TCut feature of the ROOT data analysis framework,

is used as a cut in both D(e,e'p) and D(e,e'n) channels. The cuts applied are
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\Will any of the previous cuts you have
applied be varied to determine
2.0 deg? systematic uncertainties? If yes, that

should be mentioned above when you
discuss the cuts.

Q* < f(0,,) and 0,, <4662 and is shown in Fig. 4.7 as a red curve. It' important to

mention that the selection of the ,, < 1.60° cut was done visually. However, it should

be noted that this cut will be varied during the systematic uncertainty analysis.
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Figure 4.7: The Q? as a function of 6, distribution for D(e,e'p) (top) and D(e,e'n) (bot-
tom) for each datasets that satisfied 0.85 < W < 1.05 GeV, Eg‘lelfrlzs and A¢ cuts. The red
curve is the cut used to select the quasi-elastic events.

3 4 5 6 7 8 9 10

The W distribution of the quasi-elastic events for both D(e, e'p) and D(e,e'n)

that satisfied EX"8 A¢ and 6, cuts are shown in Fig 4.8

beam >

'You are, | think, using the shape and position of the W2 distribution
and the similarity between e-n and e-p events to make the point that
you have cleanly extracted the QE events. You should say something
like that. Don't assume the reader will be overpowered by the
astounding glory of fig. 4.8

To measure the ratio of neutron to proton cross-sections o, /0, correctly, it is impor-
tant to account for the geometric acceptance for each cross section. To ensure that
both neutrons and protons have the same acceptances, a common fiducial region is
required. This can be done by using the acceptance matching technique as shown in

Fig. 4.9 and described as follows.
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Figure 4.8: The W distribution for D(e,€’p) (top) and D(e,e'n) (middle) for each datasets
that satisfied B8 A¢ and 6,, cuts. The bottom plots shows the comparison between

beam ?

D(e,e'p) and D(e,e'n) channels. The counts are scaled by normalize both D(e,e’p) and
D(e,e'n) events.

1. In each event, the expected 3-momentum of the nucleon (either neutron or
proton) is determined based on the measured electron kinematics and assuming
elastic scattering and nothing else.

2. For each event we start with a good electron and assume the nucleon is a
neutron first. Then, we swim it through the CLAS12 detector system by draw-
ing a straight line from the electron vertex in the direction of the expected
3-momentum of the neutron. This path is “swum” through the CLAS12 detec-

tor system to see if the track strikes the fiducial volume of the calorimeter. If
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Figure 4.9: Acceptance matching using the “swimming” technique for negative torus po-
larity “inbending” field, where the electron is bent toward the beam line. By requiring
both swimming neutron and swimming proton tracks to hit the calorimeters, the geometric
acceptance of D(e,e'p) and D(e,e'n) are equal.

,' needed

it hits the ECAL and is at least 10 ciaway from the edge of the calorimeter
the analysis continues. If it misses fhe entire event is dropped.

3. If the event passes step 2 above, we then assume the expected nucleon is a
proton. The charged particle track of the proton is “swum” from the electron
vertex through the magnetic field of CLAS12 towards the calorimeter. If this
charged track also strikes the ECAL fiducial volume and is at least 10 cm away
from the edge, the entire event is kept. Otherwise the event is dropped.

The acceptance matching technique described above is performed twice, once for the
D(e, e'p) channel and once for the D(e,e'n) channel. The hit position of the swum

particles within the fiducial region of the calorimeter is shown in Fig. 4.10 for these

channels. The distinct hit positions of protons and neutrons within the fiducial region
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of the calorimeter are due to=ttrat=the protons axe deflected by the magnetic field in

the detector, while neutrons are not affected by the magnetic field.
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Figure 4.10: The distribution of the swum neutron (yellow points) and swum proton (red
points) in the x — y plane of the ECAL for D(e,¢'p) (top) and D(e,e'n) (bottom) for each
data set.

4.5 Uncorrected Ratio Results

Events that satisfy the quasi-elastic selection cuts and pass acceptance matching are
used to fill two histograms, one for neutron events and one for proton events. They
are binned in @2, and each bin in the histogram contains the count of events (either
proton or neutron). The o, /0, ratio histogram is calculated by dividing each bin in

the neutron histogram by the corresponding bin in the proton histogram:

i

aneas = ’njeU/t Y (46)
bp’/’O

where b/,,,,, and bl are the number of neutron and proton events found in the i Q?

bin, respectively. The uncertainty on each bin in the ratio histogram is given by the
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propagation of errors formula: / and sigma_b"i_pro

ORI\ Y ORI\
O-aneas = \/(abZnEUt> Jgineut + ( abip,,,o ) Ogipro7 (47)

represents the value of the ratio histogram in the i bin, bye. is the

where R! ..
number of neutron entries in that bin, and b,,, is the number of proton entries in that
bin. Fig. 4.11 shows the o,, /0, ratio histograms from different data sets, showing the

consistency of the ratio results at different beam energies.
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Figure 4.11: The o,/0,, ratio results from different data sets at three different beam energies
10.2, 10.4, and 10.6 GeV binned in Q2
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CHAPTER 5

Corrections to Quasi-elastic Ratio
This chapter will discuss the corrections to the ratio measurements. These corrections

include neutron efficiency (NDE), Fermi motion and radiative effect.

5.1 NDE corrections to the Ratio

The essential correction to the Ratio is NDE, which is calculated in Chapter 3. To
implement the NDE correction, we used the functional form in Eq 3.30, that discussed
in Sec. 3.10. At this stage, we used the Crystal Ball parametrization in Table 3.7 due
to its ability to fit a higher range of missing mass values. However, it’s important to
note that the Gaussian parametrization will also be taken into consideration as part
of the systematic uncertainty analysis.

The D(e, €'n) events that satisfy both the quasi-elastic selection cuts in Sec 4.3
and pass acceptance matching are used to fill a histogram. This histogram is binned
in % and the entries are weighted by the reciprocal of the neutron detection efficiency
calculated from the Crystal Ball function. The R, ratio histogram is calculated by
dividing each bin in the neutron weighted histogram by the corresponding bin in the
proton D(e, e’'p) histogram:

b = cnctn, (5.1)

pro

where R, is the ratio corrected for the NDE in the i Q? bin, b} is the efficiency-

) Yneuty

weighted number of neutron events found in that bin and b?,, is the number of proton

events found in that bin. The uncertainty on each bin in this ratio histogram is given
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by the propagation of errors formula:

ORGe: \* ORLy, \’
ORL. = \/(abineut ) Ugineutw + (862—}% Ul?ipfro’ (52)

Fig. 5.1 shows the R{., ratio in each @? bin including NDE correction from

different data sets, showing the consistency of the ratio results at different beam
energies. The results show that the NDE correction increases the ratio values by

approximately 3%.
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Figure 5.1: The o, /0, ratio results including NDE correction from different data sets at
three different beam energies 10.2, 10.4, and 10.6 GeV binned in Q?

5.2 Correction due to Fermi motion of the target

In experiments where scattering involves a target nucleon in motion, such as in the
case of the deuteron, the Fermi motion of nucleons within the deuteron can result
in losses or migrations of scattered particles outside the acceptance region of the

detector. For instance, if a scattered nucleon is expected to hit near the edge of the
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detector’s acceptance region, the motion of the target nucleon due to Fermi motion
may cause the scattered particle to move out of the acceptance region. This can have
an impact on the measured o, /0, ratio. To address and correct for these effects,
Monte Carlo simulations are used. These simulations enable the estimation of the
fraction of scattered nucleons expected to be removed from the acceptance by Fermi

effects.

5.3 Simulating Quasielastic Scattering on Deuterium

The QUasi-Elastic Event Generator (QUEEG) is an event generator developed by
J.D.Lachniet and extended by G. Gilfoyle and used for the CLAS6 measurement of the
neutron magnetic form factor and the preparations for this experiment. It is designed
to simulate quasielastic scattering events in the D(e, ¢'p) and D(e, e'n) reactions on a
deuterium target. In QUEEG, the deuterium target is treated as a composite system
composed of two on-shell nucleons. One nucleon acts as a spectator, while the other
participates in the elastic scattering with the target nucleon. The generator uses the
Hulthen distribution, which is a theoretical model that describes the bound state of
the deuterium. QUEEG estimates the effects of Fermi motion, which is the motion
of nucleons inside the nucleus. The Fermi-motion distribution inside the deuterium
is calculated with the Hulthen distribution, as shown in Figure 5.2. More detail on
QUEEG generator can be found in [86].

The quasi-elastic D(e, €’p) and D(e,e'n) events were generated using QUEEG
with incident beam energies of 10.2, 10.4, and 10.6 GeV. The events are passed
through the GEant4 Monte-Carlo (GEMC) and the CLAS12 reconstruction software
for simulation. The GEMC framework uses the GEant4 simulation toolkit for sim-
ulating the passage of particles through various materials and the CLAS12 detector

components by considering the physical geometry, materials, and response character-

98



12

10 -
o C
& 8
= -
NQ:- 6

0 I” 0.1 0.2 I0.3I 04 0.5 0.6
P, [GeV/e]

Figure 5.2: Fermi momentum distribution of nucleons inside the deuteron given by Hulthen
model.

istics. Three sets of simulations were produced for the in-bending field configuration

for the RG-B data set with the incident beam energy of 10.2, 10.4, and 10.6 GeV.

5.3.1 Comparison to Data

The MC data has been analyzed in the same way as the experimental data. All
cuts and corrections were made for MC in the same way as the experimental data.
The comparison between the experimental data and the simulated events of electron
kinematics for the D(e, €’p) and D(e, e'n) is shown in Fig. 5.3 and Fig. 5.4

The comparison between the experimental and the simulated data of the invari-
ant mass W that satisfy the quasi-elastic selection cuts and pass acceptance matching
is shown in Fig. 5.5. The counts are scaled by normalize both experimental and sim-
ulated data. Good agreement of the W between Monte Carlo and data is found for

each dataset.

99



D(e,e’p) Data: Inbending 10.2 GeV

D(e,e’p) Data: Inbending 10.4 GeV
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Figure 5.3: The polar angle of the reconstructed electron as a function of the momentum of
electron for D(e, ¢'p) quasi-elastic events for each data set. Top row is the data and bottom

is the simulation.
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Figure 5.4: The polar angle of reconstructed electron as a function of the momentum of
electron for D(e, e'n) quasi-elastic events for each data set. Top row is the data and bottom

is the simulation.

5.4 Fermi-Loss Correction to the Ratio

The correction for the effects of Fermi loss in the RY .

ratio histogram is determined

by filling two histograms. The first histogram consists of events where the nucleon
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Figure 5.5: The W distribution for D(e,e'p) (top) and D(e,e'n) (bottom) for both ex-
perimental (black) and simulated (red) data that satisfied the quasi-elastic selection cuts
and pass acceptance matching. The counts are scaled by normalize both experimental and
simulated data. The comparison is shown for incident beam energy 10.2, 10.4 and 10.6

GeV.

is expected to be found inside the acceptance of the PCAL/ECAL detector. The
expected nucleon location is determined using only the kinematic information of the
scattered electron (this is the only available information in real data) and assuming
elastic scattering off a stationary target. The second histogram consists of events
where the scattered nucleon is actually found inside the acceptance of the PCAL/E-
CAL detector and satisfies the 6, cuts described in Sec. 4.3.3. This determination
uses the information about the scattered nucleon’s momentum from the event gener-

ator, which is not available in real data. The ratio of these two histograms provides

the fraction of nucleons that aré lost due to the effects of Fermi motion, which moves
the scattered nucleons outside the acceptance. The loss factor is calculated separately
for neutrons and protons as a function of Q2 and shown in Fig. 5.6.

To correct for the Fermi loss effects, each Q% bin in the R! _ ratio histogram

meas

is multiplied by the corresponding correction factor determined from the Fermi loss
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Figure 5.6: The fraction of nucleons scattered at different @ bins, which scattered into the
PCAL/ECAL acceptance and satisfied the 6, cuts and acceptance matching, has been de-
termined using the simulation. The black points on the plot represent the neutron fraction,
while the red points represent the proton fraction. These points were generated using an
incident beam energy of 10.2, 10.4 and 10.6 GeV.

histograms:

RCOI‘(QQ) = %Rmc%(Q2) = ffermi(Q2)Rmcas(Q2)a (53)

where foro, fneut are taken from the histograms in Fig. 5.6. The correction factor

for the R! ... ratio, which is fferm:(Q?%) = Jerel@) 35 chown in Fig. 5.7 for the three

meas - fneut(QQ)

different beam energy 10.2, 10.4 and 10.6 GeV. It’s close to 1.0 above 6 GeV and its
the same for all data sets.

7
meas

The impact of applying Fermi loss corrections on the R ratio histograms is
shown in Figure 5.8 for each dataset. The results indicate that the Fermi correction
leads to an increase in the ratio by around 2 — 5% for Q? values above 6 GeV?, while

for values below 6 GeV?, the effect varies significantly, ranging from 10% to 35%.
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GeV2 point in Fig 5.1 with the same point in fig 5.8 the ratio goes down in 5.8 by
5-10% not up.
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Figure 5.7: The correction factor to the o, /o), ratio for Fermi loss in the PCAL/ECAL has
been determined for the 10.2, 10.4 and 10.6 GeV data.
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Figure 5.8: The o,,/0), ratio results including NDE and Fermi correction from different data
sets at three different beam energies 10.2, 10.4, and 10.6 GeV binned in Q>

5.5 Radiative correction

The cross section measurements are commonly approximated as purely one-photon

exchange/which is known as Born scattering. However, sa—reedtty: there are other
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processes that effect the total measured cross sections. The electron in particular can
emit photons when it is accelerated in the field of the target. Photons can be emitted
before or after the collisions and alter the final, detected electron energy. This effect

on R!

! eas 1S considered here. The Feynman diagrams of the radiative effects for the

electron and nucleon are shown in Fig. 5.9. These diagrams illustrate the following
radiative processes that are present in the measured events:
e the Bremsstrahlung, in which the photon is emitted by the incoming or outgoing
electron (nucleon), Fig. 5.9 b).
e the vertex correction, in which the photon is emitted by the incoming electron
and absorbed by the outgoing electron (nucleon), Fig. 5.9 c).
e the vacuum polarization, in which the virtual photon produces temporarily an

ete” pair, Fig. 5.9 d).

k 4 ’
e(k1) dky) ST e(k1) Sk elk) (k)
* Pu
k Pu
7" (q) Pu ’y(l}ll ;(}C)
N(p) " N() i N(p) P
a) Born process b) Bremsstrahlung b) Bremsstrahlung
e(k1) (k)
Pu
N(p Ph
c) Vertex d) Vacuum ¢) Vertex

Figure 5.9: Feynman diagrams for Born term and lowest order radiative processes for the
electron (left) and the nucleon (right). The py, and p,, are the the momentum of the detected
and undetected hadron, respectively.
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done

The peeartedt cross section can be Wltiplying the Born cross section

by a radiative correction factor:

do do
oq - (1+49) <E>Bom, (5.4)

do is the single-photon-exchange cross-section in Eq. 1.11, and the ra-

where (E)Bom
diative correction factor (14 d) comes from the bremsstrahlung, vacuum polarization
and vertex corrections.

The radiative corrections (RC) for G}, were calculated by the program EXCLU-
RAD. The EXCLURAD program is written by A. Afanasev [87] for exclusive pion
electro-production p(e, ¢'7t)n, and it has been further modified by G. Gilfoyle [88] to
include the radiative effects in the D(e,e’p)n and D(e,e'n)p channels. The response
functions at the deuteron-virtual photon vertex, which describe the deuteron’s re-
sponse to the virtual photon, were calculated by W. Van Orden [89] and incorporated
into the code. The EXCLURAD code contains the radiative correction for the elec-
tron only which is shown in the left of Fig. 5.9 and does not take into account the
nucleon’s radiative correction or the two-photon exchange.

The EXCLURAD code is used to generate the ratio of the radiated cross section
to the cross section that would be measured if there were no radiative effects for
specific kinematic variables. These variables include Q* (the square of the four-
momentum transfer), W (the invariant mass of the hadronic final state), cos ,, (the
cosine of the polar angle between the virtual photon direction and the direction of
the detected hadron), and ¢,, (the azimuthal angle between these directions).

The EXCLURAD code calculates the radiative correction factor for different
values of @? as functions of cos#,, and ¢,,. These surfaces represent the dependence

of the radiative correction factor on the angles cos,, and ¢,,. To obtain the overall

radiative correction factor at a specific Q? value, the generated surface is integrated

105


gilfoyle
Line

gilfoyle
Callout
Including these other processes in

gilfoyle
Callout
done

gilfoyle
Line


over the experimental range of cosf,, for that particular @ value. The calculation
is performed twice, once for the proton detection, D(e,e'p)n, channel and once for
the neutron detection, D(e,e'n)p, channel. Figures 5.10, 5.11, and 5.12 show the
comparison of the radiative corrections factor for D(e, e'p)n (red curve) and D(e, e'n)p
(green curve) channels at W = 2.60 GeV, cosf,, = 0.998° at different Q* values for
the 10.2 GeV, 10.4 GeV and 10.6 GeV data sets, respectively. There is a significant
factor of correction in each D(e,e'p)n and D(e,e'n)p channel. However, the curves
are close to each other and the difference between them is very small over all range
of the ¢, values.

In the G, measurement we are interested in the ratio of D(e, ¢'p)n to D(e,e'n)p

corrections:
14+6,(Q%) RC,

frad(Q2) = 1+5n(Q2 - cha

(5.5)

where the subscripts (n, p) indicate the neutron and proton, respectively. Figure 5.13

shows the ratio of radiative corrections ( f,4q), RCp to RCn, at various %r
from 1.0
the 10.2 GeV, 10.4 GeV, and 10.6 GeV data sets. This ratio Varies“(y_approximately

on average

0.20%, at low gbpi values to 0.35%,at high ¢, values at each Q* bin. The differences
_On average

between the smallest and the largest of the ratio of radiative corrections at each value
of % in Fig. 5.13 will be considered as a systematic uncertainty.

7

To apply radiative corrections to the R} ...

measurement, we used the average
radiative correction over ¢, values at each Q? point (Reor = fraaX Rl o). The average
radiative correction factors for RCp and RCn and the ratio of the average radiative
correction f,.q over the ¢,, values at each Q? point for the 10.2 GeV, 10.4 GeV, and
10.6 GeV data sets are shown in Table 5.1. The radiative correction applied to the
Ri

 eas Tatio measurement is shown in Fig. 5.14 for the three different beam energies

(10.2, 10.4, and 10.6 GeV). These results show that the radiative correction does not

significantly impact the ratio measurements.
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Figure 5.10: A comparison of the radiative correction factor for D(e,e'p)n (red curve) and
D(e,e'n)p (green curve) as a function of ¢,,. The curves shown were generated for a beam
energy of 10.2 GeV and W = 2.60 GeV at different Q2 values.
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Figure 5.11: A comparison of the radiative correction factor for D(e,e'p)n (red curve) and
D(e, e'n)p (green curve) as a function of ¢,,. The curves shown were generated for a beam
energy of 10.4 GeV and W = 2.60 GeV at different Q? values.
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Figure 5.12: A comparison of the radiative correction factor for D(e,e'p)n (red curve) and
D(e, e'n)p (green curve) as a function of ¢,,. The curves shown were generated for a beam
energy of 10.6 GeV and W = 2.60 GeV at different Q? values.
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Figure 5.13: The ratio of the radiative correction of D(e,e'p)n to D(e,e'n)p at different
Q? values for 10.2 GeV (top left), 10.4 GeV (top right) and 10.6 GeV (bottom middle).
The average over the ¢,, values of these radiative correction are used to correct the ratio
measurement in each Q2 point.
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Inbending 10.2 GeV Inbending 10.4 GeV Inbending 10.6 GeV

Q? GeV?
RC, | RC, | fraa RC, | RC, | fraa RC, RC, | frad
5.34 0.7205 | 0.7230 | 0.9966 || 0.7193 | 0.7218 | 0.9966 || 0.7181 | 0.7206 | 0.9966
5.78 0.7236 | 0.7259 | 0.9969 || 0.7222 | 0.7246 | 0.9966 || 0.7210 | 0.7234 | 0.9966
6.24 0.727710.7299 | 0.9971 || 0.7263 | 0.7286 | 0.9969 || 0.7250 |0.7274 | 0.9967
6.73 0.7333 1 0.7354 | 0.9971 || 0.7320 | 0.7341 | 0.9971 || 0.7305 | 0.7328 | 0.9968
7.24 0.7402 | 0.7423 | 0.9971 || 0.7389 | 0.7411 | 0.9970 || 0.7376 | 0.7398 | 0.9970
7.75 0.7474 1 0.7497 { 0.9969 || 0.7462 | 0.7484 [ 0.9970 || 0.7449 |0.7471|0.9971
8.23 0.7537 [ 0.7561 | 0.9969 || 0.7525 | 0.7548 | 0.9970 || 0.7512 | 0.7535 | 0.9970
8.92 0.7601 | 0.7625 | 0.9968 || 0.7587 | 0.7612 | 0.9967 || 0.7575 | 0.7599 | 0.9969
9.94 0.7638 | 0.7663 | 0.9968 || 0.7624 | 0.7649 | 0.9968 || 0.7610 |0.7635 | 0.9967
10.89 0.7638 | 0.7659 | 0.9974 || 0.7624 | 0.7645 | 0.9973 || 0.76105 | 0.7631 | 0.9973
12.20 0.7578 [ 0.7595 | 0.9977 || 0.7563 | 0.7581 [ 0.9977 || 0.7549 | 0.7567 | 0.9977

Table 5.1: The average radiative correction values for 10.2, 10.4 and 10.6 GeV data
set. These values are used to correct the ratio measurement in each ) bin.
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Figure 5.14: The o, /0), ratio results including NDE, Fermi and radiative corrections from
different data sets at three different beam energies 10.2, 10.4, and 10.6 GeV binned in Q2
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CHAPTER 6

G'); Results

In this chapter, we will extract G, from the ratio of quasi-elastic D(e, €'p) to D(e, e'n)
scattering. Then we will discuss the sources of systematic uncertainties that might

impact the accuracy of the G}, result.

6.1 G, Extraction from Ratio

To extract the neutron magnetic form factor (G%,;) from the ratio of D(e,e'n) to

D(e, €'p) scattering, we begin with the cross-section expression in Eq. 1.11:

do o T 1
a0 Mot <GE + 6GM> (1 +T) ; (6.1)

where € and 7 are defined as:

! 47— < (6.2)

€= and 7= . .

1+2(1+7)tan?(%) 4 M2
The measured ratio Rpe.s 1S given by:
n n 2 Tn N 2

R _ le_gl[D<€7 6’71)] _ UMOtt <GE + ;GM > (1—:7") (6 3)

meas ~— d_U / - 2 Tp 2 9 N

mlDle.ep)] ot (G% + gGﬂ > (1+lrp)

where the sub-/super-scripts p and n refer to protons and neutrons, respectively.

Solving Eq. 6.3 for G7; leads to:

oP 1+ T, €
G = 44| | Ry, | 2220t ") (G4 2GR ) — gn2l 2 6.4
Y \/{ (O-?nott) (1+Tp) ( o +5p M s (64)
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Where R, takes into account various corrections including neutron detection effi-
ciency (NDE), proton detection efficiency (PDE), nuclear, Fermi, and radiative cor-

rections

Reor(Q%) = fnpe(@Q?) froe (Q%) frucear(@%) frermi(Q7) fRradiative(Q) Rmeas(@7).
(6.5)
At this stage, the proton detection efficiency correction and the nuclear correction
have not been included.

To simplify Eq. 6.4, we make approximations:

\We should do some

ratios to have some
of how big the
approximation is.

calculations of these

should this be
sigma_R? sigma_p not
ineq 6.7

I AR

T ot L+
Thus, the neutron magnetic form factor G}, becomes:
- \/ ch;ﬁ T ;—pr;f) Rooy — Ggg] - \/ on e~ G37]  (67)
p n n

where op = G%Q + Z—zGﬁf represents the reduced proton cross section. The standard

propagation of errors for the extracted value of G, is determined as:

>2 (6 Reor)” + (

To extract G, the Arrington parametrization [90] is used to calculate the proton

oG,
aRcor

oGz,
oG

)2 GG (63)

form factors (G and G%,) as well as the neutron electric form factor G’%. This
parametrization is shown in Fig 6.1 as black solid curves. The details of the fit
function and the procedure of the fitting that Arrington used can be found in [90].

The Arrington parametrization of G%, G4, and G% that we used to extract G7%, is

shown in Fig 6.2.
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Figure 6.1: Arrington Parameterizations of G4,/u, Gp (left), GY%/Gp (middle) and

G%/pn Gp (right) show as black solid curves. The dashed curves are uncertainty that
we used in the G7; calculation. The plot from Ref. [90].
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Figure 6.2: Arrington Parameterizations of G4, (left), G%, (middle) and G, (right) that
used for G, calculation.
The results of G7, as a function of Q? for three different beam energies 10.2,
10.4 and 10.6 GeV are shown in Fig 6.3. The results show that all three data sets are
consistent with each other.
The weighted average of G7, in each Q? bin is obtained by merging the results

from these three different beam energies. The calculation of the weighted average

involves minimizing the y? value, following the formula [40]:
\This reference is the
CLASG6 PRL. Is that

—)2 what you wanted?

X2 = Z @j%a (69)

where x; represents the G, value and o; is the statistical error associated with the

j" measurement contributing in that Q2 bin (with j being an integer between 1 and
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Figure 6.3: The G%, as a function of Q? for three different beam energy 10.2, 10.4 and 10.6
GeV. The black line showing G, =unGp.

3). By setting 9x2/0Z to 0 in Eq. 6.9 and solving for z, we find:

2

5 (6.10)

T =

xy.qml L

The statistical error for each point within the weighted average is determined using

the following formula:

(6.11)

The result of the weighted average for G, is shown in Fig 6.4. The G7,; results
of CLAS12 data show a flat behavior over the range of Q? = 5 — 12 GeV2. The
numerical values of the three individual measurements and the weighted average of

", can be found in Appendix C.

as a function of Q2.
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Figure 6.4: G7, weighted average as a function of Q* obtained by combining data from
three different beam energy 10.2, 10.4 and 10.6 GeV. The black line showing G, =unGp.

6.2 Systematic Uncertainties

need a 'the'

ere are multiple sources of systematic uncertainties that can affect the accuracy

of G}, measurement. To determine the total systematic uncertainty, the following

sources have been considered:

Need 'uncertainty' here
and for each bullet. e Systematic due to neutron detection efficiency (

Odyst)

e Systematic due to electron identification cuts:
— vertex cut (dg;)

— fiducial cut (5;‘;??@@;)

— Sampling Fraction cut (65f,)

e Systematic due to quasi-elastic selection cuts:

_ angles beam
Ebearn cut (5syst )

— A¢ cut (65%)
— Oy cut (535?91:)

e Systematic due to radiative effects (670%)
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These uncertainties are determined by making small variations to a particular source
while keeping others constant, and observing how the G, results change. The formula
used to calculate the systematic uncertainty associated with the variation in the 7

source is given by:

n n alt

syst = ar 00 (6.12)

where G, represents the reference measurement and G%,* corresponds to the mea-

surement with an alternate cut.

Uncertainty

6.2.1 Systematic due to Neutron Detection Efficiency

The neutron detection efficiency (NDE) was calculated using two different functions,
Gaussian and Crystal Ball functions, as described in Section 3.8. The difference

between the results obtained by these two functions is less than 3% as shown in

Fig 6.5.
NDE Residual
0.2 =
0.15-
= g
=] 0.1
£ o005
r - M —_——t S
&) 0 LS S5 g ==
" E
E —0.05:—
2 E Inbending 10.6 GeV Data
= —0.1F :
« = Outbending 10.6 GeV Data
& —0.15F Inbending 10.2 GeV Data
=TT R B RPN SR AT B R
—0.2 1 2 3 T4 s e 7
P [GeV]

Figure 6.5: The difference of the neutron detection efficiency between the Gaussian and the
Crystal Ball function, binned in missing momentum of neutron for inbending and outbend-
ing 10.6 GeV and inbending 10.2 GeV datasets.
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put this at the end of
this section after you
have shown it to be

true,

The uncertainty associated with the NDE is determined by recalculating the

& using the Gaussian parametrization listed in Table 3.7. The result of the G’
using both the Gaussian and Crystal Ball parametrizations is shown in the left panel
of Fig 6.6. The systematic uncertainty is shown in the right panel of Fig. 6.6, which

is determined by using Eq. 6.12 .
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Q’ [GeV’] Q' [GeV’|
Figure 6.6: Left: Comparison of G}, measurements with Crystal Ball (black) and Gaussian

(red) functions that applied during the NDE correction. Right: The estimated systematic
uncertainty on G'y; due to the parametrization of the Gaussian function.
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Uncertainty

6.2.2 Systematic'due to Electron Identification Cuts

I bl I

tlho cxzot oaa ot (1 SOV EPNNYE NPNIA ! | 4 locd sl onadal Lol 1l
ST O OTT IO 0T IO TOTT oIt ore ) G a T TUTCICCUTULL ITUCIIUIIICAUIUIT LS CAPUULUU LU DU O1IALL.

Electron Vertex Cut: To assess the uncertainty associated with the electron vertex
cut, we conducted an analysis without applying this particular cut. Figure 6.7 shows
a comparison between G, measurements with and without the electron vertex cut.

The right panel of Fig. 6.7 shows the estimated systematic uncertainty due to the

<—___|Note the difference is : We set the systematic uncertainty at
electron vertex cut. zero for Q2 > 7.6 GeV2. 0.04% or something like that.

Fiducial Cuts: Similarly, we disabled the PCAL and DC fiducial cuts during electron
ID selection to investigate their impact. The comparison between G, measurements
with and without these fiducial cuts is shown in the left panel of Fig. 6.8. The

right panel of the same figure shows the estimated systematic uncertainty due to the
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fiducial cuts. < |

We set the systematic uncertainty at
0.8% or something like that.

Sampling Fraction Cut: For the sampling fraction, we initially selected p=+3.50

from the fitted distribution versus momentum, as detailed in Section 3.4.5. We then

modified this cut to p£3.00 and recalculated G7,. Figure 6.9 shows a comparison of

G results with the p43.50 and p+£3.00 cuts on the sampling fraction. The right

panel of Fig. 6.9 shows the corresponding systematic uncertainty associated with the

sampling fraction cut.

n Gy

Gy

15

1.4

1.3

1.2

1.1

0.9

\We set the systematic uncertainty at
0.4% or something like that.
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Figure 6.7: Left: Comparison of G, measurements with (black) and without (red) electron
vertex cut that applied during particle identification. Right: The estimated systematic
uncertainty on G, due to electron vertex cut.
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Figure 6.8: Left: Comparison of G}, measurements with (black) and without (red) fiducial
cuts that applied during particle identification. Right: The estimated systematic uncer-
tainty on G7; due to fiducial cuts.
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\Why? Again this sounds
like a conclusion to put
at the end.

e may want to discuss
how this choice was
made. e.g. avoids
regions where
background becomes
significant.

Neutron Magnetic Form Factor
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Figure 6.9: Left: Comparison of G}, measurements with different SF cut that applied
during electron identification. Right: The estimated systematic uncertainty on G'}; due to

SF cut.

Uncertainty due to
Quasi-elastic

6.2.3 Systematic due-te-Qusi-elastie Selection Cuts

I\ The major source of systematic uncertainties in the G}, analysis is expected to be

the quasi-elastic selection procedure.

Incident Electron Beam Energy Cut: In the quasi-elastic event selection, we

applied a p£1.00 cut on the incident electron beam energy

angles
E beam

as described in

Section 4.3 To assess the systematic uncertainty, we altered this cut tg u+1.250 and

recalculated G7;. The comparison between G7%; measurements with the p+1.00 and

p+1.250 cuts on EAE

beam

Neutron Magnetic Form Factor

15
g E2¥ cnt=p + 1.00 g
14f Deam 25f
of b EXE eut =y + 1250 - g
== F S X
o= 12 ! * { } T :
Qo E l } ) EDE F
1if f 3°

1 0.5
0 9 :\ c e b by b b b L L 0 C
ST 7 8 9 10 11 12 ;

Q" [GeV’]

beam
6syszt

is shown in the left panel of Fig. 6.10. The right panel of the

Q’ [GeV?]

13

Figure 6.10: Left: Comparison of G, measurements with different Eﬂggﬁs cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on G7%,

angles
due to Ey ;. =~ cut.
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same figure shows the estimated systematic uncertainty due to the incident electron

aneles \We set the systematic uncertainty at
beam energy Epo=®. «— 2.2% or the average of the rhs of fig
6.10 or something like that.

A¢ Cuts: Another crucial cut for quasi-elastic event selection was a pu£1.0c cut on

the A¢ distribution. We modified this cut to pu£1.250 and recalculated G7%,;. The
comparison between G, measurements with the y41.00 and p£1.250 cuts on A¢ is

depicted in the left panel of Fig. 6.11. The right panel of the same figure shows the

\We set the systematic uncertainty at
2.2% or the average of the rhs of fig
8A¢ 6.11 or something like that.

syst

estimated systematic uncertainty due to the A¢ cuts. K

s Neutron Magnetic Form Factor

: Apcut=p + 100 SF
1.4 C
UQ B A@ cut=pu + 1.25¢0 55
= 1-3; l g C
=) g 8
o= 12f { 1 X4
= . E F
&) F i i } HCk= L
L1E 1 * % (@) 3 .

1= 21
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Figure 6.11: Left: Comparison of G, measurements with different A¢ cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on G},
due to A¢ cut.

0y, Cuts: The final cut used for quasielastic event selection was the 6,, cut. We
considered 6, cuts that are 10% larger and 10% smaller than the cut we initially
used, as shown by the black curves in Fig. 6.12. These variations in the 6,, cut
are used to understand how different 6,, cut values affect the G'j; measurements.
The comparison between G, measurements with the the original 6,, cut and the
10% larger and smaller than the original cut are shown in the left panel of Fig. 6.13
and Fig. 6.14, respectively. The right panel of the same figures show the estimated

systematic uncertainty due to the variations in the 6,, cut.

\We set the systematic uncertainty at
2% or the average of the rhs of figs

6.13 and 6.14 or something like that.
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D(e,e’p): Inbending 10.2 GeV
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Figure 6.12: The Q? as a function of 6, distribution for D(e, €'p) (left) and D(e, e'n) (right)
for 10.2 GeV dataset. The red curve represents the initial 6,, cut applied to select quasi-
elastic events. The black curves represent 6,, cuts that are 10% larger and smaller than the

original cut.
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Figure 6.13: Left: Comparison of G, measurements with different 6,, cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on G%,
due to a 10% larger than the original 6, cut.
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Figure 6.14: Left: Comparison of G}, measurements with different 6,, cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on G7%,
due to a 10% smaller than the original 6, cut.
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6.2.4 Systematic due to Radiative Effects

As mentioned in section 5.5, the systematic uncertainty associated with the radia-
tive correction is determined by considering the differences between the smallest and
largest values of the ratio of radiative corrections at each Q? value (see Fig. 5.13).
The G is calculated twice: once using the smallest value of the ratio of radiative
corrections at each Q% value and then using the largest value of the ratio of radiative
corrections at each Q? value. The comparison between the resulting G, measure-
ments, based on the smallest and largest values of the ratio of radiative corrections,

is shown in the left panel of Fig. 6.15. The right panel of the same figure show the

estimated systematic uncertainty due to the radiative correction.>

rad
s Neutron Magnetic Form Factor 6syst
S 0.08
Smallest value of radiative correction 75k
a 14 Largest value of radiative correction 0;:)0:, .
O, 13f [ S 0065
‘é; 12F [ EX 0.06
[ i f { } ] ) |5 8055
1.1 { < 0.05F
F 0.045F
1 0.04F .
E O3SE et e T
L S A T T TR T B F) B S AN R T TS | R U €

Q* [GeV’| Q? [GeV]]

Figure 6.15: Left: Comparison of G'j; measurements with smallest and largest value of the
ratio of radiative corrections. Right: The estimated systematic uncertainty on G7%, due to
the radiative correction.

6.3 Total systematic uncertainty

The systematic uncertainty is computed individually for each @? bin and for each
source. Figure 6.16 provides an overview of how the different sources contribute
to the systematic uncertainty across various Q2 values. The figure shows that the

uncertainty associated with A¢ (5.8%) is the dominant factor in most Q% bins. The

other sources generally remain at or below a level of 1-2.5% over Q2 values, except at
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the Q% = 4.89 GeV?, where there is a noticeable increase in the systematic uncertainty.
The other sources generally remain at or below a level of 1-2.5% over Q? values except

at Q% = 4.89 GeV2.

C o GNDE  sfiducal 6,,+10%
10 _ syst syst syst
C beam 6, .-10%
o
— v, Ad
- C 6syst syst
= 61
[Good plot. Y - °
=2 = -
% U 4__ e o L]
2 __ . : e o ° °
- . : ° : . o ° . ' H
- - T T R B | ? . .
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Q* [GeV?]

Figure 6.16: The estimated systematic uncertainty on G7%, for the individual contributing
sources as a function of Q? values.

total
5syst

5222? = A /Z 5;yst2' (613)

Figure 6.17 shows the total systematic uncertainty in the G7%, measurement as a

The total systematic uncertainty is determined by adding the individual contri-

butions in quadrature:

function of various Q? values. This figure shows that the total systematic uncertainty
generally falls within the range of 2-6%. The calculated systematic uncertainties due

to various sources at different Q% bins are listed in Table 6.1.

123


gilfoyle
Textbox
Good plot.


=

lgood table.

Q’ [GeV?]

Figure 6.17: The total estimated systematic uncertainty on G7%, in quadrature.

QQ

NDE
6syst

5%

syst

fiducial
6syst

SF
5syst

beam
5syst

Ad
5syst

69pq+10%
syst

0pq—10%
6syst

rad
5syst

total
6syst

4.89
5.33
5.78
6.24
6.73
7.23
7.72
8.23
8.94
9.90
10.93

12.06

1.0343
0.7810
0.5531
0.3189
0.1140
0.0608
0.1896
0.2874
0.3963
0.4900
0.5584

0.5905

0.0000
0.0230
0.0370
0.0327
0.0377
0.0579
0.0000
0.0000
0.000
0.000

0.0000

0.0000

0.9506
0.4439
0.3548
0.4498
0.4995
0.0954
0.4722
0.1362
0.5983
0.5876
0.1025

1.4192

0.0000
0.1858
0.1599
0.1706
0.1285
0.1927
0.2295
0.3435
0.2113
0.3320
0.4469

0.6105

10.6224
1.5937
0.4289
0.8438
0.3735
1.4293
2.3069
0.6064
1.7592
0.4618
0.0313

0.6152

3.1741
3.1902
2.5308
1.5971
1.7400
2.3339
2.3887
1.4379
2.5401
3.3214
2.7523

2.2289

5.4195
2.3604
1.1866
0.5233
0.8492
1.0289
1.7374
2.1859
0.8679
0.1943

1.3521

1.7881

5.2709
2.4525
1.9636
0.4107
0.8358
1.7048
0.2905
1.8841
1.3187
1.8031
1.5500

1.0901

0.0648
0.0763
0.0771
0.0772
0.0738
0.0702
0.0731
0.0756
0.0775
0.0655
0.0534

0.0385

13.4923
5.0151
3.5096
2.0113
2.2074

3.393
3.8010
3.3148
3.5503
3.9030
6.1519

3.7699

Table 6.1: Systematic uncertainties due to various sources at different Q? bins.
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CHAPTER 7

Conclusions and Outlook
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APPENDIX A

Fit Missing Mass Distribution using Gaussian Function

The following plots show the fitting of the expected and detected neutrons using
Gaussian plus a 4th order Polynomial function. Also it shows the parameters of the
fit as a function of P,,,,.
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Figure A.1: The missing mass distribution of expected neutron p(e,e’n")n for different
P,.m bin. The distribution is fitted with a Gaussian plus polynomial background. The blue
curve is the signal distribution after subtraction of the background distribution, the green
is the background, and the red is the sum of the two. The fitting is shown for inbending
10.6 GeV dataset.
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Figure A.2: The missing mass distribution of detected neutron p(e, e’rn) for different P,
bin. The distribution is fitted with a Gaussian plus polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.6 GeV
dataset.
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Figure A.4: Missing mass distribution of detected neutron p(e, e’r*n) for different P,
bin. The distribution is fit with a gaussian + polynomial background. The blue curve is
the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for outbending 10.6
GeV dataset.
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Figure A.5: Missing mass distribution of expected neutron p(e, /7 n) for different P,
bin. The distribution is fit with a Gaussian + polynomial background. The blue curve is
the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.2 GeV
dataset.
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Figure A.6: Missing mass distribution of detected neutron p(e, e’r*n) for different P,
bin. The distribution is fit with a Gaussian + polynomial background. The blue curve is
the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.2 GeV

dataset.
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Figure A.8: The amplitude of the expected (left) and detected (right) neutron as a function
of Py, using Gaussian + polynomial background.
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Figure A.9: The mean of the expected (left) and detected (right) neutron as a function of

P using Gaussian + polynomial background.

140



0.1,
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

o [GeV]

Width of Expected Neutron using Gaussian Function

Inbending Data 10.6 GeV
Outbending Data 10.6 GeV
Inbending Data 10.2 GeV

Lo b b e b e b b0 |

Width of Detected Neutron using Gaussian Function

Inbending Data 10.6 GeV
Outbending Data 10.6 GeV
Inbending Data 10.2 GeV

M|

s b b e b e e b e b e by

i 0
P.mlGeV]

PnmlGeV]

Figure A.10: The width of the expected (left) and detected (right) neutron as a function of
P, using Gaussian + polynomial background.
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Figure A.11: The Py parameter of the expected (left) and detected (right) neutron as a
function of P, using Gaussian + polynomial background.

P, [GeV]

30

20

10

PéOf Expected Neutron using Gaussian Function

P, of Detected Neutron using Gaussian Function

\3
x10 = 700210
r ¢ 3 E %
F oo O 600 e +
; Inbending Data 10.6 GeV Q.H 500 i + Inbending Data 10.6 GeV
- L] Outbending Data 10.6 GeV E . # Outbending Data 10.6 GeV
; Inbending Data 10.2 GeV 400F q +t Inbending Data 10.2 GeV
F E °
[ e ° 300 .+. ‘.
£ o £ .
Eoe 200 _v"-..
r e FL.e %
F . 100§ e
L .‘ E é};
L . O ===t
| S R E | P 1 - P Co \1\\\\\\\‘\\_\;\_‘\\\‘ P IR B
1 2 3 4 5 6 7 1 2 3 4 5 6 7
PmmlGeV] PmmlGeV]

Figure A.12: The P; parameter of the expected (left) and detected (right) neutron as a
function of P, using Gaussian + polynomial background.
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Figure A.13: The P, parameter of the expected (left) and detected (right) neutron as a
function of P,,,, using Gaussian + polynomial background.
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Figure A.14: The P3 parameter of the expected (left) and detected (right) neutron as a
function of P, using Gaussian + polynomial background.
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Figure A.15: The P, parameter of the expected (left) and detected (right) neutron as a
function of P, using Gaussian + polynomial background.
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APPENDIX B

Fit Missing Mass Distribution using Crystal Ball Function
The following plots show the fitting of the expected and detected neutrons using
Crystal Ball plus a 4th order Polynomial function. Also it shows the parameters of
the fit as a function of P,,,,.
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Figure B.1: The missing mass distribution of expected neutron p(e, /7 )n for different Py,
bin. The distribution is fitted with a Crystal Ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.6 GeV

dataset.
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Figure B.2: The missing mass distribution of detected neutron p(e, e’7tn) for different Py,
bin. The distribution is fitted with a Crystal Ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.6 GeV
dataset.
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Figure B.3: Missing mass distribution of expected neutron p(e,e’n)n for different P,y
bin. The distribution is fit with a Crystal ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for outbending 10.6
GeV dataset.
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Figure B.4: Missing mass distribution of detected neutron p(e,e’nt)n for different P,y
bin. The distribution is fit with a Crystal ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for outbending 10.6

GeV dataset.
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Figure B.5: Missing mass distribution of expected neutron p(e,e’n)n for different P,y
bin. The distribution is fit with a Crystal ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.2 GeV
dataset.
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Figure B.6: Missing mass distribution of detected neutron p(e,e’nt)n for different P,y
bin. The distribution is fit with a Crystal ball + polynomial background. The blue curve
is the signal distribution after subtraction of the background distribution, the green is the
background, and the red is the sum of the two. The fitting is shown for inbending 10.2 GeV

dataset.
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Figure B.7: The chi2 of the expected (left) and detected (right) neutron as a function of
Pm using Crystal ball + polynomial background.
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Figure B.8: The amplitude of the expected (left) and detected (right) neutron as a function
of Py, using Crystal ball 4+ polynomial background.
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Figure B.9: The mean of the expected (left) and detected (right) neutron as a function of
P, using Crystal ball + polynomial background.
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Figure B.10: The width of the expected (left) and detected (right) neutron as a function of
Pm using Crystal ball + polynomial background.
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Figure B.11: The Py parameter of the expected (left) and detected (right) neutron as a
function of P, using Crystal ball + polynomial background.
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Figure B.12: The P; parameter of the expected (left) and detected (right) neutron as a
function of P, using Crystal ball + polynomial background.

151



P, [GeV]

Py

X
=
(@]

of Expected Neutron using Crystal Ball Function

::~:_j(-

t

(LRARARARARNRARNRRRRRARRRARNRRRRRARE

| |

PRSI T A M A M AR A |

—e— o

Inbending Data 10.6 GeV
Outbending Data 10.6 GeV
Inbending Data 10.2 GeV

P, [GeV]

Pmom[GeV]

P

of Detected Neutron using Crystal Ball Function

3<1023

E .

== + Inbending Data 10.6 GeV

E Outbending Data 10.6 GeV/

E o ® Inbending Data 10.2 GeV/

E e

Eoof

E °

F%% e

E g w_.. ==

S

e b b b e b e b e by
1

Pmom[GeV]

Figure B.13: The P, parameter of the expected (left) and detected (right) neutron as a

function of P, using Crystal ball + polynomial background.
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Figure B.14: The P; parameter of the expected (left) and detected (right) neutron as a

function of P, using Crystal ball + polynomial background.
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Figure B.15: The P; parameter of the expected (left) and detected (right) neutron as a

function of P, using Crystal ball + polynomial background.
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Figure B.16: The n parameter of the expected (left) and detected (right) neutron as a
function of P,,,, using Crystal ball + polynomial background.
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Figure B.17: The a parameter of the expected (left) and detected (right) neutron as a
function of P, using Crystal ball + polynomial background.
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APPENDIX C

Measured G, values and errors

A table will be added that shows the final result of G}, and the statistical uncertainty
for the three different beam energies individual as well as the weighted average of G},
and the statistical and systematic uncertainty

Q? 10.2 GeV 10.4 GeV 10.6 GeV
{GGVQ] G?/[/:U’nGD O stat G7J\Z/I/MnGD O stat G%/NHGD O stat

4.89 1.2305 10.2051| 1.1034 {0.2956| 1.3321 [0.4369

5.33 1.2311 |0.0624| 1.3308 [0.0849] 1.3354 |0.0885
5.78 1.1366 ]0.0450| 1.1122 ]0.0495| 1.1601 |0.0524
6.24 1.1101 |0.0457| 1.0835 [0.0489] 1.1539 |0.0522
6.73 1.1436 |0.0519| 1.1568 [0.0569| 1.2295 |0.0617
7.23 1.1455 10.0603| 1.1254 [0.0651] 1.2508 [0.0732
7.72 1.1746 |0.0723| 1.1846 (0.0797| 1.1760 |0.0809
8.23 1.1260 [0.0815| 1.1329 {0.0893| 1.2144 (0.0979
8.94 1.1751 |0.0803| 1.2166 |0.0887| 1.2861 |0.0957
9.90 1.0889 10.1080{ 1.1614 {0.1270| 1.3313 [0.1449

10.93 | 1.1183 ]0.1682| 1.1257 (0.1979| 1.2066 |0.2004

12.06 | 1.0890 ]0.2497| 1.1644 (0.2486| 1.2450 [0.2780

Table C.1: Measured values of G%,/u,Gp and statistical errors for each dataset. The
Q? values given are the central value of each Q2 bin.
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Q2 [GGVQ] GnM/ tnGp Ostat Osyst OTotal
4.89 1.2077 0.1572 | 0.1349 | 0.2071
5.33 1.2830 0.0437 | 0.0512 | 0.0673
D.78 1.1355 0.0281 | 0.0351 | 0.0450
6.24 1.1140 0.0281 | 0.0201 | 0.0345
6.73 1.1719 0.0326 | 0.0221 | 0.0394
7.23 1.1669 0.0379 | 0.0339 | 0.0508
7.72 1.1782 0.0446 | 0.0380 | 0.0586
8.23 1.1526 0.0513 | 0.0331 | 0.0611
8.94 1.2195 0.0506 | 0.0355 | 0.0618
9.90 1.1710 0.0716 | 0.0390 | 0.0815
10.93 1.1462 0.1080 | 0.0615 | 0.124
12.06 1.1607 0.1488 | 0.0377 | 0.1535

Table C.2: Measured values of G;/u,Gp, statistical and systematic uncertainties
from the waighted average. The Q? values given are the central value of each Q? bin.
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