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CHAPTER 4

Quasi-elastic Ratio Measurement

In this chapter, we focus on the measurement of the Ratio used to extract Gn
M . 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 selection

The data files analyzed are referred to as ”gmn” files, which contain events of two

channels: D(e, e′n) and D(e, e′p). In the D(e, e′n) channel, the file included 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, 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, e′p) channel, a positively charged particle that hit the

calorimeter was selected as a proton candidate, while in the D(e, 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

vz vertex position

Nph > 2

PCAL fiducial V, W > 14 cm cut Positive charge particle Neutral charge particle

DC fiducial cut for 3 DC regions hit calorimeter hit calorimeter

SF vs. Pele ±3.5σ

Diagonal cut

chi2pid |χ2| < 3 cut

Minimum PCAL Edep > 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 calculated
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as:

P µ
e + P µ

N = P µ
e′ + P µ

N ′ ,

P µ
N ′ = P µ

e + P µ
N − P

µ
e′ = hµ,

(4.1)

where P µ=(~P , 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 2 = hµhµ, (4.2)

where hµ is the 4-momentum of the recoil nucleon.

4.3 Quasi-elastic Selection

In order to measure the ratio σn/σp and extract Gn
M , 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, e′n) channel, we required at least one electron in the forward

detector and a neutron hit the calorimeter. The distribution of the invariant mass W

as a function of θpq, 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 ~q (θpq ∼ 0◦) while inelastic events are not. It is hard to observe the

quasi-elastic peak of the D(e, 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, e′p) and D(e, e′n) channels, shown in Fig 4.2, show a significant amount of

inelastic background events, which makes the quasi-elastic peak of the nucleon dif-

ficult to observe. Therefore, several cuts need to be applied to reduce the inelastic
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Figure 4.1: The invariant mass W distribution as a function of θpq for D(e, e′p) (top) and
D(e, e′n) (bottom) for each data set.

Figure 4.2: The invariant mass W distribution of D(e, 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. ∆φ c ut

3. θpq cut.
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Below we will discuss each cut in detail.

4.3.1 Incident electron beam energy cut

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

1. Eangles
beam : Using the scattering polar angles of the electron and the nucleon, mea-

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

Eangles
beam =

mN ′

1− cos θe′

(
cos θe′ + cos θN ′

sin θe′

sin θN ′
− 1

)
. (4.3)

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

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

Efrom ele
beam =

Pe′

1− 2Pe′ sin
2(
θe′
2

)/mN

, (4.4)

where mN is the nucleon mass, θe′ , θN ′ are polar angles of scattered electron and

nucleon, either proton or neutron, respectively, and Pe′ is the momentum of the

scattered electron.

The correlation between Eangles
beam and Efrom ele

beam for events satisfying θpq < 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, e′p) channel, making it difficult to discern

the peak in the Eangles
beam 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 Eangles
beam distribution. Subsequently, quasi-elastic

events are selected by applying sector-dependent cuts on the Eangles
beam distribution.

Figures 4.4 and 4.5 show the Eangles
beam distributions for D(e, e′p) and D(e, e′n) for each

sector, respectively. These distributions satisfied the criteria of 0.85 < W < 1.05 GeV,

and θpq < 10◦ cuts, thereby capturing the peak corresponding to the incident beam
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energy. The cut used for quasi-elastic selection corresponds to 1 σ on the Gaussian

function fit to the central peak.

Figure 4.3: The Eangles
beam vs. Efrom ele

beam distributions for D(e, e′p) (top) and D(e, e′n) (bottom)
that satisfied θpq < 10◦ cut for each dataset.

4.3.2 ∆φ Cut

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

electron (∆φ = φN ′ − φe′) is used to select the quasi-elastic events. This particular

cut becomes necessary for the D(e, e′n) channel, where some background remains

even after applying the incident beam energy cut (Eangles
beam ), as shown in Fig. 4.6. This

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

to 1 σ 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 σ on the Gaussian) is applied for the D(e, e′p) channel.
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Figure 4.4: The Eangles
beam distributions of D(e, e′p) events that satisfied 0.85 < W < 1.05 GeV

and θpq < 10◦ cut for each sector. The black vertical lines show the cut applied within 1σ.
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Figure 4.5: The Eangles
beam distributions of D(e, e′n) events that satisfied 0.85 < W < 1.05

GeV and θpq < 10◦ cut for each sector. The black vertical lines show the cut applied within
1σ.
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Figure 4.6: The ∆φ distributions for events passing cut on 0.85 < W < 1.05 GeV, θpq <

10◦ and Eangles
beam cuts for D(e, e′p) (top) and D(e, e′n) (bottom) for each datasets. The black

vertical lines show the cut applied within 1σ.

4.3.3 θpq Cut

The distribution of the Q2 as a function of θpq for D(e, e′p) and D(e, e′n) events that

satisfied 0.85 < W < 1.05 GeV, θpq < 10◦, Eangles
beam and ∆φ 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 Q2 values and becoming broader as the Q2 range

decreases.

To select quasi-elastic events while minimizing background contamination in

the absence of the W cut, a function is introduced as follows:

f(θpq) = 2.5204 +
6.2127

θ0.9003
pq

, (4.5)

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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Q2 < f(θpq) and θpq < 1.60◦ and is shown in Fig. 4.7 as a red curve. It’s important to

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

be noted that this cut will be varied during the systematic uncertainty analysis.

Figure 4.7: The Q2 as a function of θpq 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, Eangles
beam and ∆φ cuts. The red

curve is the cut used to select the quasi-elastic events.

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

that satisfied Eangles
beam , ∆φ and θpq cuts are shown in Fig 4.8.

4.4 Acceptance Matching

To measure the ratio of neutron to proton cross-sections σn/σp 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, e′p) (top) and D(e, e′n) (middle) for each datasets

that satisfied Eangles
beam , ∆φ and θpq cuts. The bottom plots shows the comparison between

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.

it hits the ECAL and is at least 10 cm away from the edge of the calorimeter

the analysis continues. If it misses the 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 that the protons are deflected by the magnetic field in

the detector, while neutrons are not affected by the magnetic field.

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, 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 Q2, and each bin in the histogram contains the count of events (either

proton or neutron). The σn/σp ratio histogram is calculated by dividing each bin in

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

Ri
meas =

bineut
bipro

, (4.6)

where bineut and bipro are the number of neutron and proton events found in the ith Q2

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

σRimeas
=

√(
∂Ri

meas

∂bineut

)2

σ2
bineut

+

(
∂Ri

meas

∂bipro

)2

σ2
bipro

, (4.7)

where Ri
meas represents the value of the ratio histogram in the ith bin, bneut is the

number of neutron entries in that bin, and bpro is the number of proton entries in that

bin. Fig. 4.11 shows the σn/σp ratio histograms from different data sets, showing the

consistency of the ratio results at different beam energies.

Figure 4.11: The σn/σp 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, 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 Q2 and the entries are weighted by the reciprocal of the neutron detection efficiency

calculated from the Crystal Ball function. The Ri
Cor 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:

Ri
Cor =

bineutw
bipro

, (5.1)

where Ri
Cor is the ratio corrected for the NDE in the ith Q2 bin, bineutw is the efficiency-

weighted number of neutron events found in that bin and bipro 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:

σRiCor
=

√(
∂Ri

Cor

∂bineutw

)2

σ2
bineutw

+

(
∂Ri

Cor

∂bipro

)2

σ2
bipro

, (5.2)

Fig. 5.1 shows the Ri
Cor ratio in each Q2 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%.

Figure 5.1: The σn/σp ratio results including NDE correction from different data sets at
three different beam energies 10.2, 10.4, and 10.6 GeV binned in Q2

.

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 σn/σp 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, 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, 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-
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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, 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.
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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, e′p) quasi-elastic events for each data set. Top row is the data and bottom
is the simulation.

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 Ri
meas 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 θpq 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 are 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 Q2 bin in the Ri
meas ratio histogram

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 Q2 bins, which scattered into the
PCAL/ECAL acceptance and satisfied the θpq 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:

RCor(Q
2) =

fpro(Q2)

fneut(Q2)
Rmeas(Q

2) = ffermi(Q
2)Rmeas(Q

2), (5.3)

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

for the Ri
meas ratio, which is ffermi(Q

2) = fpro(Q2)

fneut(Q2)
is shown in Fig. 5.7 for the three

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.

The impact of applying Fermi loss corrections on the Ri
meas 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 Q2 values above 6 GeV2, while

for values below 6 GeV2, the effect varies significantly, ranging from 10% to 35%.
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Figure 5.7: The correction factor to the σn/σp ratio for Fermi loss in the PCAL/ECAL has
been determined for the 10.2, 10.4 and 10.6 GeV data.

Figure 5.8: The σn/σp 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 Q2

.

5.5 Radiative correction

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

exchange, which is known as Born scattering. However, in reality, 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 Ri
meas is 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:

• the Bremsstrahlung, in which the photon is emitted by the incoming or outgoing

electron (nucleon), Fig. 5.9 b).

• the vertex correction, in which the photon is emitted by the incoming electron

and absorbed by the outgoing electron (nucleon), Fig. 5.9 c).

• the vacuum polarization, in which the virtual photon produces temporarily an

e+e− pair, Fig. 5.9 d).

Figure 5.9: Feynman diagrams for Born term and lowest order radiative processes for the
electron (left) and the nucleon (right). The ph and pu are the the momentum of the detected
and undetected hadron, respectively.
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The radiated cross section can be obtained by multiplying the Born cross section

by a radiative correction factor:

dσ

dΩ
= (1 + δ)

(
dσ

dΩ

)
Born

, (5.4)

where
(
dσ
dΩ

)
Born

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

diative correction factor (1 + δ) comes from the bremsstrahlung, vacuum polarization

and vertex corrections.

The radiative corrections (RC) for Gn
M were calculated by the program EXCLU-

RAD. The EXCLURAD program is written by A. Afanasev [87] for exclusive pion

electro-production p(e, e′π+)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 Q2 (the square of the four-

momentum transfer), W (the invariant mass of the hadronic final state), cos θpq (the

cosine of the polar angle between the virtual photon direction and the direction of

the detected hadron), and φpq (the azimuthal angle between these directions).

The EXCLURAD code calculates the radiative correction factor for different

values of Q2 as functions of cos θpq and φpq. These surfaces represent the dependence

of the radiative correction factor on the angles cos θpq and φpq. To obtain the overall

radiative correction factor at a specific Q2 value, the generated surface is integrated
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over the experimental range of cos θpq for that particular Q2 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, cos θpq = 0.998◦ at different Q2 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 φpq values.

In the Gn
M measurement we are interested in the ratio of D(e, e′p)n to D(e, e′n)p

corrections:

frad(Q
2) =

1 + δp(Q
2)

1 + δn(Q2
=

RCp

RCn

, (5.5)

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

shows the ratio of radiative corrections (frad), RCp to RCn, at various Q2 values for

the 10.2 GeV, 10.4 GeV, and 10.6 GeV data sets. This ratio varies by approximately

0.20% at low φpq values to 0.35% at high φpq values at each Q2 bin. The differences

between the smallest and the largest of the ratio of radiative corrections at each value

of Q2 in Fig. 5.13 will be considered as a systematic uncertainty.

To apply radiative corrections to the Ri
meas measurement, we used the average

radiative correction over φpq values at eachQ2 point (Rcor = frad×Ri
meas). The average

radiative correction factors for RCp and RCn and the ratio of the average radiative

correction frad over the φpq values at each Q2 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
meas ratio 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 φpq. The curves shown were generated for a beam
energy of 10.2 GeV and W = 2.60 GeV at different Q2 values.

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 φpq. The curves shown were generated for a beam
energy of 10.4 GeV and W = 2.60 GeV at different Q2 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 φpq. The curves shown were generated for a beam
energy of 10.6 GeV and W = 2.60 GeV at different Q2 values.

Figure 5.13: The ratio of the radiative correction of D(e, e′p)n to D(e, e′n)p at different
Q2 values for 10.2 GeV (top left), 10.4 GeV (top right) and 10.6 GeV (bottom middle).
The average over the φpq values of these radiative correction are used to correct the ratio
measurement in each Q2 point.
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Q2 GeV2
Inbending 10.2 GeV Inbending 10.4 GeV Inbending 10.6 GeV

RCp RCn frad RCp RCn frad RCp RCn 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 0.7277 0.7299 0.9971 0.7263 0.7286 0.9969 0.7250 0.7274 0.9967

6.73 0.7333 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 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 Q2 bin.
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Figure 5.14: The σn/σp 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

Gn
M Results

In this chapter, we will extract Gn
M from the ratio of quasi-elastic D(e, e′p) to D(e, e′n)

scattering. Then we will discuss the sources of systematic uncertainties that might

impact the accuracy of the Gn
M result.

6.1 Gn
M Extraction from Ratio

To extract the neutron magnetic form factor (Gn
M) from the ratio of D(e, e′n) to

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

dσ

dΩ
= σMott

(
G2
E +

τ

ε
G2
M

)( 1

1 + τ

)
, (6.1)

where ε and τ are defined as:

ε =
1

1 + 2(1 + τ) tan2( θe
2

)
and τ =

Q2

4M2
. (6.2)

The measured ratio Rmeas is given by:

Rmeas =
dσ
dΩ

[D(e, e′n)]
dσ
dΩ

[D(e, e′p)]
=
σnMott

(
Gn
E

2 + τn
εn
Gn
M

2
)(

1
1+τn

)
σpMott

(
Gp
E

2 + τp
εp
Gp
M

2
)(

1
1+τp

) , (6.3)

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

Solving Eq. 6.3 for Gn
M leads to:

Gn
M = ±

√[
Rcor

(
σpmott
σnmott

)(
1 + τn
1 + τp

)(
Gp
E

2 +
τp
εp
Gp
M

2

)
−Gn

E
2

]
εn
τn
, (6.4)
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Where Rcor takes into account various corrections including neutron detection effi-

ciency (NDE), proton detection efficiency (PDE), nuclear, Fermi, and radiative cor-

rections

Rcor(Q
2) = fNDE(Q2) fPDE (Q2) fNuclear(Q

2) fFermi(Q
2) fRadiative(Q

2)Rmeas(Q
2).

(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:

σpmott
σnmott

≈ 1,
1 + τn
1 + τp

≈ 1. (6.6)

Thus, the neutron magnetic form factor Gn
M becomes:

Gn
M =

√[(
Gp
E

2 +
τp
εp
Gp
M

2

)
Rcor −Gn

E
2

]
εn
τn

=

√[
σRRcor −Gn

E
2
] εn
τn
, (6.7)

where σR = Gp
E

2 + τp
εp
Gp
M

2 represents the reduced proton cross section. The standard

propagation of errors for the extracted value of Gn
M is determined as:

(δGn
M)2 =

(
∂Gn

M

∂σp

)2

(δσp)
2 +

(
∂Gn

M

∂Rcor

)2

(δRcor)
2 +

(
∂Gn

M

∂Gn
E

)2

(δGn
E)2 (6.8)

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

form factors (Gp
E and Gp

M) as well as the neutron electric form factor Gn
E. 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 Gp
E, Gp

M and Gn
E that we used to extract Gn

M is

shown in Fig 6.2.
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Figure 6.1: Arrington Parameterizations of GpM/µpGD (left), GpE/GD (middle) and
GnE/µnGD (right) show as black solid curves. The dashed curves are uncertainty that
we used in the GnM calculation. The plot from Ref. [90].

Figure 6.2: Arrington Parameterizations of GpM (left), GpE (middle) and GnE (right) that
used for GnM calculation.

The results of Gn
M as a function of Q2 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 Gn
M in each Q2 bin is obtained by merging the results

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

involves minimizing the χ2 value, following the formula [40]:

χ2 =
∑
j

(xj − x̄)2

σ2
j

, (6.9)

where xj represents the Gn
M value and σj is the statistical error associated with the

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

3). By setting ∂χ2/∂x̄ to 0 in Eq. 6.9 and solving for x̄, we find:

x̄ =

∑
j
xj
σ2
j∑

j
1
σ2
j

. (6.10)

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

the following formula:

σ2
x̄ =

∑
j

(
∂x̄

∂xj

)2

σ2
j ,

=
1∑
j

1
σ2
j

.

(6.11)

The result of the weighted average for Gn
M is shown in Fig 6.4. The Gn

M results

of CLAS12 data show a flat behavior over the range of Q2 = 5 − 12 GeV2. The

numerical values of the three individual measurements and the weighted average of

Gn
M can be found in Appendix C.
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Figure 6.4: GnM weighted average as a function of Q2 obtained by combining data from
three different beam energy 10.2, 10.4 and 10.6 GeV. The black line showing GnM =µNGD.

6.2 Systematic Uncertainties

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

of Gn
M measurement. To determine the total systematic uncertainty, the following

sources have been considered:

• Systematic due to neutron detection efficiency (δNDEsyst )

• Systematic due to electron identification cuts:

– vertex cut (δvzsyst)

– fiducial cut (δfiducialsyst )

– Sampling Fraction cut (δSFsyst)

• Systematic due to quasi-elastic selection cuts:

– Eangles
beam cut (δbeamsyst ).

– ∆φ cut (δ∆φ
syst)

– θpq cut (δ
θpq
syst)

• Systematic due to radiative effects (δradsyst)
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These uncertainties are determined by making small variations to a particular source

while keeping others constant, and observing how the Gn
M results change. The formula

used to calculate the systematic uncertainty associated with the variation in the ith

source is given by:

δisyst =
|Gn

M −Gn
M
alt|

Gn
M

× 100 (6.12)

where Gn
M represents the reference measurement and Gn

M
alt corresponds to the mea-

surement with an alternate cut.

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.

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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The uncertainty associated with the NDE is determined by recalculating the

Gn
M using the Gaussian parametrization listed in Table 3.7. The result of the Gn

M

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 .

Figure 6.6: Left: Comparison of GnM measurements with Crystal Ball (black) and Gaussian
(red) functions that applied during the NDE correction. Right: The estimated systematic
uncertainty on GnM due to the parametrization of the Gaussian function.

6.2.2 Systematic due to Electron Identification Cuts

Since similar electron ID cuts were applied to both D(e, e′p) and D(e, e′n) channels,

the systematic effect on the Gn
M due to electron identification is expected to be small.

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 Gn
M measurements with and without the electron vertex cut.

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

electron vertex cut.

Fiducial Cuts: Similarly, we disabled the PCAL and DC fiducial cuts during electron

ID selection to investigate their impact. The comparison between Gn
M 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.

Sampling Fraction Cut: For the sampling fraction, we initially selected µ±3.5σ

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

modified this cut to µ±3.0σ and recalculated Gn
M . Figure 6.9 shows a comparison of

Gn
M results with the µ±3.5σ and µ±3.0σ cuts on the sampling fraction. The right

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

sampling fraction cut.

Figure 6.7: Left: Comparison of GnM measurements with (black) and without (red) electron
vertex cut that applied during particle identification. Right: The estimated systematic
uncertainty on GnM due to electron vertex cut.

Figure 6.8: Left: Comparison of GnM measurements with (black) and without (red) fiducial
cuts that applied during particle identification. Right: The estimated systematic uncer-
tainty on GnM due to fiducial cuts.
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Figure 6.9: Left: Comparison of GnM measurements with different SF cut that applied
during electron identification. Right: The estimated systematic uncertainty on GnM due to
SF cut.

6.2.3 Systematic due to Qusi-elastic Selection Cuts

The major source of systematic uncertainties in the Gn
M analysis is expected to be

the quasi-elastic selection procedure.

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

applied a µ±1.0σ cut on the incident electron beam energy Eangles
beam , as described in

Section 4.3. To assess the systematic uncertainty, we altered this cut to µ±1.25σ and

recalculated Gn
M . The comparison between Gn

M measurements with the µ±1.0σ and

µ±1.25σ cuts on Eangles
beam is shown in the left panel of Fig. 6.10. The right panel of the

Figure 6.10: Left: Comparison of GnM measurements with different Eangles
beam cut that applied

during quasi-elastic events selection. Right: The estimated systematic uncertainty on GnM
due to Eangles

beam cut.
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same figure shows the estimated systematic uncertainty due to the incident electron

beam energy Eangles
beam .

∆φ Cuts: Another crucial cut for quasi-elastic event selection was a µ±1.0σ cut on

the ∆φ distribution. We modified this cut to µ±1.25σ and recalculated Gn
M . The

comparison between Gn
M measurements with the µ±1.0σ and µ±1.25σ cuts on ∆φ is

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

estimated systematic uncertainty due to the ∆φ cuts.

Figure 6.11: Left: Comparison of GnM measurements with different ∆φ cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on GnM
due to ∆φ cut.

θpq Cuts: The final cut used for quasielastic event selection was the θpq cut. We

considered θpq 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 θpq cut

are used to understand how different θpq cut values affect the Gn
M measurements.

The comparison between Gn
M measurements with the the original θpq 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 θpq cut.
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Figure 6.12: The Q2 as a function of θpq distribution for D(e, e′p) (left) and D(e, e′n) (right)
for 10.2 GeV dataset. The red curve represents the initial θpq cut applied to select quasi-
elastic events. The black curves represent θpq cuts that are 10% larger and smaller than the
original cut.

Figure 6.13: Left: Comparison of GnM measurements with different θpq cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on GnM
due to a 10% larger than the original θpq cut.

Figure 6.14: Left: Comparison of GnM measurements with different θpq cut that applied
during quasi-elastic events selection. Right: The estimated systematic uncertainty on GnM
due to a 10% smaller than the original θpq 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 Q2 value (see Fig. 5.13).

The Gn
M is calculated twice: once using the smallest value of the ratio of radiative

corrections at each Q2 value and then using the largest value of the ratio of radiative

corrections at each Q2 value. The comparison between the resulting Gn
M 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.

Figure 6.15: Left: Comparison of GnM measurements with smallest and largest value of the
ratio of radiative corrections. Right: The estimated systematic uncertainty on GnM due to
the radiative correction.

6.3 Total systematic uncertainty

The systematic uncertainty is computed individually for each Q2 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 ∆φ (5.8%) is the dominant factor in most Q2 bins. The

other sources generally remain at or below a level of 1-2.5% over Q2 values, except at
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theQ2 = 4.89 GeV2, 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 Q2 values except

at Q2 = 4.89 GeV2.

Figure 6.16: The estimated systematic uncertainty on GnM for the individual contributing
sources as a function of Q2 values.

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

butions in quadrature:

δtotalsyst =

√∑
i

δisyst
2
. (6.13)

Figure 6.17 shows the total systematic uncertainty in the Gn
M measurement as a

function of various Q2 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 Q2 bins are listed in Table 6.1.
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Figure 6.17: The total estimated systematic uncertainty on GnM in quadrature.

Q2 δNDEsyst δvzsyst δfiducialsyst δSFsyst δbeamsyst δ∆φ
syst δ

θpq+10%
syst δ

θpq−10%
syst δradsyst δtotalsyst

4.89 1.0343 0.0000 0.9506 0.0000 10.6224 3.1741 5.4195 5.2709 0.0648 13.4923

5.33 0.7810 0.0230 0.4439 0.1858 1.5937 3.1902 2.3604 2.4525 0.0763 5.0151

5.78 0.5531 0.0370 0.3548 0.1599 0.4289 2.5308 1.1866 1.9636 0.0771 3.5096

6.24 0.3189 0.0327 0.4498 0.1706 0.8438 1.5971 0.5233 0.4107 0.0772 2.0113

6.73 0.1140 0.0377 0.4995 0.1285 0.3735 1.7400 0.8492 0.8358 0.0738 2.2074

7.23 0.0608 0.0579 0.0954 0.1927 1.4293 2.3339 1.0289 1.7048 0.0702 3.393

7.72 0.1896 0.0000 0.4722 0.2295 2.3069 2.3887 1.7374 0.2905 0.0731 3.8010

8.23 0.2874 0.0000 0.1362 0.3435 0.6064 1.4379 2.1859 1.8841 0.0756 3.3148

8.94 0.3963 0.000 0.5983 0.2113 1.7592 2.5401 0.8679 1.3187 0.0775 3.5503

9.90 0.4900 0.000 0.5876 0.3320 0.4618 3.3214 0.1943 1.8031 0.0655 3.9030

10.93 0.5584 0.0000 0.1025 0.4469 0.0313 5.7523 1.3521 1.5500 0.0534 6.1519

12.06 0.5905 0.0000 1.4192 0.6105 0.6152 2.2289 1.7881 1.0901 0.0385 3.7699

Table 6.1: Systematic uncertainties due to various sources at different Q2 bins.
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CHAPTER 7

Conclusions and Outlook
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[46] M. Gari and W. Krümpelmann. Semiphenomenological Synthesis of Meson and
Quark Dynamics and the EM Structure of the Nucleon. Zeitschrift für Physik A
Atoms and Nuclei, 322(4):689–693, 1985.
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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 Pmm.
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Figure A.1: The missing mass distribution of expected neutron p(e, e′π+)n for different
Pmm 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′π+n) for different Pmm
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.

135



 / ndf 2χ  580.8 / 22
Prob       0
Amp       8.235e+01± 2.734e+04 
mean      0.00±  0.94 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         0.8±   100 
P0        7.123e+01± 4.001e+05 
P1        1.07e+02±8.96e+05 − 
P2        1.362e+02±1.124e+05 − 
P3        1.491e+02± 1.323e+06 
P4        1.149e+02±7.032e+05 − 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0

5000

10000
15000

20000

25000

30000
35000

 / ndf 2χ  184.5 / 17

Prob  30− 3.692e

Amp       8.89e+01± 2.52e+04 

      µ  0.000± 0.939 

   σ  0.0000± 0.0317 

P0        7.420e+01±4.731e+06 − 

P1        1.118e+02± 2.289e+07 

P2        1.487e+02±4.125e+07 − 
P3        1.754e+02± 3.278e+07 

P4        1.522e+02±9.675e+06 − 

 = [ 0.375 - 0.45]mmP

 567±Sig: 160206 

 / ndf 2χ   1438 / 23
Prob       0
Amp       9.945e+01± 2.855e+04 
mean      0.000± 0.944 
widh      0.00001± 0.03169 
a         0.00±1.28 − 
n         1.0±   100 
P0        3.090e+03± 3.631e+05 
P1        6.520e+03±7.829e+05 − 
P2        1.433e+03±1.637e+05 − 
P3        1.005e+04± 1.214e+06 
P4        5.187e+03±6.178e+05 − 
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 / ndf 2χ  560.9 / 16

Prob       0

Amp       1.505e+02± 2.463e+04 

      µ  0.0000± 0.9401 

   σ  0.00001± 0.03169 

P0        2.135e+05±1.002e+07 − 

P1        9.955e+05± 4.732e+07 

P2        1.735e+06±8.337e+07 − 
P3        1.340e+06± 6.487e+07 

P4        3.865e+05±1.879e+07 − 

 = [ 0.45 - 0.525]mmP

 956±Sig: 156507 

 / ndf 2χ   1825 / 22
Prob       0
Amp       8.265e+01± 2.664e+04 
mean      0.000± 0.946 
widh      0.00001± 0.03169 
a         0.000±1.031 − 
n         1.0±   100 
P0        8.509e+01± 3.909e+05 
P1        1.235e+02±8.267e+05 − 
P2        1.554e+02±1.436e+05 − 
P3        1.698e+02± 1.175e+06 
P4        1.308e+02±5.829e+05 − 
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 / ndf 2χ  532.3 / 17

Prob       0

Amp       8.9e+01± 2.3e+04 

      µ  0.0000± 0.9451 

   σ  0.00001± 0.03169 

P0        6.482e+01±8.779e+06 − 

P1        9.766e+01± 4.127e+07 

P2        1.300e+02±7.232e+07 − 
P3        1.546e+02± 5.593e+07 

P4        1.392e+02±1.609e+07 − 

 = [ 0.525 - 0.6]mmP

 566±Sig: 146141 

 / ndf 2χ   1115 / 22
Prob       0
Amp       7.86e+01± 2.34e+04 
mean      0.00±  0.95 
widh      0.00001± 0.03169 
a         0.0004±0.8529 − 
n         0.7±   100 
P0        8.026e+01±3.273e+05 − 
P1        1.162e+02± 2.073e+06 

P2        1.473e+02±4.426e+06 − 
P3        1.632e+02± 3.901e+06 
P4        1.269e+02±1.209e+06 − 
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 / ndf 2χ  379.7 / 17

Prob       0

Amp       8.533e+01± 1.968e+04 

      µ  0.00±  0.95 

   σ  0.00001± 0.03169 

P0        6.068e+01±7.326e+06 − 

P1        9.163e+01± 3.433e+07 

P2        1.219e+02±5.994e+07 − 
P3        1.449e+02± 4.617e+07 

P4        1.322e+02±1.321e+07 − 

 = [ 0.6 - 0.675]mmP

 543±Sig: 125068 

 / ndf 2χ   1167 / 22
Prob       0
Amp       7.281e+01± 1.882e+04 
mean      0.000± 0.951 
widh      0.0000± 0.0317 
a         0.000±0.793 − 
n         0.8±   101 
P0        7.548e+01± 2.176e+05 
P1        1.09e+02±4.33e+05 − 
P2        1.388e+02±1.128e+05 − 
P3        1.549e+02± 6.099e+05 
P4        1.214e+02±2.711e+05 − 
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 / ndf 2χ  583.6 / 18

Prob       0

Amp       7.799e+01± 1.587e+04 

      µ  0.000± 0.951 

   σ  0.0000± 0.0317 

P0        4.897e+01±5.256e+06 − 

P1        7.547e+01± 2.472e+07 

P2        1.018e+02±4.328e+07 − 
P3        1.229e+02± 3.338e+07 

P4        1.144e+02±9.549e+06 − 

 = [ 0.675 - 0.7499999]mmP

 496±Sig: 100884 

 / ndf 2χ  488.3 / 18
Prob       0
Amp       7.120e+01± 1.597e+04 
mean      0.0000± 0.9543 
widh      0.0000± 0.0318 
a         0.0008±0.7838 − 
n         0.5±   101 
P0        7.217e+01± 1.397e+05 
P1        1.046e+02±2.675e+05 − 
P2        1.339e+02±8.335e+04 − 
P3        1.516e+02± 3.678e+05 
P4        1.247e+02±1.473e+05 − 
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Prob       0

Amp       1.261e+02± 1.365e+04 

      µ  0.0000± 0.9543 

   σ  0.0000± 0.0318 

P0        1.353e+05±3.675e+06 − 

P1        6.376e+05± 1.727e+07 

P2        1.122e+06±3.018e+07 − 
P3        8.735e+05± 2.322e+07 

P4        2.537e+05±6.617e+06 − 

 = [ 0.7499999 - 0.8249999]mmP

 805±Sig: 87072 

 / ndf 2χ  941.4 / 17
Prob       0
Amp       6.441e+01± 1.411e+04 
mean      0.0000± 0.9523 
widh      0.0000± 0.0325 
a         0.001±0.633 − 
n         0.8±   101 
P0        8.839e+01± 6.144e+04 
P1        1.244e+02±1.011e+05 − 
P2        1.541e+02±3.624e+04 − 
P3        1.670e+02± 8.787e+04 
P4        133.2±4911 − 
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Prob       0

Amp       6.476e+01± 1.152e+04 

      µ  0.0000± 0.9523 

   σ  0.0000± 0.0325 

P0        5.175e+01±3.994e+06 − 

P1        7.792e+01± 1.852e+07 

P2        1.030e+02±3.198e+07 − 
P3        1.215e+02± 2.432e+07 

P4        1.068e+02±6.859e+06 − 

 = [ 0.8249999 - 0.8999999]mmP

 422±Sig: 75048 

 / ndf 2χ  231.1 / 18
Prob  39− 5.434e
Amp       6.126e+01± 1.215e+04 
mean      0.0000± 0.9573 
widh      0.00001± 0.03312 
a         0.0017±0.6938 − 
n         0.6±   101 
P0        6.440e+01± 2.477e+04 
P1        9.318e+01±3.065e+04 − 
P2        1.189e+02±2.896e+04 − 
P3        1.343e+02± 1.715e+04 
P4        1.104e+02± 2.383e+04 
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20000  / ndf 2χ    208 / 19

Prob  34− 8.659e

Amp       6.110e+01± 1.025e+04 

      µ  0.0001± 0.9573 

   σ  0.00001± 0.03312 

P0        4.884e+01±2.425e+06 − 

P1        7.358e+01± 1.129e+07 

P2        9.719e+01±1.955e+07 − 
P3        1.145e+02± 1.489e+07 

P4        1.006e+02±4.199e+06 − 

 = [ 0.8999999 - 0.9749999]mmP

 406±Sig: 68055 

 / ndf 2χ  175.3 / 20
Prob  27− 7.962e
Amp       4.867e+01± 1.058e+04 
mean      0.0002± 0.9606 
widh      0.00003± 0.03328 
a         0.0016±0.7612 − 
n         0.7± 100.4 
P0        1.365e+00± 1.063e+04 
P1        1.4±6739 − 
P2        1.395e+00±1.877e+04 − 
P3        1.40e+00±1.22e+04 − 
P4        1.405e+00± 3.237e+04 
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Prob       0

Amp       55.1±  8733 

      µ  0.000± 0.955 

   σ  0.00001± 0.03328 

P0        4.754e+01±2.494e+06 − 

P1        7.167e+01± 1.153e+07 

P2        9.435e+01±1.983e+07 − 
P3        1.105e+02± 1.501e+07 

P4        9.49e+01±4.21e+06 − 

 = [ 0.9749999 - 1.05]mmP

 367±Sig: 58280 

 / ndf 2χ  194.3 / 21
Prob  30− 4.799e
Amp       53.9±  9171 
mean      0.0002± 0.9607 
widh      0.0000± 0.0336 
a         0.010±0.785 − 
n         1.0±   101 
P0        146.1±  9318 
P1        56.3±5912 − 
P2        2.066e+02±1.639e+04 − 
P3        1.657e+02±1.055e+04 − 
P4        2.778e+02± 2.812e+04 
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 / ndf 2χ  116.7 / 18

Prob  16− 1.724e

Amp       54.1±  7517 

      µ  0.0001± 0.9588 

   σ  0.00001± 0.03359 

P0        4.53e+01±1.94e+06 − 

P1        6.820e+01± 9.066e+06 

P2        8.983e+01±1.576e+07 − 
P3        1.055e+02± 1.207e+07 

P4        9.366e+01±3.423e+06 − 

 = [ 1.05 - 1.125]mmP

 364±Sig: 50635 

 / ndf 2χ  148.1 / 23
Prob  20− 2.869e
Amp       49.7±  7843 
mean      0.0003± 0.9611 
widh      0.00001± 0.03392 
a         0.009±0.785 − 
n         0.8±   101 
P0        97.1±  6915 
P1        39.2±4321 − 
P2        1.448e+02±1.269e+04 − 
P3        121.4±8596 − 
P4        2.057e+02± 2.267e+04 
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Prob  05− 1.589e

Amp       51.5±  6409 

      µ  0.0003± 0.9593 

   σ  0.00001± 0.03391 

P0        4.539e+01±1.496e+06 − 

P1        6.83e+01± 7.02e+06 

P2        8.958e+01±1.226e+07 − 
P3        1.045e+02± 9.414e+06 

P4        9.249e+01±2.678e+06 − 

 = [ 1.125 - 1.2]mmP

 350±Sig: 43583 

 / ndf 2χ  112.3 / 23
Prob  14− 9.873e
Amp       44.3±  6843 
mean      0.0000± 0.9607 
widh      0.00001± 0.03494 
a         0.0034±0.7421 − 
n         0.9±   101 
P0        33.8±  1715 
P1        52.4±  5450 

P2        70.0±9048 − 
P3        8.331e+01±2.167e+04 − 
P4        6.962e+01± 2.688e+04 
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Prob  08− 1.066e

Amp       47.0±  5658 

      µ  0.00±  0.96 

   σ  0.00001± 0.03494 

P0        4.266e+01±1.157e+06 − 

P1        6.417e+01± 5.416e+06 

P2        8.42e+01±9.43e+06 − 
P3        9.841e+01± 7.222e+06 

P4        8.666e+01±2.047e+06 − 

 = [ 1.2 - 1.275]mmP

 329±Sig: 39645 

 / ndf 2χ    245 / 37
Prob  32− 1.678e
Amp       40.4±  6014 
mean      0.0000± 0.9607 
widh      0.00001± 0.03594 
a         0.0015±0.7065 − 
n         0.6±   100 
P0        29.5±5959 − 
P1        6.827e+01± 1.803e+04 

P2        40.9±  2912 
P3        1.704e+02±4.975e+04 − 
P4        1.184e+02± 3.748e+04 
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9000  / ndf 2χ  88.69 / 20

Prob  10− 1.255e

Amp       42.0±  4959 

      µ  0.0003± 0.9593 

   σ  0.00001± 0.03594 

P0        4.099e+01±1.133e+06 − 

P1        6.164e+01± 5.249e+06 

P2        8.057e+01±9.045e+06 − 
P3        9.32e+01± 6.86e+06 

P4        7.917e+01±1.927e+06 − 

 = [ 1.275 - 1.35]mmP

 302±Sig: 35739 

 / ndf 2χ  165.7 / 44
Prob  16− 5.321e
Amp       34.9±  5284 
mean      0.0000± 0.9607 
widh      0.00001± 0.03694 
a         0.0023±0.7744 − 
n         0.8±   101 
P0        5.6±  7047 
P1        1.42e+01±5.03e+04 − 
P2        2.393e+01± 1.338e+05 
P3        3.786e+01±1.573e+05 − 
P4        3.527e+01± 6.908e+04 
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Prob  05− 9.004e

Amp       40.6±  4395 

      µ  0.00±  0.96 

   σ  0.00001± 0.03694 

P0        4.18e+01±8.73e+05 − 

P1        6.285e+01± 4.039e+06 

P2        8.196e+01±6.953e+06 − 
P3        9.487e+01± 5.266e+06 

P4        8.245e+01±1.476e+06 − 

 = [ 1.35 - 1.425]mmP

 301±Sig: 32557 

 / ndf 2χ  152.3 / 44
Prob  14− 7.522e
Amp       32.4±  4583 
mean      0.0000± 0.9607 
widh      0.0000± 0.0376 
a         0.0033±0.7081 − 
n         0.5±   101 
P0        5.7±  5827 
P1        1.455e+01±4.166e+04 − 
P2        2.445e+01± 1.109e+05 
P3        3.855e+01±1.305e+05 − 
P4        3.523e+01± 5.735e+04 
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Prob  07− 2.475e

Amp       37.8±  3700 

      µ  0.00±  0.96 

   σ  0.0000± 0.0376 

P0        3.954e+01±7.949e+05 − 

P1        5.941e+01± 3.692e+06 

P2        7.75e+01±6.38e+06 − 
P3        8.964e+01± 4.853e+06 

P4        7.780e+01±1.367e+06 − 

 = [ 1.425 - 1.5]mmP

 284±Sig: 27898 

 / ndf 2χ  164.2 / 44
Prob  16− 9.228e
Amp       30.1±  3931 
mean      0.0000± 0.9607 
widh      0.0001± 0.0382 
a         0.0036±0.7081 − 
n         0.5±   101 
P0        5.4±  5060 
P1        1.394e+01±3.634e+04 − 
P2        2.345e+01± 9.709e+04 
P3        3.704e+01±1.145e+05 − 
P4        3.366e+01± 5.045e+04 
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Prob  05− 3.522e

Amp       67.2±  3127 

      µ  0.0001± 0.9605 

   σ  0.0001± 0.0382 

P0        7.737e+04±6.275e+05 − 

P1        3.569e+05± 2.932e+06 

P2        6.152e+05±5.097e+06 − 
P3        4.697e+05± 3.898e+06 

P4        1.339e+05±1.103e+06 − 

 = [ 1.5 - 1.575]mmP

 517±Sig: 23954 

 / ndf 2χ  160.5 / 44
Prob  15− 3.616e
Amp       28.1±  3394 
mean      0.0000± 0.9607 
widh      0.00001± 0.03897 
a         0.0043±0.7781 − 
n         0.7±   101 
P0        5.7±  4358 
P1        1.437e+01±3.077e+04 − 
P2        2.367e+01± 8.131e+04 
P3        3.67e+01±9.54e+04 − 
P4        3.284e+01± 4.204e+04 
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Prob  11− 7.677e

Amp       31.0±  2786 

      µ  0.0001± 0.9602 

   σ  0.00001± 0.03897 

P0        2.470e+01±2.576e+05 − 

P1        3.992e+01± 1.234e+06 

P2        5.44e+01±2.19e+06 − 
P3        6.6e+01± 1.7e+06 

P4        5.801e+01±4.848e+05 − 

 = [ 1.575 - 1.65]mmP

 242±Sig: 21773 

 / ndf 2χ    119 / 51
Prob  07− 2.341e
Amp       25.8±  2949 
mean      0.0001± 0.9607 
widh      0.00002± 0.03999 
a         0.0231±0.7396 − 
n         0.8±   101 
P0        3.8±  2742 
P1        1.143e+01±2.065e+04 − 
P2        2.027e+01± 5.773e+04 
P3        3.353e+01±7.104e+04 − 
P4        3.236e+01± 3.258e+04 
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Prob   0.03503

Amp       61.2±  2411 

      µ  0.0001± 0.9601 

   σ  0.00001± 0.03997 

P0        7.027e+04±4.239e+05 − 

P1        3.233e+05± 1.979e+06 

P2        5.562e+05±3.437e+06 − 
P3        4.238e+05± 2.627e+06 

P4        1.206e+05±7.425e+05 − 

 = [ 1.65 - 1.725]mmP

 490±Sig: 19322 

 / ndf 2χ  99.97 / 44
Prob  06− 3.059e
Amp       24.2±  2451 
mean      0.0001± 0.9607 
widh      0.00001± 0.04085 
a         0.0062±0.7948 − 
n         0.5±   101 
P0        6.0±  1696 
P1        1.505e+01±1.354e+04 − 
P2        2.402e+01± 3.985e+04 
P3        3.654e+01±5.135e+04 − 
P4        3.143e+01± 2.457e+04 
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 / ndf 2χ  27.81 / 18

Prob   0.06493

Amp       29.6±  1973 

      µ  0.0006± 0.9607 

   σ  0.00001± 0.04084 

P0        3.449e+01±2.805e+05 − 

P1        5.163e+01± 1.327e+06 

P2        6.690e+01±2.334e+06 − 
P3        7.646e+01± 1.804e+06 

P4        6.636e+01±5.146e+05 − 

 = [ 1.725 - 1.8]mmP

 242±Sig: 16157 

 / ndf 2χ   88.3 / 42
Prob  05− 3.871e
Amp       22.4±  2099 
mean      0.0001± 0.9607 
widh      0.00001± 0.04155 
a         0.0071±0.8573 − 
n         0.7±   101 
P0        6.4± 321.7 
P1        15.5±5491 − 
P2        2.44e+01± 2.21e+04 
P3        3.621e+01±3.376e+04 − 
P4        3.087e+01± 1.792e+04 
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Prob   0.0882

Amp       24.8±  1759 

      µ  0.00±  0.96 

   σ  0.00001± 0.04154 

P0        3.312e+01±1.922e+05 − 

P1        4.937e+01± 9.065e+05 

P2        6.339e+01±1.587e+06 − 
P3        7.150e+01± 1.219e+06 

P4        5.890e+01±3.444e+05 − 

 = [ 1.8 - 1.875]mmP

 206±Sig: 14650 

 / ndf 2χ  96.79 / 46
Prob  05− 1.77e
Amp       20.4±  1793 
mean      0.0001± 0.9605 
widh      0.00001± 0.04255 
a         0.0107±0.9289 − 
n         0.9±   101 
P0        53.5± 828.9 
P1        279.4±7345 − 
P2        5.850e+02± 2.346e+04 
P3        6.032e+02±3.228e+04 − 
P4        2.458e+02± 1.633e+04 
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 / ndf 2χ  40.36 / 26

Prob   0.03598

Amp       21.8±  1490 

      µ  0.001± 0.958 

   σ  0.00001± 0.04208 

P0        2.173e+01±8.398e+04 − 

P1        3.481e+01± 4.113e+05 

P2        4.667e+01±7.439e+05 − 
P3        5.56e+01± 5.86e+05 

P4        4.552e+01±1.681e+05 − 

 = [ 1.875 - 1.950001]mmP

 183±Sig: 12568 

 / ndf 2χ  107.6 / 44
Prob  07− 2.995e
Amp       17.2±  1529 
mean      0.0011± 0.9607 
widh      0.00001± 0.04283 
a         0.0155±0.9237 − 
n         0.7± 100.3 
P0        0.9±855.6 − 
P1        1.3±  2905 
P2        1.4± 202.9 
P3        1.4±8926 − 
P4        1.4±  7559 
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 / ndf 2χ  45.09 / 26

Prob   0.0115

Amp       20.3±  1317 

      µ  0.001± 0.958 

   σ  0.00001± 0.04282 

P0        2.162e+01±9.008e+04 − 

P1        3.471e+01± 4.334e+05 

P2        4.623e+01±7.719e+05 − 
P3        5.459e+01± 6.006e+05 

P4        4.439e+01±1.708e+05 − 

 = [ 1.950001 - 2.025001]mmP

 174±Sig: 11309 

 / ndf 2χ    103 / 45
Prob  06− 1.942e
Amp       20.3±  1698 
mean      0.0004± 0.9576 
widh      0.00001± 0.04348 
a         0.0003±0.9163 − 
n         0.9±   101 
P0        6.0± 707.1 
P1        15.3±6409 − 
P2        2.415e+01± 2.087e+04 
P3        3.666e+01±2.924e+04 − 
P4        2.953e+01± 1.509e+04 
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 / ndf 2χ  39.69 / 26

Prob   0.04185

Amp       21.9±  1462 

      µ  0.0008± 0.9577 

   σ  0.00001± 0.04348 

P0        2.356e+01±4.631e+04 − 

P1        3.765e+01± 2.312e+05 

P2        5.024e+01±4.242e+05 − 
P3        5.912e+01± 3.365e+05 

P4        4.848e+01±9.589e+04 − 

 = [ 2.025001 - 2.125]mmP

 191±Sig: 12749 

 / ndf 2χ  101.5 / 45
Prob  06− 3.001e
Amp       18.5±  1418 
mean      0.000± 0.957 
widh      0.0001± 0.0445 
a         0.002±1.005 − 
n         0.5±   101 
P0        5.8± 882.4 
P1        14.9±7026 − 
P2        2.328e+01± 2.096e+04 
P3        3.507e+01±2.767e+04 − 
P4        2.795e+01± 1.372e+04 
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2200  / ndf 2χ  33.23 / 26

Prob   0.1556

Amp       19.5±  1221 

      µ  0.0001± 0.9555 

   σ  0.00001± 0.04448 

P0        2.236e+01±2.759e+04 − 

P1        3.566e+01± 1.417e+05 

P2        4.744e+01±2.662e+05 − 
P3        5.569e+01± 2.147e+05 

P4        4.508e+01±6.159e+04 − 

 = [ 2.125 - 2.225]mmP

 173±Sig: 10893 

 / ndf 2χ   93.8 / 47
Prob  05− 5.932e
Amp       17.2±  1141 
mean      0.0008± 0.9561 
widh      0.00004± 0.04509 
a         0.01±1.04 − 
n         0.9±   101 
P0        5.4± 722.1 
P1        14.6±5583 − 
P2        2.31e+01± 1.64e+04 
P3        3.52e+01±2.16e+04 − 
P4        2.728e+01± 1.081e+04 
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Prob   0.1691

Amp       17.3± 965.7 

      µ  0.0001± 0.9544 

   σ  0.000± 0.046 

P0        1.414e+01±2.908e+04 − 

P1        2.602e+01± 1.476e+05 

P2        3.620e+01±2.751e+05 − 
P3        4.591e+01± 2.213e+05 

P4        3.731e+01±6.388e+04 − 

 = [ 2.225 - 2.325]mmP

 160±Sig: 8907 

 / ndf 2χ  91.79 / 45
Prob  05− 4.79e
Amp       16.2± 888.3 
mean      0.0009± 0.9519 
widh      0.0001± 0.0461 
a         0.01±1.25 − 
n         0.7±   101 
P0        36.3±533.6 − 
P1        99.7±  1825 
P2        41.2± 155.6 
P3        273.5±5859 − 
P4        169.0±  5097 
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Prob   0.005844

Amp       16.1± 796.6 

      µ  0.0001± 0.9543 

   σ  0.00001± 0.04728 

P0        1.331e+01±1.383e+04 − 

P1        2.446e+01± 7.178e+04 

P2        3.431e+01±1.362e+05 − 
P3        4.370e+01± 1.106e+05 

P4        3.61e+01±3.16e+04 − 

 = [ 2.325 - 2.425]mmP

 152±Sig: 7552 

 / ndf 2χ  55.04 / 45
Prob   0.145
Amp       15.1± 746.2 
mean      0.0011± 0.9511 
widh      0.00001± 0.04728 
a         0.001±1.322 − 
n         0.6±   100 
P0        46.0±366.6 − 
P1        126.7±  1411 
P2        30.5±267.2 − 
P3        291.6±4025 − 
P4        181.0±  3832 
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 / ndf 2χ   25.6 / 31

Prob   0.7403

Amp       14.6± 698.5 

      µ  0.0001± 0.9505 

   σ  0.00001± 0.04826 

P0        12.4±9723 − 

P1        2.285e+01± 4.893e+04 

P2        3.211e+01±8.962e+04 − 
P3        4.090e+01± 6.963e+04 

P4        3.366e+01±1.858e+04 − 

 = [ 2.425 - 2.525]mmP

 141±Sig: 6760 

 / ndf 2χ    104 / 44
Prob  07− 9.216e
Amp       18.9±  1173 
mean      0.0004± 0.9449 
widh      0.00008± 0.04829 
a         0.00±1.32 − 
n         0.6±   101 
P0        60.4±414.4 − 
P1        166.9±  1715 
P2        39.6±487.9 − 
P3        384.5±5056 − 
P4        239.0±  5198 
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2400  / ndf 2χ  71.34 / 39

Prob   0.001199

Amp       17.5±  1096 

      µ  0.0001± 0.9459 

   σ  0.00001± 0.04957 

P0        10.1±6774 − 

P1        2.26e+01± 3.64e+04 

P2        3.360e+01±7.014e+04 − 
P3        4.708e+01± 5.588e+04 

P4        3.742e+01±1.435e+04 − 

 = [ 2.525 - 2.725]mmP

 173±Sig: 10899 

 / ndf 2χ  76.32 / 44
Prob   0.001801
Amp       16.4± 795.7 
mean      0.0011± 0.9374 
widh      0.00007± 0.04957 
a         0.001±1.136 − 
n         0.5±   101 
P0        56.2±297 −  
P1        158.6±  1174 
P2        40.9±320.4 − 
P3        366.5±3380 − 
P4        229.3±  3545 
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Prob   0.03472

Amp       14.5± 741.9 

      µ  0.0001± 0.9384 

   σ  0.0001± 0.0507 

P0        8.2±2528 − 

P1        2.006e+01± 1.403e+04 

P2        3.004e+01±2.744e+04 − 
P3        4.315e+01± 2.133e+04 

P4        33.0±4631 − 

 = [ 2.725 - 2.925]mmP

 148±Sig: 7543 

 / ndf 2χ  59.98 / 44
Prob   0.05468
Amp       14.4± 542.1 
mean      0.0014± 0.9327 
widh      0.0001± 0.0507 
a         0.1±1.3 −  
n         0.8± 100.2 
P0        74.10±90.99 − 
P1        251.0± 587.4 
P2        148.9±673.5 − 
P3        210.5±1080 − 
P4        178.6±  1810 
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 / ndf 2χ  58.01 / 48

Prob   0.1525

Amp       14.8± 542.6 

      µ  0.0001± 0.9325 

   σ  0.00001± 0.05134 

P0        839.2±  3420 

P1        4.201e+03±1.755e+04 − 

P2        7.728e+03± 3.391e+04 

P3        6.189e+03±2.996e+04 − 

P4        1.823e+03± 1.072e+04 

 = [ 2.925 - 3.125]mmP

 151±Sig: 5585 

 / ndf 2χ  97.27 / 48
Prob  05− 3.393e
Amp       11.8±   638 
mean      0.0004± 0.9249 
widh      0.00001± 0.05201 
a         0.3±2.5 −  
n         0.6± 100.3 
P0        1.076± 1.642 
P1        1.3± 288.7 
P2        1.4±477 −  
P3        1.4±989.7 − 
P4        1.4±  1922 
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Prob   0.001189

Amp       13.1± 637.2 

      µ  0.0001± 0.9224 

   σ  0.00001± 0.05225 

P0        12.1±  2846 

P1        2.743e+01±1.433e+04 − 

P2        3.671e+01± 2.718e+04 

P3        4.570e+01±2.383e+04 − 

P4        30.5±  8868 

 = [ 3.125 - 3.525]mmP

 137±Sig: 6676 

 / ndf 2χ  69.06 / 54
Prob   0.08144
Amp       9.4± 305.4 
mean      0.0019± 0.9123 
widh      0.00008± 0.05349 
a         0.4±3 −    
n         0.9±   101 
P0        8.4±  2094 
P1        2.026e+01±1.106e+04 − 
P2        2.669e+01± 2.142e+04 
P3        3.233e+01±1.832e+04 − 
P4        20.5±  6240 
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Prob   0.1206

Amp       9.3± 304.6 

      µ  0.0001± 0.9117 

   σ  0.00001± 0.05347 

P0        8.3±  1983 

P1        2.015e+01±1.045e+04 − 

P2        2.61e+01± 2.02e+04 

P3        3.088e+01±1.726e+04 − 

P4        18.8±  5911 

 = [ 3.525 - 3.925]mmP

 99±Sig: 3265 

 / ndf 2χ  101.1 / 58
Prob   0.0003975
Amp       6.1± 134.9 
mean      0.0032± 0.9015 
widh      0.0012± 0.0559 
a         0.403±2.536 − 
n         0.7±   101 
P0        1.0±  1446 
P1        1.3±7680 − 
P2        1.328e+00± 1.485e+04 
P3        1.31e+00±1.25e+04 − 
P4        1.3±  4109 
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Prob   0.0004672

Amp       6.8±   134 

      µ  0.001± 0.899 

   σ  0.00001± 0.05447 

P0        7.0±  1474 

P1        16.9±7800 − 

P2        2.119e+01± 1.503e+04 

P3        2.419e+01±1.259e+04 − 

P4        14.7±  4123 

 = [ 3.925 - 4.4]mmP

 74±Sig: 1463 

 / ndf 2χ  57.96 / 58
Prob   0.4768
Amp       5.07± 70.02 
mean      0.0048± 0.8762 
widh      0.0019± 0.0579 
a         0.3±3 −    
n         0.5± 100.9 
P0        3.8± 240.8 
P1        12.2±1480 − 
P2        17.5±  3275 
P3        22.9±3100 − 
P4        14.8±  1221 
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Prob   0.5824

Amp       5.30± 62.49 

      µ  0.001± 0.879 

   σ  0.00001± 0.05547 

P0        5.7±  1167 

P1        14.3±6452 − 

P2        1.786e+01± 1.293e+04 

P3        2.012e+01±1.113e+04 − 

P4        12.2±  3643 

 = [ 4.4 - 5.2]mmP

 58±Sig: 695 

 / ndf 2χ  67.73 / 65
Prob   0.3842
Amp       2.28± 15.27 
mean      0.0002± 0.8456 
widh      0.0020± 0.0589 
a         0.4±3 −    
n         0.8± 100.1 
P0        0.58± 40.45 
P1        1.2±278.9 − 
P2        1.3± 692.6 
P3        1.2±724.7 − 
P4        1.2±   318 
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Prob   0.4782
Amp       2.65± 11.98 

      µ  0.0001± 0.8456 
   σ  0.00001± 0.05647 

P0        2.9± 216.9 
P1        7.8±1281 − 
P2        10.0±  2723 
P3        11.7±2466 − 
P4        7.3±   854 

 = [ 5.2 - 6.0]mmP

 29±Sig: 135 

 / ndf 2χ  118.9 / 95
Prob   0.04888
Amp       1.213± 3.188 
mean      0.0002± 0.8456 
widh      0.0001± 0.0601 
a         0.4±2.5 −  
n         0.5±   100 
P0        1.05±  4.23 
P1        9.95±51.68 − 
P2        28.9± 205.5 
P3        31.0±291.8 − 
P4        11.0± 144.8 
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Prob   0.06245
Amp       1.214± 3.134 

      µ  0.0001± 0.8455 
   σ  0.00001± 0.05847 

P0        1.04±  4.25 
P1        9.92±51.92 − 
P2        28.8± 206.1 
P3        30.9±292.3 − 
P4        10.9± 144.9 

 = [ 6.0 - 7.5]mmP

 14±Sig: 36 

Figure A.3: Missing mass distribution of expected neutron p(e, e′π+)n for different Pmm
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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 / ndf 2χ  257.5 / 26
Prob  40− 5.723e
Amp       24.4±  1805 
mean      0.000± 0.939 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         0.5±   100 
P0        3.843e+02± 1.198e+04 
P1        8.383e+02±2.664e+04 − 
P2        267.0±8217 − 
P3        1.543e+03± 4.929e+04 
P4        8.164e+02±2.581e+04 − 
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 / ndf 2χ  203.8 / 28

Prob  28− 1.302e

Amp       21.0±  1705 

      µ  0.0001± 0.9391 

   σ  0.0000± 0.0317 

P0        6.101e+00±7.775e+04 − 

P1        1.054e+01± 4.017e+05 

P2        1.57e+01±7.69e+05 − 
P3        2.108e+01± 6.448e+05 

P4        1.91e+01±1.99e+05 − 

 = [ 0.375 - 0.45]mmP

 133±Sig: 10835 

 / ndf 2χ  427.1 / 30
Prob       0
Amp       27.0±  2611 
mean      0.000± 0.943 
widh      0.0000± 0.0317 
a         0.081±1.349 − 
n         1.0±   100 
P0        3.602e+02± 1.097e+04 
P1        7.742e+02±2.377e+04 − 
P2        254.8±7861 − 
P3        1.403e+03± 4.292e+04 
P4        7.253e+02±2.159e+04 − 
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 / ndf 2χ  152.9 / 26

Prob  20− 6.297e

Amp       24.3±  2594 

      µ  0.00±  0.94 

   σ  0.0000± 0.0317 

P0        7.054e+00±8.097e+04 − 

P1        1.187e+01± 4.089e+05 

P2        1.723e+01±7.651e+05 − 
P3        2.259e+01± 6.267e+05 

P4        2.069e+01±1.888e+05 − 

 = [ 0.45 - 0.525]mmP

 154±Sig: 16490 

 / ndf 2χ  302.8 / 30
Prob       0
Amp       26.8±  3549 
mean      0.000± 0.945 
widh      0.0000± 0.0317 
a         0.039±1.231 − 
n         0.8±   101 
P0        7.3±4195 − 
P1        1.171e+01± 3.478e+04 

P2        1.671e+01±8.667e+04 − 
P3        2.163e+01± 8.455e+04 
P4        1.771e+01±2.781e+04 − 
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 / ndf 2χ  283.2 / 27

Prob  44− 1.541e

Amp       33.8±  3359 

      µ  0.000± 0.945 

   σ  0.0000± 0.0317 

P0        5.37e+03±7.67e+04 − 

P1        2.682e+04± 3.916e+05 

P2        4.984e+04±7.402e+05 − 
P3        4.080e+04± 6.118e+05 

P4        1.240e+04±1.857e+05 − 

 = [ 0.525 - 0.6]mmP

 214±Sig: 21351 

 / ndf 2χ  378.8 / 27
Prob       0
Amp       27.9±  4058 
mean      0.000± 0.949 
widh      0.0000± 0.0317 
a         0.005±0.892 − 
n         0.7±   101 
P0        7.301e+00± 4.369e+04 
P1        1.177e+01±1.974e+05 − 
P2        1.696e+01± 3.319e+05 
P3        2.212e+01±2.475e+05 − 
P4        1.899e+01± 6.984e+04 
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 / ndf 2χ  340.1 / 26

Prob       0

Amp       28.5±  3695 

      µ  0.000± 0.949 

   σ  0.0000± 0.0317 

P0        5.468e+00±9.258e+04 − 

P1        9.360e+00± 4.712e+05 

P2        1.391e+01±8.879e+05 − 
P3        1.871e+01± 7.322e+05 

P4        1.807e+01±2.219e+05 − 

 = [ 0.6 - 0.675]mmP

 181±Sig: 23486 

 / ndf 2χ  274.6 / 27
Prob  43− 7.973e
Amp       28.4±  4326 
mean      0.00±  0.95 
widh      0.00001± 0.03171 
a         0.0006±0.7938 − 
n         0.9±   101 
P0        8.226e+00± 4.973e+04 
P1        1.326e+01±2.267e+05 − 
P2        1.876e+01± 3.852e+05 
P3        2.405e+01±2.906e+05 − 
P4        2.047e+01± 8.287e+04 
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 / ndf 2χ  317.9 / 27

Prob       0

Amp       36.3±  3853 

      µ  0.00±  0.95 

   σ  0.00001± 0.03171 

P0        4.809e+03±1.077e+05 − 

P1        2.432e+04± 5.478e+05 

P2        4.571e+04±1.031e+06 − 
P3        3.780e+04± 8.498e+05 

P4        1.159e+04±2.575e+05 − 

 = [ 0.675 - 0.7499999]mmP

 230±Sig: 24502 

 / ndf 2χ  389.6 / 30
Prob       0
Amp       33.0±  4148 
mean      0.0000± 0.9542 
widh      0.00001± 0.03182 
a         0.0068±0.7938 − 
n         0.6±   101 
P0        5.080e+03± 7.116e+04 
P1        2.313e+04±3.173e+05 − 
P2        3.911e+04± 5.253e+05 
P3        2.91e+04±3.84e+05 − 
P4        8.031e+03± 1.055e+05 
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 / ndf 2χ  348.2 / 28

Prob       0

Amp       28.9±  3663 

      µ  0.000± 0.954 

   σ  0.00002± 0.03182 

P0        4.925e+00±1.166e+05 − 

P1        8.703e+00± 5.963e+05 

P2        1.301e+01±1.129e+06 − 
P3        1.754e+01± 9.348e+05 

P4        1.737e+01±2.847e+05 − 

 = [ 0.7499999 - 0.8249999]mmP

 184±Sig: 23373 

 / ndf 2χ  228.2 / 30
Prob  32− 2.334e
Amp       27.8±  4086 
mean      0.0001± 0.9522 
widh      0.00001± 0.03251 
a         0.011±0.649 − 
n         0.9±   101 
P0        8.372e+00± 6.741e+04 
P1        1.340e+01±3.079e+05 − 
P2        1.892e+01± 5.233e+05 
P3        2.421e+01±3.932e+05 − 
P4        2.07e+01± 1.11e+05 
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Prob       0

Amp       28.3±  3469 

      µ  0.0000± 0.9523 

   σ  0.00001± 0.03251 

P0        5.371e+00±1.315e+05 − 

P1        9.406e+00± 6.689e+05 

P2        1.40e+01±1.26e+06 − 
P3        1.895e+01± 1.039e+06 

P4        1.856e+01±3.155e+05 − 

 = [ 0.8249999 - 0.8999999]mmP

 184±Sig: 22616 

 / ndf 2χ  320.7 / 30
Prob       0
Amp       27.3±  3859 
mean      0.000± 0.957 
widh      0.00001± 0.03313 
a         0.013±0.722 − 
n         0.6±   101 
P0        9.259e+00± 8.572e+04 
P1        1.471e+01±3.881e+05 − 
P2        2.052e+01± 6.525e+05 
P3        2.591e+01±4.841e+05 − 
P4        2.171e+01± 1.345e+05 
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 / ndf 2χ  295.3 / 28

Prob       0

Amp       27.6±  3285 

      µ  0.0000± 0.9571 

   σ  0.00001± 0.03313 

P0        5.256e+00±1.265e+05 − 

P1        9.069e+00± 6.419e+05 

P2        1.355e+01±1.207e+06 − 
P3        1.832e+01± 9.934e+05 

P4        1.769e+01±3.009e+05 − 

 = [ 0.8999999 - 0.9749999]mmP

 183±Sig: 21821 

 / ndf 2χ  534.4 / 34
Prob       0
Amp       26.8±  3744 
mean      0.00±  0.96 
widh      0.00001± 0.03329 
a         0.0141±0.7612 − 
n         0.7±   101 
P0        7.375e+00± 3.882e+04 
P1        1.235e+01±1.779e+05 − 
P2        1.762e+01± 3.026e+05 
P3        2.30e+01±2.28e+05 − 
P4        1.901e+01± 6.489e+04 
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 / ndf 2χ  337.8 / 31

Prob       0

Amp       26.9±  3213 

      µ  0.000± 0.955 

   σ  0.00001± 0.03329 

P0        4.855e+00±7.597e+04 − 

P1        8.899e+00± 3.934e+05 

P2        1.354e+01±7.524e+05 − 
P3        1.869e+01± 6.277e+05 

P4        1.816e+01±1.917e+05 − 

 = [ 0.9749999 - 1.05]mmP

 179±Sig: 21451 

 / ndf 2χ  421.3 / 34
Prob       0
Amp       26.4±  3603 
mean      0.00±  0.96 
widh      0.0000± 0.0336 
a         0.0154±0.7859 − 
n         0.6±   101 
P0        7.439e+00± 2.934e+04 
P1        1.252e+01±1.325e+05 − 
P2        1.793e+01± 2.221e+05 
P3        2.344e+01±1.654e+05 − 
P4        1.930e+01± 4.697e+04 
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Prob  26− 1.778e

Amp       35.7±  3075 

      µ  0.000± 0.958 

   σ  0.0000± 0.0336 

P0        5.046e+03±9.572e+04 − 

P1        2.555e+04± 4.889e+05 

P2        4.809e+04±9.239e+05 − 
P3        3.98e+04± 7.63e+05 

P4        1.222e+04±2.313e+05 − 

 = [ 1.05 - 1.125]mmP

 240±Sig: 20720 

 / ndf 2χ  567.9 / 36
Prob       0
Amp       24.9±  3386 
mean      0.000± 0.961 
widh      0.00001± 0.03392 
a         0.010±0.785 − 
n         0.8±   101 
P0        5.645e+00± 1.079e+04 
P1        9.943e+00±4.742e+04 − 
P2        1.474e+01± 7.729e+04 
P3        2.015e+01±5.678e+04 − 
P4        1.655e+01± 1.668e+04 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
500

1000
1500
2000
2500
3000
3500

 / ndf 2χ  219.9 / 30

Prob  31− 8.958e

Amp       33.1±  2841 

      µ  0.000± 0.959 

   σ  0.00001± 0.03392 

P0        4.056e+03±9.101e+04 − 

P1        2.035e+04± 4.665e+05 

P2        3.791e+04±8.847e+05 − 
P3        3.105e+04± 7.331e+05 

P4        9.424e+03±2.228e+05 − 

 = [ 1.125 - 1.2]mmP

 225±Sig: 19326 

 / ndf 2χ  409.8 / 40
Prob       0
Amp       25.6±  3167 
mean      0.0000± 0.9605 
widh      0.00001± 0.03495 
a         0.0168±0.7621 − 
n         0.7±   101 
P0        91.1±   220 
P1        272.01± 40.26 
P2        126.2±989.3 − 
P3        225.7±545 −  
P4        165.4±  1792 
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3500  / ndf 2χ  154.7 / 30

Prob  19− 9.913e

Amp       24.9±  2611 

      µ  0.000± 0.959 

   σ  0.00001± 0.03495 

P0        6.073e+00±7.764e+04 − 

P1        1.052e+01± 3.991e+05 

P2        1.584e+01±7.586e+05 − 
P3        2.168e+01± 6.296e+05 

P4        1.994e+01±1.914e+05 − 

 = [ 1.2 - 1.275]mmP

 174±Sig: 18300 

 / ndf 2χ  247.5 / 43
Prob  30− 1.539e
Amp       24.6±  2968 
mean      0.0000± 0.9605 
widh      0.00001± 0.03595 
a         0.0164±0.7265 − 
n         0.5±   101 
P0        64.64± 58.01 
P1        161.1± 305.7 
P2        44.2±527.9 − 
P3        333.4±1542 − 
P4        189.8±  2186 
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 / ndf 2χ  132.8 / 30

Prob  15− 6.698e

Amp       24.1±  2487 

      µ  0.001± 0.959 

   σ  0.00001± 0.03595 

P0        6.713e+00±6.379e+04 − 

P1        1.203e+01± 3.278e+05 

P2        1.808e+01±6.224e+05 − 
P3        2.468e+01± 5.153e+05 

P4        2.27e+01±1.56e+05 − 

 = [ 1.275 - 1.35]mmP

 173±Sig: 17931 

 / ndf 2χ  146.2 / 44
Prob  13− 6.845e
Amp       22.2±  2690 
mean      0.0000± 0.9605 
widh      0.00001± 0.03695 
a         0.0183±0.7744 − 
n         0.6±   101 
P0        3.4±2918 − 
P1        8.220e+00± 1.639e+04 

P2        1.299e+01±3.263e+04 − 
P3        1.962e+01± 2.643e+04 
P4        16.7±6742 − 
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 / ndf 2χ  94.41 / 30

Prob  08− 1.39e

Amp       32.4±  2292 

      µ  0.0004± 0.9593 

   σ  0.00001± 0.03694 

P0        4.459e+03±5.845e+04 − 

P1        2.261e+04± 3.004e+05 

P2        4.257e+04±5.704e+05 − 
P3        3.521e+04± 4.721e+05 

P4        1.078e+04±1.428e+05 − 

 = [ 1.35 - 1.425]mmP

 240±Sig: 16975 

 / ndf 2χ  150.9 / 43
Prob  14− 6.506e
Amp       21.7±  2464 
mean      0.0000± 0.9605 
widh      0.00001± 0.03761 
a         0.0179±0.7081 − 
n         0.5± 100.3 
P0        48.5±760.9 − 
P1        158.6±  4264 
P2        94.5±7772 − 
P3        119.4±  4483 
P4        101.3±   250 
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Prob  07− 3.074e

Amp       22.1±  2074 

      µ  0.0004± 0.9595 

   σ  0.00001± 0.03761 

P0        7.477e+00±4.823e+04 − 

P1        1.349e+01± 2.481e+05 

P2        2.01e+01±4.71e+05 − 
P3        2.736e+01± 3.893e+05 

P4        2.420e+01±1.174e+05 − 

 = [ 1.425 - 1.5]mmP

 166±Sig: 15641 

 / ndf 2χ    118 / 46
Prob  08− 3.026e
Amp       22.4±  2194 
mean      0.0001± 0.9605 
widh      0.0001± 0.0383 
a         0.0053±0.7081 − 
n         0.9±   100 
P0        200.4±1060 − 
P1        1206.3±  5936 

P2        2.648e+03±1.123e+04 − 
P3        2501.3±  7613 
P4        853.5±790.6 − 
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Prob   0.0003148

Amp       21.3±  1818 

      µ  0.0001± 0.9604 

   σ  0.0001± 0.0382 

P0        1.034e+01±6.206e+04 − 

P1        1.816e+01± 3.151e+05 

P2        2.602e+01±5.914e+05 − 
P3        3.377e+01± 4.846e+05 

P4        2.917e+01±1.454e+05 − 

 = [ 1.5 - 1.575]mmP

 164±Sig: 13929 

 / ndf 2χ  95.29 / 46
Prob  05− 2.694e
Amp       18.9±  1958 
mean      0.0002± 0.9605 
widh      0.00001± 0.03898 
a         0.0111±0.7781 − 
n         0.5±   100 
P0        3.3±1845 − 
P1        7.966e+00± 1.042e+04 
P2        1.31e+01±2.07e+04 − 
P3        2.054e+01± 1.637e+04 
P4        16.6±3758 − 
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Prob   0.05371

Amp       1.4±  1671 

      µ  0.0001± 0.9601 

   σ  0.00001± 0.03898 

P0        1.123e+00±4.959e+04 − 

P1        1.273e+00± 2.522e+05 

P2        1.336e+00±4.741e+05 − 
P3        1.363e+00± 3.886e+05 

P4        1.375e+00±1.164e+05 − 

 = [ 1.575 - 1.65]mmP

 11±Sig: 13062 

 / ndf 2χ  140.7 / 48
Prob  11− 4.946e
Amp       16.5±  1772 
mean      0.0001± 0.9605 
widh      0.00001± 0.03999 
a         0.000±0.736 − 
n         0.7±   101 
P0        0.7±300 −  
P1        1.2±  1393 
P2        1.3±1378 − 
P3        1.3±1512 − 
P4        1.4±  2223 
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Prob   0.00394

Amp       18.5±  1476 

      µ  0.00±  0.96 

   σ  0.00001± 0.03999 

P0        9.148e+00±3.227e+04 − 

P1        1.645e+01± 1.667e+05 

P2        2.350e+01±3.172e+05 − 
P3        3.072e+01± 2.622e+05 

P4        2.509e+01±7.867e+04 − 

 = [ 1.65 - 1.725]mmP

 148±Sig: 11838 

 / ndf 2χ  120.7 / 47
Prob  08− 2.108e
Amp       16.7±  1509 
mean      0.0002± 0.9605 
widh      0.00001± 0.04085 
a         0.0118±0.7948 − 
n         0.8±   101 
P0        3.1±1067 − 
P1        8.1±  6021 

P2        1.296e+01±1.158e+04 − 
P3        20.3±  8221 
P4        15.9±1158 − 
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 / ndf 2χ   46.4 / 30

Prob   0.02847

Amp       17.8±  1265 

      µ  0.0001± 0.9607 

   σ  0.00001± 0.04085 

P0        9.949e+00±3.793e+04 − 

P1        1.751e+01± 1.939e+05 

P2        2.499e+01±3.663e+05 − 
P3        3.231e+01± 3.015e+05 

P4        2.709e+01±9.054e+04 − 

 = [ 1.725 - 1.8]mmP

 145±Sig: 10359 

 / ndf 2χ  89.55 / 46
Prob   0.0001272
Amp       16.0±  1329 
mean      0.0002± 0.9605 
widh      0.00001± 0.04155 
a         0.0135±0.8573 − 
n         0.6±   101 
P0        2.9±750.1 − 
P1        8.0±  4091 
P2        13.1±7343 − 
P3        20.8±  4279 
P4        16.8± 130.8 
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Prob   0.004478

Amp       24.7±  1126 

      µ  0.00±  0.96 

   σ  0.00001± 0.04154 

P0        3.964e+03±2.644e+04 − 

P1        1.985e+04± 1.368e+05 

P2        3.692e+04±2.611e+05 − 
P3        3.019e+04± 2.164e+05 

P4        9.146e+03±6.516e+04 − 

 = [ 1.8 - 1.875]mmP

 205±Sig: 9377 

 / ndf 2χ  111.6 / 47
Prob  07− 3.62e
Amp       15.0±  1162 
mean      0.0001± 0.9605 
widh      0.00001± 0.04255 
a         0.0500±0.9289 − 
n         0.6±   101 
P0        3.1±1107 − 
P1        7.5±  6139 
P2        1.24e+01±1.17e+04 − 
P3        19.2±  8348 
P4        17.0±1276 − 
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 / ndf 2χ     59 / 33

Prob   0.003569

Amp       1.4± 995.6 

      µ  0.0007± 0.9573 

   σ  0.00001± 0.04208 

P0        1.026e+00±2.185e+04 − 

P1        1.254e+00± 1.142e+05 

P2        1.331e+00±2.196e+05 − 
P3        1.360e+00± 1.833e+05 

P4        1.370e+00±5.545e+04 − 

 = [ 1.875 - 1.950001]mmP

 11±Sig: 8401 

 / ndf 2χ  107.1 / 47
Prob  06− 1.393e
Amp       14.2±  1027 
mean      0.0002± 0.9605 
widh      0.00001± 0.04283 
a         0.0521±0.9237 − 
n         1.0±   101 
P0        3.5±630.9 − 
P1        8.9±  3494 
P2        14.2±6407 − 
P3        21.5±  3895 
P4        17.91± 23.32 
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 / ndf 2χ  71.19 / 34

Prob   0.0001934

Amp       14.8± 882.2 

      µ  0.001± 0.958 

   σ  0.00001± 0.04283 

P0        8.082e+00±1.701e+04 − 

P1        1.557e+01± 8.938e+04 

P2        2.257e+01±1.727e+05 − 
P3        3.007e+01± 1.446e+05 

P4        2.481e+01±4.372e+04 − 

 = [ 1.950001 - 2.025001]mmP

 127±Sig: 7577 

 / ndf 2χ  108.4 / 48
Prob  06− 1.458e
Amp       15.8±  1161 
mean      0.001± 0.957 
widh      0.00001± 0.04348 
a         0.0005±0.9163 − 
n         0.6±   101 
P0        23.4±188.8 − 
P1        62.9± 738.6 
P2        30.40±22.15 − 
P3        177.7±2684 − 
P4        107.6±  2596 
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 / ndf 2χ  66.22 / 35

Prob   0.001112

Amp       15.7±  1006 

      µ  0.0003± 0.9576 

   σ  0.00001± 0.04348 

P0        5.99e+00±1.39e+04 − 

P1        1.226e+01± 7.355e+04 

P2        1.903e+01±1.427e+05 − 
P3        2.717e+01± 1.193e+05 

P4        2.342e+01±3.563e+04 − 

 = [ 2.025001 - 2.125]mmP

 136±Sig: 8767 

 / ndf 2χ  88.79 / 47
Prob   0.0002216
Amp       15.0±   989 
mean      0.000± 0.957 
widh      0.0001± 0.0445 
a         0.075±1.003 − 
n         0.5±   101 
P0        30.2±176.9 − 
P1        81.0± 708.4 
P2        28.9±120.4 − 
P3        201.5±2290 − 
P4        121.6±  2268 
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Prob   0.8431

Amp       21.7± 839.4 

      µ  0.0001± 0.9554 

   σ  0.00000± 0.04449 

P0        2.025e+03±1.233e+04 − 

P1        1.063e+04± 6.633e+04 

P2        2.067e+04±1.308e+05 − 
P3        1.761e+04± 1.112e+05 

P4        5.534e+03±3.389e+04 − 

 = [ 2.125 - 2.225]mmP

 193±Sig: 7488 

 / ndf 2χ  85.62 / 46
Prob   0.0003514
Amp       13.9± 805.3 
mean      0.0003± 0.9561 
widh      0.00004± 0.04509 
a         0.01±1.04 − 
n         0.6±   101 
P0        34.3±115 −  
P1        90.8± 500.9 
P2        35.6±120.9 − 
P3        231.6±1733 − 
P4        138.6±  1832 
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Prob   0.3292

Amp       20.3± 690.8 

      µ  0.0001± 0.9544 

   σ  0.0001± 0.0461 

P0        1.798e+03±1.027e+04 − 

P1        9.514e+03± 5.498e+04 

P2        1.863e+04±1.078e+05 − 
P3        1.597e+04± 9.111e+04 

P4        5.047e+03±2.751e+04 − 

 = [ 2.225 - 2.325]mmP

 188±Sig: 6385 

 / ndf 2χ  85.39 / 49
Prob   0.0009911
Amp       11.6± 636.5 
mean      0.0010± 0.9515 
widh      0.0001± 0.0461 
a         0.001±1.256 − 
n         0.9±   101 
P0        3.7±1186 − 
P1        9.7±  6610 

P2        1.507e+01±1.292e+04 − 
P3        22.8±  9934 
P4        16.0±2088 − 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
100
200
300
400
500
600
700
800
900

1000  / ndf 2χ   53.6 / 32

Prob   0.009729

Amp       12.4±   571 

      µ  0.0001± 0.9543 

   σ  0.00001± 0.04728 

P0        9.6±7535 − 

P1        1.775e+01± 4.056e+04 

P2        2.498e+01±7.998e+04 − 
P3        3.195e+01± 6.783e+04 

P4        2.572e+01±2.047e+04 − 

 = [ 2.325 - 2.425]mmP

 117±Sig: 5414 

 / ndf 2χ  69.86 / 50
Prob   0.03321
Amp       11.5± 536.7 
mean      0.0011± 0.9499 
widh      0.00001± 0.04728 
a         0.001±1.322 − 
n         0.6±   101 
P0        39.4±1125 − 
P1        184.5±  6250 

P2        3.556e+02±1.213e+04 − 
P3        361.6±  9264 
P4        146.0±1944 − 
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1000  / ndf 2χ  46.98 / 40

Prob   0.2082

Amp       1.4± 503.4 

      µ  0.0001± 0.9506 

   σ  0.00001± 0.04826 

P0        0.9±2436 − 

P1        1.251e+00± 1.391e+04 

P2        1.329e+00±2.852e+04 − 
P3        1.351e+00± 2.446e+04 

P4        1.4±7073 − 

 = [ 2.425 - 2.525]mmP

 13±Sig: 4871 

 / ndf 2χ  106.6 / 52
Prob  05− 1.246e
Amp       13.4± 851.9 
mean      0.0021± 0.9448 
widh      0.00008± 0.04829 
a         0.00±1.32 − 
n         0.5±   101 
P0        5.0±603.6 − 
P1        13.4±  3457 
P2        20.5±6562 − 
P3        30.3±  4082 
P4        20.3± 155.6 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600
1800  / ndf 2χ  65.24 / 40

Prob   0.007085

Amp       21.3± 799.6 
      µ  0.0001± 0.9458 
   σ  0.00001± 0.04957 

P0        1050.0±3248 − 
P1        5.886e+03± 1.827e+04 

P2        1.22e+04±3.71e+04 − 
P3        1.094e+04± 3.144e+04 

P4        3610.5±8801 − 

 = [ 2.525 - 2.725]mmP

 212±Sig: 7948 

 / ndf 2χ  80.74 / 48
Prob   0.002161
Amp       11.5± 583.9 
mean      0.001± 0.937 
widh      0.00007± 0.04957 
a         0.00±1.13 − 
n         0.9±   101 
P0        4.5±643.1 − 
P1        12.2±  3608 
P2        19.3±6951 − 
P3        29.2±  4864 
P4        20.3±452.4 − 
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1000  / ndf 2χ  48.79 / 42

Prob   0.219

Amp       11.8± 538.8 

      µ  0.0001± 0.9384 

   σ  0.0001± 0.0507 

P0        5.8±2361 − 

P1        1.439e+01± 1.362e+04 

P2        2.213e+01±2.835e+04 − 
P3        3.256e+01± 2.464e+04 

P4        24.9±7095 − 

 = [ 2.725 - 2.925]mmP

 120±Sig: 5477 

 / ndf 2χ  69.65 / 48
Prob   0.02219
Amp       11.8± 407.3 
mean      0.0009± 0.9328 
widh      0.0001± 0.0507 
a         0.1±1.3 −  
n         0.7±   101 
P0        41.62± 47.03 
P1        117.930±3.799 − 
P2        13.9±220.2 − 
P3        236.5±244 −  
P4        146.6± 759.1 
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 9±Sig: 28 

Figure A.4: Missing mass distribution of detected neutron p(e, e′π+n) for different Pmm
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, e′π+n) for different Pmm
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′π+n) for different Pmm
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.

139



1 2 3 4 5 6 7

 [GeV]mmP 

0

5

10

15

20

25

30

35

C
hi

2
 

Chi2 of Expected Neutron using Gaussian Function

 > =   2.63ν/2χInbending 10.6 GeV, < 
 > =   7.49ν/2χOutbending 10.6 GeV, < 

 > =   5.94ν/2χInbending 10.2 GeV, < 

Chi2 of Expected Neutron using Gaussian Function

1 2 3 4 5 6 7

 [GeV]mmP 

2

4

6

8

10

12C
hi

2
 

Chi2 of Detected Neutron using Gaussian Function

 > =   2.42ν/2χInbending 10.6 GeV, < 
 > =   4.22ν/2χOutbending 10.6 GeV, < 

 > =   2.31ν/2χInbending 10.2 GeV, < 

Chi2 of Detected Neutron using Gaussian Function

Figure A.7: The chi2 of the expected (left) and detected (right) neutron as a function of
Pmm using Gaussian + polynomial background.
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Figure A.8: The amplitude of the expected (left) and detected (right) neutron as a function
of Pmm 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
Pmm using Gaussian + polynomial background.
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Figure A.10: The width of the expected (left) and detected (right) neutron as a function of
Pmm using Gaussian + polynomial background.
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Figure A.11: The P0 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Gaussian + polynomial background.
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Figure A.12: The P1 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Gaussian + polynomial background.
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Figure A.13: The P2 parameter of the expected (left) and detected (right) neutron as a
function of Pmm 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 Pmm using Gaussian + polynomial background.
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Figure A.15: The P4 parameter of the expected (left) and detected (right) neutron as a
function of Pmm 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 Pmm.
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mean      0.00±  0.94 
widh      0.00001± 0.04255 
a         0.00±1.06 − 
n         1.0±   101 
P0        500.55±41.47 − 
P1        1143.0± 960.2 
P2        281.1±862.4 − 
P3        2057.9±3177 − 
P4        1126.1±  3782 

 = [ 1.875 - 1.950001]mmP
 223±Sig: 10927 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600
1800
2000  / ndf 2χ  73.29 / 41

Prob   0.001436
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mean      0.0001± 0.9391 
widh      0.00001± 0.04283 
a         0.00±1.06 − 
n         0.8±   101 
P0        55.9±495.9 − 
P1        148.1±  1708 
P2        51.668± 7.799 
P3        367.0±5087 − 
P4        223.0±  4441 

 = [ 1.950001 - 2.025001]mmP
 154±Sig: 10074 
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widh      0.00001± 0.04347 
a         0.1±1.1 −  
n         0.6±   101 
P0        11.5±4917 − 
P1        2.230e+01± 2.511e+04 

P2        3.164e+01±4.545e+04 − 
P3        4.144e+01± 3.311e+04 
P4        32.5±7125 − 

 = [ 2.025001 - 2.125]mmP
 157±Sig: 11580 
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widh      0.0001± 0.0445 
a         0.125±1.161 − 
n         0.5±   101 
P0        56.6±447.4 − 
P1        150.7±  1607 
P2        48.5±116.7 − 
P3        363.2±4741 − 
P4        223.0±  4320 

 = [ 2.125 - 2.225]mmP
 279±Sig: 10151 
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Prob   0.00742
Amp       14.5± 844.7 
mean      0.0009± 0.9368 
widh      0.00003± 0.04509 
a         0.095±1.161 − 
n         0.6±   101 
P0        10.5±3921 − 
P1        2.040e+01± 2.036e+04 

P2        2.877e+01±3.761e+04 − 
P3        3.727e+01± 2.819e+04 
P4        28.9±6438 − 

 = [ 2.225 - 2.325]mmP
 137±Sig: 8031 
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widh      0.0001± 0.0461 
a         0.18±1.27 − 
n         0.7±   101 
P0        5.9±1519 − 
P1        14.6±  8388 

P2        2.217e+01±1.592e+04 − 
P3        3.170e+01± 1.144e+04 
P4        26.9±1866 − 

 = [ 2.325 - 2.425]mmP
 207±Sig: 6962 
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Amp       12.7±   669 
mean      0.0010± 0.9374 
widh      0.00001± 0.04728 
a         0.14±1.32 − 
n         0.9±   100 
P0        5.3±698.1 − 
P1        13.7±  3558 
P2        20.9±5713 − 
P3        30.9±  2352 
P4        23.7± 945.2 

 = [ 2.425 - 2.525]mmP
 123±Sig: 6542 
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Amp       17.8±  1056 
mean      0.0003± 0.9331 
widh      0.00009± 0.04829 
a         0.00±1.32 − 
n         1.0±   101 
P0        67.4±546.2 − 
P1        183.8±  1899 
P2        48.8±174.8 − 
P3        428.6±5243 − 
P4        262.3±  4798 

 = [ 2.525 - 2.725]mmP
 177±Sig: 10558 
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Amp       16.4± 736.1 
mean      0.0018± 0.9327 
widh      0.00004± 0.04957 
a         0.12±1.55 − 
n         0.5±   101 
P0        89.8±253.2 − 
P1        231.5±  1059 
P2        73.0±335.6 − 
P3        520.2±3061 − 
P4        305.6±  3212 

 = [ 2.725 - 2.925]mmP
 165±Sig: 7441 
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Prob   0.009813
Amp       11.7± 591.9 
mean      0.0001± 0.9315 
widh      0.0001± 0.0507 
a         0.3±1.9 −  
n         0.5±   101 
P0        7.2± 697.9 
P1        17.5±4307 − 
P2        2.554e+01± 1.052e+04 
P3        3.582e+01±1.218e+04 − 
P4        25.9±  5752 

 = [ 2.925 - 3.125]mmP
 120±Sig: 6053 
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a         0.4±2.5 −  
n         0.5±   101 
P0        108.14±58.07 − 
P1        279.3±   561 
P2        72.3±503 −  
P3        598.4±1981 − 
P4        351.2±  2764 

 = [ 3.125 - 3.525]mmP
 183±Sig: 7137 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0

200

400

600

800

1000

1200

1400  / ndf 2χ  51.34 / 44
Prob   0.208
Amp       10.6± 399.2 
mean      0.0001± 0.9287 
widh      0.00005± 0.05349 
a         0.5±3 −    
n         0.5±   100 
P0        8.9±  2711 
P1        2.111e+01±1.431e+04 − 
P2        2.949e+01± 2.792e+04 
P3        3.882e+01±2.425e+04 − 
P4        27.1±  8383 

 = [ 3.525 - 3.925]mmP
 114±Sig: 4282 
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widh      0.0004± 0.0559 
a         0.298±3.383 − 
n         0.8± 100.3 
P0        1.0±  1204 
P1        1.3±6342 − 
P2        1.338e+00± 1.225e+04 
P3        1.341e+00±1.049e+04 − 
P4        1.3±  3655 

 = [ 3.925 - 4.4]mmP
 77±Sig: 2121 
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Amp       8.2± 132.5 
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widh      0.0013± 0.0579 
a         0.3±3.5 −  
n         0.7±   100 
P0        77.9± 102.2 
P1        508.6±662.6 − 
P2        1193.3±  1715 
P3        1190.5±2074 − 
P4        424.4±  1097 

 = [ 4.4 - 5.2]mmP
 94±Sig: 1537 
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a         0.407±3.357 − 
n         0.5± 100.9 
P0        0.56±12.75 − 
P1        1.2± 110.9 
P2        1.3±261.6 − 
P3        1.2± 178.5 
P4        1.15± 44.81 

 = [ 5.2 - 6.0]mmP
 34±Sig: 277 
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n         0.5±   100 
P0        8.8677±0.4012 − 
P1        61.55±  1.96 
P2        148.96± 28.39 
P3        149.77±89.18 − 
P4        52.76± 80.97 

 = [ 6.0 - 7.5]mmP
 25±Sig: 92 

Figure B.1: The missing mass distribution of expected neutron p(e, e′π+)n for different Pmm
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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Prob  07− 1.019e
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a         0.00±1.08 − 
n         0.5±   100 
P0        3.756e+00± 1.413e+04 
P1        5.940e+00±6.123e+04 − 
P2        6.552e+00± 9.713e+04 
P3        5.906e+00±6.673e+04 − 
P4        4.431e+00± 1.676e+04 

 = [ 0.375 - 0.45]mmP
 53±Sig: 1987 
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widh      0.0000± 0.0317 
a         0.063±1.082 − 
n         1.0±   101 
P0        3.3±2292 − 
P1        6.18e+00± 1.33e+04 

P2        8.265e+00±2.813e+04 − 
P3        9.919e+00± 2.561e+04 
P4        6.9±8392 − 

 = [ 0.45 - 0.525]mmP
 73±Sig: 3682 
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a         0.058±1.146 − 
n         0.7±   101 
P0        4.26±59.63 − 
P1        8.3±  2488 
P2        10.3±8904 − 
P3        1.163e+01± 1.066e+04 
P4        7.5±4076 − 

 = [ 0.525 - 0.6]mmP
 86±Sig: 5237 
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Amp       13.4±  1062 
mean      0.000± 0.939 
widh      0.0000± 0.0317 
a         0.0008±0.7938 − 
n         0.7±   101 
P0        3.5±551.7 − 
P1        7.0±  4111 

P2        9.576e+00±1.019e+04 − 
P3        1.228e+01± 1.021e+04 
P4        8.4±3485 − 

 = [ 0.6 - 0.675]mmP
 98±Sig: 7808 
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Prob  32− 1.21e
Amp       15.1±  1309 
mean      0.000± 0.939 
widh      0.00001± 0.03171 
a         0.0006±0.7938 − 
n         0.8±   101 
P0        4.277e+00± 1.178e+04 
P1        7.249e+00±5.344e+04 − 
P2        1.034e+01± 8.916e+04 
P3        1.335e+01±6.498e+04 − 
P4        1.039e+01± 1.758e+04 

 = [ 0.675 - 0.7499999]mmP
 110±Sig: 9617 
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mean      0.000± 0.939 
widh      0.00002± 0.03182 
a         0.0006±0.7938 − 
n         0.6±   101 
P0        6.129e+00± 1.636e+04 
P1        1.038e+01±7.458e+04 − 
P2        1.432e+01± 1.254e+05 
P3        1.766e+01±9.224e+04 − 
P4        1.340e+01± 2.521e+04 

 = [ 0.7499999 - 0.8249999]mmP
 119±Sig: 11204 
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widh      0.00001± 0.03251 
a         0.0058±0.7938 − 
n         0.6±   101 
P0        4.652e+00± 1.494e+04 
P1        7.638e+00±6.666e+04 − 
P2        1.094e+01± 1.095e+05 
P3        1.412e+01±7.868e+04 − 
P4        1.118e+01± 2.105e+04 

 = [ 0.8249999 - 0.8999999]mmP
 125±Sig: 12184 
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Prob  20− 1.082e
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mean      0.000± 0.939 
widh      0.00001± 0.03313 
a         0.0288±0.7938 − 
n         0.7±   101 
P0        4.90e+00± 1.44e+04 
P1        8.340e+00±6.574e+04 − 
P2        1.202e+01± 1.105e+05 
P3        1.57e+01±8.13e+04 − 
P4        1.228e+01± 2.227e+04 

 = [ 0.8999999 - 0.9749999]mmP
 130±Sig: 13197 
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Prob  23− 1.365e
Amp       17.8±  1735 
mean      0.000± 0.939 
widh      0.00001± 0.03329 
a         0.0198±0.7963 − 
n         0.8±   101 
P0        5.021e+00± 1.632e+04 
P1        8.514e+00±7.361e+04 − 
P2        1.21e+01± 1.22e+05 
P3        1.571e+01±8.824e+04 − 
P4        1.259e+01± 2.372e+04 

 = [ 0.9749999 - 1.05]mmP
 148±Sig: 13358 
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a         0.0199±0.7734 − 
n         0.5±   101 
P0        6.148e+00± 2.718e+04 
P1        1.01e+01±1.22e+05 − 
P2        1.425e+01± 2.014e+05 
P3        1.807e+01±1.453e+05 − 
P4        1.428e+01± 3.889e+04 

 = [ 1.05 - 1.125]mmP
 201±Sig: 13633 
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Prob  18− 4.492e
Amp       17.6±  1686 
mean      0.000± 0.939 
widh      0.00001± 0.03392 
a         0.0169±0.6823 − 
n         0.8±   101 
P0        6.724e+00± 2.432e+04 
P1        1.112e+01±1.098e+05 − 
P2        1.552e+01± 1.824e+05 
P3        1.940e+01±1.323e+05 − 
P4        1.501e+01± 3.562e+04 

 = [ 1.125 - 1.2]mmP
 163±Sig: 13943 
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Prob  11− 3.572e
Amp       17.2±  1630 
mean      0.000± 0.939 
widh      0.00001± 0.03495 
a         0.0174±0.6745 − 
n         0.5±   101 
P0        6.705e+00± 2.599e+04 
P1        1.106e+01±1.178e+05 − 
P2        1.565e+01± 1.965e+05 
P3        1.974e+01±1.432e+05 − 
P4        1.538e+01± 3.873e+04 

 = [ 1.2 - 1.275]mmP
 168±Sig: 13936 
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Prob  10− 4.982e
Amp       16.6±  1555 
mean      0.000± 0.939 
widh      0.00001± 0.03595 
a         0.008±0.791 − 
n         0.7±   100 
P0        7.525e+00± 2.056e+04 
P1        1.258e+01±9.041e+04 − 
P2        1.771e+01± 1.453e+05 
P3        2.208e+01±1.012e+05 − 
P4        1.673e+01± 2.605e+04 

 = [ 1.275 - 1.35]mmP
 138±Sig: 12954 
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Prob  05− 6.131e
Amp       19.3±  1479 
mean      0.000± 0.939 
widh      0.00001± 0.03695 
a         0.0285±0.7015 − 
n         0.8±   101 
P0        245.3±  1209 
P1        528.7±3028 − 
P2        208.51±67.79 − 
P3        1029.8±  4253 
P4        527.9±2124 − 

 = [ 1.35 - 1.425]mmP
 284±Sig: 13199 
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Prob  05− 6.842e
Amp       15.1±  1362 
mean      0.000± 0.939 
widh      0.00001± 0.03761 
a         0.0338±0.8418 − 
n         1.0±   101 
P0        2.7±3521 − 
P1        6.296e+00± 2.058e+04 

P2        9.518e+00±4.367e+04 − 
P3        1.419e+01± 3.943e+04 
P4        1.054e+01±1.253e+04 − 

 = [ 1.425 - 1.5]mmP
 129±Sig: 11656 
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Prob   0.001377
Amp       17.9±  1234 
mean      0.0007± 0.9396 
widh      0.0001± 0.0383 
a         0.001±0.891 − 
n         0.5±   100 
P0        261.6±3086 − 
P1        1.530e+03± 1.861e+04 

P2        3.245e+03±4.047e+04 − 
P3        2.96e+03± 3.73e+04 
P4        9.790e+02±1.204e+04 − 

 = [ 1.5 - 1.575]mmP
 153±Sig: 10575 
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mean      0.0007± 0.9395 
widh      0.00001± 0.03898 
a         0.001±0.891 − 
n         0.9±   100 
P0        3.1±2538 − 
P1        8.27e+00± 1.53e+04 

P2        1.264e+01±3.335e+04 − 
P3        1.918e+01± 3.075e+04 
P4        13.6±9869 − 

 = [ 1.575 - 1.65]mmP
 124±Sig: 9982 
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mean      0.000± 0.939 
widh      0.00002± 0.03999 
a         0.015±0.891 − 
n         1.0±   100 
P0        3.1±2601 − 
P1        7.63e+00± 1.54e+04 

P2        1.174e+01±3.297e+04 − 
P3        1.773e+01± 2.987e+04 
P4        13.1±9411 − 

 = [ 1.65 - 1.725]mmP
 121±Sig: 9389 
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Prob  05− 4.027e
Amp       13.4± 974.9 
mean      0.001± 0.939 
widh      0.00001± 0.04085 
a         0.018±0.966 − 
n         0.5±   100 
P0        3.2±1676 − 
P1        8.5e+00± 1e+04 

P2        1.331e+01±2.147e+04 − 
P3        2.038e+01± 1.931e+04 
P4        15.3±5880 − 

 = [ 1.725 - 1.8]mmP
 119±Sig: 8712 
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Prob   0.000274
Amp       12.7± 885.4 
mean      0.0009± 0.9391 
widh      0.00001± 0.04155 
a         0.0066±0.9643 − 
n         0.8±   100 
P0        2.7±696.8 − 
P1        8.1±  4371 
P2        12.7±9624 − 
P3        20.0±  8517 
P4        14.4±2308 − 

 = [ 1.8 - 1.875]mmP
 115±Sig: 8051 
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n         1.0±   100 
P0        2.6±722 −  
P1        7.5±  4406 
P2        12.2±9470 − 
P3        19.4±  8179 
P4        14.5±2137 − 

 = [ 1.875 - 1.950001]mmP
 109±Sig: 7125 
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widh      0.00001± 0.04283 
a         0.0±1 −    
n         0.5±   100 
P0        2.4±471.9 − 
P1        7.7±  2947 
P2        12.3±6365 − 
P3        19.7±  5344 
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 = [ 1.950001 - 2.025001]mmP
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P2        3.034e+03±1.686e+04 − 
P3        2.859e+03± 1.468e+04 
P4        976.3±4113 − 

 = [ 2.025001 - 2.125]mmP
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n         0.9± 100.8 
P0        44.14± 23.19 
P1        117.10± 81.15 
P2        30.1±212.3 − 
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 = [ 2.125 - 2.225]mmP
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a         0.020±1.161 − 
n         0.8±   100 
P0        204.9±1071 − 
P1        1227.2±  6379 

P2        2.684e+03±1.349e+04 − 
P3        2.532e+03± 1.165e+04 
P4        865.4±3189 − 

 = [ 2.225 - 2.325]mmP
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mean      0.0001± 0.9366 
widh      0.0001± 0.0461 
a         0.10±1.27 − 
n         0.7± 100.3 
P0        0.9±523.7 − 
P1        1.3±  3329 
P2        1.3±7291 − 
P3        1.3±  6250 
P4        1.3±1507 − 

 = [ 2.325 - 2.425]mmP
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a         0.00±1.32 − 
n         0.6±   101 
P0        265.3±491.1 − 
P1        1514.5±  2802 
P2        3166.8±5532 − 
P3        2867.3±  4164 
P4        944.8±715.3 − 

 = [ 2.425 - 2.525]mmP
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n         0.5±   101 
P0        44.08±36.76 − 
P1        121.4± 302.7 
P2        23.2±272 −  
P3        259.4±1019 − 
P4        157.9±  1413 

 = [ 2.525 - 2.725]mmP
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widh      0.00004± 0.04957 
a         0.03±1.55 − 
n         0.5±   101 
P0        5.4±764.6 − 
P1        13.3±  4583 
P2        19.8±9630 − 
P3        28.5±  7994 
P4        20.5±1825 − 

 = [ 2.725 - 2.925]mmP
 109±Sig: 5356 
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mean      0.0054± 0.9314 
widh      0.0001± 0.0507 
a         0.4±1.9 −  
n         0.8±   101 
P0        50.46±39.58 − 
P1        135.4± 253.1 
P2        29.9±174.6 − 
P3        292.8±845.9 − 
P4        176.7±  1095 

 = [ 2.925 - 3.125]mmP
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P0        86.1± 158.1 
P1        321.4±255.4 − 
P2        330.2±262.3 − 
P3        11.84±71.19 − 
P4        78.3± 917.5 

 = [ 3.125 - 3.525]mmP
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a         0.4±3 −    
n         0.8±   100 
P0        6.5±  1155 
P1        15.6±5737 − 
P2        2.213e+01± 1.046e+04 
P3        29.6±8644 − 
P4        20.4±  3074 

 = [ 3.525 - 3.925]mmP
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n         0.6±   101 
P0        5.7± 866.6 
P1        13.9±4411 − 
P2        18.4±  8179 
P3        22.7±6706 − 
P4        14.2±  2273 

 = [ 3.925 - 4.4]mmP
 74±Sig: 1651 
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n         0.6±   101 
P0        0.8±   138 
P1        1.3±864.4 − 
P2        1.3±  2053 
P3        1.3±2223 − 
P4        1.3±  1026 

 = [ 4.4 - 5.2]mmP
 56±Sig: 1184 
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n         0.7± 100.4 
P0        0.517±8.189 − 
P1        1.17± 70.49 
P2        1.2±158.8 − 
P3        1.23± 89.28 
P4        1.12± 50.77 

 = [ 5.2 - 6.0]mmP
 29±Sig: 215 
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a         0.100±3.407 − 
n         0.7±   100 
P0        4.643±3.224 − 
P1        36.5±  31.3 
P2        97.22±62.44 − 
P3        105.69± 20.92 
P4        39.62± 29.74 

 = [ 6.0 - 7.5]mmP
 22±Sig: 75 

Figure B.2: The missing mass distribution of detected neutron p(e, e′π+n) for different Pmm
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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P0        7.123e+01± 4.001e+05 
P1        1.07e+02±8.96e+05 − 
P2        1.362e+02±1.124e+05 − 
P3        1.491e+02± 1.323e+06 
P4        1.149e+02±7.032e+05 − 

 = [ 0.375 - 0.45]mmP
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a         0.00±1.28 − 
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P0        3.090e+03± 3.631e+05 
P1        6.520e+03±7.829e+05 − 
P2        1.433e+03±1.637e+05 − 
P3        1.005e+04± 1.214e+06 
P4        5.187e+03±6.178e+05 − 

 = [ 0.45 - 0.525]mmP
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P0        8.509e+01± 3.909e+05 
P1        1.235e+02±8.267e+05 − 
P2        1.554e+02±1.436e+05 − 
P3        1.698e+02± 1.175e+06 
P4        1.308e+02±5.829e+05 − 

 = [ 0.525 - 0.6]mmP
 566±Sig: 182462 
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a         0.0004±0.8529 − 
n         0.7±   100 
P0        8.026e+01±3.273e+05 − 
P1        1.162e+02± 2.073e+06 

P2        1.473e+02±4.426e+06 − 
P3        1.632e+02± 3.901e+06 
P4        1.269e+02±1.209e+06 − 

 = [ 0.6 - 0.675]mmP
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n         0.8±   101 
P0        7.548e+01± 2.176e+05 
P1        1.09e+02±4.33e+05 − 
P2        1.388e+02±1.128e+05 − 
P3        1.549e+02± 6.099e+05 
P4        1.214e+02±2.711e+05 − 

 = [ 0.675 - 0.7499999]mmP
 534±Sig: 138136 
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Prob       0
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widh      0.0000± 0.0318 
a         0.0008±0.7838 − 
n         0.5±   101 
P0        7.217e+01± 1.397e+05 
P1        1.046e+02±2.675e+05 − 
P2        1.339e+02±8.335e+04 − 
P3        1.516e+02± 3.678e+05 
P4        1.247e+02±1.473e+05 − 

 = [ 0.7499999 - 0.8249999]mmP
 522±Sig: 117114 
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Prob       0
Amp       6.441e+01± 1.411e+04 
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n         0.8±   101 
P0        8.839e+01± 6.144e+04 
P1        1.244e+02±1.011e+05 − 
P2        1.541e+02±3.624e+04 − 
P3        1.670e+02± 8.787e+04 
P4        133.2±4911 − 

 = [ 0.8249999 - 0.8999999]mmP
 517±Sig: 113451 
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n         0.6±   101 
P0        6.440e+01± 2.477e+04 
P1        9.318e+01±3.065e+04 − 
P2        1.189e+02±2.896e+04 − 
P3        1.343e+02± 1.715e+04 
P4        1.104e+02± 2.383e+04 

 = [ 0.8999999 - 0.9749999]mmP
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P1        1.4±6739 − 
P2        1.395e+00±1.877e+04 − 
P3        1.40e+00±1.22e+04 − 
P4        1.405e+00± 3.237e+04 

 = [ 0.9749999 - 1.05]mmP
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n         1.0±   101 
P0        146.1±  9318 
P1        56.3±5912 − 
P2        2.066e+02±1.639e+04 − 
P3        1.657e+02±1.055e+04 − 
P4        2.778e+02± 2.812e+04 

 = [ 1.05 - 1.125]mmP
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P0        97.1±  6915 
P1        39.2±4321 − 
P2        1.448e+02±1.269e+04 − 
P3        121.4±8596 − 
P4        2.057e+02± 2.267e+04 

 = [ 1.125 - 1.2]mmP
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P0        33.8±  1715 
P1        52.4±  5450 

P2        70.0±9048 − 
P3        8.331e+01±2.167e+04 − 
P4        6.962e+01± 2.688e+04 

 = [ 1.2 - 1.275]mmP
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n         0.6±   100 
P0        29.5±5959 − 
P1        6.827e+01± 1.803e+04 

P2        40.9±  2912 
P3        1.704e+02±4.975e+04 − 
P4        1.184e+02± 3.748e+04 

 = [ 1.275 - 1.35]mmP
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n         0.8±   101 
P0        5.6±  7047 
P1        1.42e+01±5.03e+04 − 
P2        2.393e+01± 1.338e+05 
P3        3.786e+01±1.573e+05 − 
P4        3.527e+01± 6.908e+04 

 = [ 1.35 - 1.425]mmP
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P3        3.855e+01±1.305e+05 − 
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P1        1.394e+01±3.634e+04 − 
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P3        3.67e+01±9.54e+04 − 
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P1        1.143e+01±2.065e+04 − 
P2        2.027e+01± 5.773e+04 
P3        3.353e+01±7.104e+04 − 
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 = [ 1.65 - 1.725]mmP
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P0        6.0±  1696 
P1        1.505e+01±1.354e+04 − 
P2        2.402e+01± 3.985e+04 
P3        3.654e+01±5.135e+04 − 
P4        3.143e+01± 2.457e+04 

 = [ 1.725 - 1.8]mmP
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 = [ 1.8 - 1.875]mmP
 208±Sig: 19498 
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Prob  05− 1.77e
Amp       20.4±  1793 
mean      0.0001± 0.9605 
widh      0.00001± 0.04255 
a         0.0107±0.9289 − 
n         0.9±   101 
P0        53.5± 828.9 
P1        279.4±7345 − 
P2        5.850e+02± 2.346e+04 
P3        6.032e+02±3.228e+04 − 
P4        2.458e+02± 1.633e+04 

 = [ 1.875 - 1.950001]mmP
 191±Sig: 16751 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0

500

1000

1500

2000

2500

 / ndf 2χ  107.6 / 44
Prob  07− 2.995e
Amp       17.2±  1529 
mean      0.0011± 0.9607 
widh      0.00001± 0.04283 
a         0.0155±0.9237 − 
n         0.7± 100.3 
P0        0.9±855.6 − 
P1        1.3±  2905 
P2        1.4± 202.9 
P3        1.4±8926 − 
P4        1.4±  7559 

 = [ 1.950001 - 2.025001]mmP
 162±Sig: 14391 
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Prob  06− 1.942e
Amp       20.3±  1698 
mean      0.0004± 0.9576 
widh      0.00001± 0.04348 
a         0.0003±0.9163 − 
n         0.9±   101 
P0        6.0± 707.1 
P1        15.3±6409 − 
P2        2.415e+01± 2.087e+04 
P3        3.666e+01±2.924e+04 − 
P4        2.953e+01± 1.509e+04 

 = [ 2.025001 - 2.125]mmP
 194±Sig: 16272 
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Prob  06− 3.001e
Amp       18.5±  1418 
mean      0.000± 0.957 
widh      0.0001± 0.0445 
a         0.002±1.005 − 
n         0.5±   101 
P0        5.8± 882.4 
P1        14.9±7026 − 
P2        2.328e+01± 2.096e+04 
P3        3.507e+01±2.767e+04 − 
P4        2.795e+01± 1.372e+04 

 = [ 2.125 - 2.225]mmP
 177±Sig: 13635 
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Prob  05− 5.932e
Amp       17.2±  1141 
mean      0.0008± 0.9561 
widh      0.00004± 0.04509 
a         0.01±1.04 − 
n         0.9±   101 
P0        5.4± 722.1 
P1        14.6±5583 − 
P2        2.31e+01± 1.64e+04 
P3        3.52e+01±2.16e+04 − 
P4        2.728e+01± 1.081e+04 

 = [ 2.225 - 2.325]mmP
 166±Sig: 11043 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600  / ndf 2χ  91.79 / 45

Prob  05− 4.79e
Amp       16.2± 888.3 
mean      0.0009± 0.9519 
widh      0.0001± 0.0461 
a         0.01±1.25 − 
n         0.7±   101 
P0        36.3±533.6 − 
P1        99.7±  1825 
P2        41.2± 155.6 
P3        273.5±5859 − 
P4        169.0±  5097 

 = [ 2.325 - 2.425]mmP
 155±Sig: 8532 
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Prob   0.145
Amp       15.1± 746.2 
mean      0.0011± 0.9511 
widh      0.00001± 0.04728 
a         0.001±1.322 − 
n         0.6±   100 
P0        46.0±366.6 − 
P1        126.7±  1411 
P2        30.5±267.2 − 
P3        291.6±4025 − 
P4        181.0±  3832 

 = [ 2.425 - 2.525]mmP
 147±Sig: 7299 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400  / ndf 2χ    104 / 44

Prob  07− 9.216e
Amp       18.9±  1173 
mean      0.0004± 0.9449 
widh      0.00008± 0.04829 
a         0.00±1.32 − 
n         0.6±   101 
P0        60.4±414.4 − 
P1        166.9±  1715 
P2        39.6±487.9 − 
P3        384.5±5056 − 
P4        239.0±  5198 

 = [ 2.525 - 2.725]mmP
 189±Sig: 11720 
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Prob   0.001801
Amp       16.4± 795.7 
mean      0.0011± 0.9374 
widh      0.00007± 0.04957 
a         0.001±1.136 − 
n         0.5±   101 
P0        56.2±297 −  
P1        158.6±  1174 
P2        40.9±320.4 − 
P3        366.5±3380 − 
P4        229.3±  3545 

 = [ 2.725 - 2.925]mmP
 171±Sig: 8318 
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Prob   0.05468
Amp       14.4± 542.1 
mean      0.0014± 0.9327 
widh      0.0001± 0.0507 
a         0.1±1.3 −  
n         0.8± 100.2 
P0        74.10±90.99 − 
P1        251.0± 587.4 
P2        148.9±673.5 − 
P3        210.5±1080 − 
P4        178.6±  1810 

 = [ 2.925 - 3.125]mmP
 151±Sig: 5695 
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Prob  05− 3.393e
Amp       11.8±   638 
mean      0.0004± 0.9249 
widh      0.00001± 0.05201 
a         0.3±2.5 −  
n         0.6± 100.3 
P0        1.076± 1.642 
P1        1.3± 288.7 
P2        1.4±477 −  
P3        1.4±989.7 − 
P4        1.4±  1922 

 = [ 3.125 - 3.525]mmP
 123±Sig: 6659 
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Prob   0.08144
Amp       9.4± 305.4 
mean      0.0019± 0.9123 
widh      0.00008± 0.05349 
a         0.4±3 −    
n         0.9±   101 
P0        8.4±  2094 
P1        2.026e+01±1.106e+04 − 
P2        2.669e+01± 2.142e+04 
P3        3.233e+01±1.832e+04 − 
P4        20.5±  6240 

 = [ 3.525 - 3.925]mmP
 100±Sig: 3276 
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Prob   0.0003975
Amp       6.1± 134.9 
mean      0.0032± 0.9015 
widh      0.0012± 0.0559 
a         0.403±2.536 − 
n         0.7±   101 
P0        1.0±  1446 
P1        1.3±7680 − 
P2        1.328e+00± 1.485e+04 
P3        1.31e+00±1.25e+04 − 
P4        1.3±  4109 

 = [ 3.925 - 4.4]mmP
 67±Sig: 1513 
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Prob   0.4768
Amp       5.07± 70.02 
mean      0.0048± 0.8762 
widh      0.0019± 0.0579 
a         0.3±3 −    
n         0.5± 100.9 
P0        3.8± 240.8 
P1        12.2±1480 − 
P2        17.5±  3275 
P3        22.9±3100 − 
P4        14.8±  1221 

 = [ 4.4 - 5.2]mmP
 58±Sig: 813 
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Prob   0.3842
Amp       2.28± 15.27 
mean      0.0002± 0.8456 
widh      0.0020± 0.0589 
a         0.4±3 −    
n         0.8± 100.1 
P0        0.58± 40.45 
P1        1.2±278.9 − 
P2        1.3± 692.6 
P3        1.2±724.7 − 
P4        1.2±   318 

 = [ 5.2 - 6.0]mmP
 26±Sig: 180 
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Prob   0.04888
Amp       1.213± 3.188 
mean      0.0002± 0.8456 
widh      0.0001± 0.0601 
a         0.4±2.5 −  
n         0.5±   100 
P0        1.05±  4.23 
P1        9.95±51.68 − 
P2        28.9± 205.5 
P3        31.0±291.8 − 
P4        11.0± 144.8 

 = [ 6.0 - 7.5]mmP
 14±Sig: 38 

Figure B.3: Missing mass distribution of expected neutron p(e, e′π+)n for different Pmm
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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Prob  40− 5.723e
Amp       24.4±  1805 
mean      0.000± 0.939 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         0.5±   100 
P0        3.843e+02± 1.198e+04 
P1        8.383e+02±2.664e+04 − 
P2        267.0±8217 − 
P3        1.543e+03± 4.929e+04 
P4        8.164e+02±2.581e+04 − 

 = [ 0.375 - 0.45]mmP
 165±Sig: 12247 
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Prob       0
Amp       27.0±  2611 
mean      0.000± 0.943 
widh      0.0000± 0.0317 
a         0.081±1.349 − 
n         1.0±   100 
P0        3.602e+02± 1.097e+04 
P1        7.742e+02±2.377e+04 − 
P2        254.8±7861 − 
P3        1.403e+03± 4.292e+04 
P4        7.253e+02±2.159e+04 − 

 = [ 0.45 - 0.525]mmP
 192±Sig: 17121 
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Prob       0
Amp       26.8±  3549 
mean      0.000± 0.945 
widh      0.0000± 0.0317 
a         0.039±1.231 − 
n         0.8±   101 
P0        7.3±4195 − 
P1        1.171e+01± 3.478e+04 

P2        1.671e+01±8.667e+04 − 
P3        2.163e+01± 8.455e+04 
P4        1.771e+01±2.781e+04 − 

 = [ 0.525 - 0.6]mmP
 220±Sig: 23556 
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Prob       0
Amp       27.9±  4058 
mean      0.000± 0.949 
widh      0.0000± 0.0317 
a         0.005±0.892 − 
n         0.7±   101 
P0        7.301e+00± 4.369e+04 
P1        1.177e+01±1.974e+05 − 
P2        1.696e+01± 3.319e+05 
P3        2.212e+01±2.475e+05 − 
P4        1.899e+01± 6.984e+04 

 = [ 0.6 - 0.675]mmP
 197±Sig: 28774 
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Prob  43− 7.973e
Amp       28.4±  4326 
mean      0.00±  0.95 
widh      0.00001± 0.03171 
a         0.0006±0.7938 − 
n         0.9±   101 
P0        8.226e+00± 4.973e+04 
P1        1.326e+01±2.267e+05 − 
P2        1.876e+01± 3.852e+05 
P3        2.405e+01±2.906e+05 − 
P4        2.047e+01± 8.287e+04 

 = [ 0.675 - 0.7499999]mmP
 208±Sig: 31721 
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Prob       0
Amp       33.0±  4148 
mean      0.0000± 0.9542 
widh      0.00001± 0.03182 
a         0.0068±0.7938 − 
n         0.6±   101 
P0        5.080e+03± 7.116e+04 
P1        2.313e+04±3.173e+05 − 
P2        3.911e+04± 5.253e+05 
P3        2.91e+04±3.84e+05 − 
P4        8.031e+03± 1.055e+05 

 = [ 0.7499999 - 0.8249999]mmP
 243±Sig: 30570 
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Prob  32− 2.334e
Amp       27.8±  4086 
mean      0.0001± 0.9522 
widh      0.00001± 0.03251 
a         0.011±0.649 − 
n         0.9±   101 
P0        8.372e+00± 6.741e+04 
P1        1.340e+01±3.079e+05 − 
P2        1.892e+01± 5.233e+05 
P3        2.421e+01±3.932e+05 − 
P4        2.07e+01± 1.11e+05 

 = [ 0.8249999 - 0.8999999]mmP
 262±Sig: 32993 
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Prob       0
Amp       27.3±  3859 
mean      0.000± 0.957 
widh      0.00001± 0.03313 
a         0.013±0.722 − 
n         0.6±   101 
P0        9.259e+00± 8.572e+04 
P1        1.471e+01±3.881e+05 − 
P2        2.052e+01± 6.525e+05 
P3        2.591e+01±4.841e+05 − 
P4        2.171e+01± 1.345e+05 

 = [ 0.8999999 - 0.9749999]mmP
 255±Sig: 30525 
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Prob       0
Amp       26.8±  3744 
mean      0.00±  0.96 
widh      0.00001± 0.03329 
a         0.0141±0.7612 − 
n         0.7±   101 
P0        7.375e+00± 3.882e+04 
P1        1.235e+01±1.779e+05 − 
P2        1.762e+01± 3.026e+05 
P3        2.30e+01±2.28e+05 − 
P4        1.901e+01± 6.489e+04 

 = [ 0.9749999 - 1.05]mmP
 240±Sig: 29263 
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Prob       0
Amp       26.4±  3603 
mean      0.00±  0.96 
widh      0.0000± 0.0336 
a         0.0154±0.7859 − 
n         0.6±   101 
P0        7.439e+00± 2.934e+04 
P1        1.252e+01±1.325e+05 − 
P2        1.793e+01± 2.221e+05 
P3        2.344e+01±1.654e+05 − 
P4        1.930e+01± 4.697e+04 

 = [ 1.05 - 1.125]mmP
 238±Sig: 28131 
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Prob       0
Amp       24.9±  3386 
mean      0.000± 0.961 
widh      0.00001± 0.03392 
a         0.010±0.785 − 
n         0.8±   101 
P0        5.645e+00± 1.079e+04 
P1        9.943e+00±4.742e+04 − 
P2        1.474e+01± 7.729e+04 
P3        2.015e+01±5.678e+04 − 
P4        1.655e+01± 1.668e+04 

 = [ 1.125 - 1.2]mmP
 196±Sig: 26687 
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Prob       0
Amp       25.6±  3167 
mean      0.0000± 0.9605 
widh      0.00001± 0.03495 
a         0.0168±0.7621 − 
n         0.7±   101 
P0        91.1±   220 
P1        272.01± 40.26 
P2        126.2±989.3 − 
P3        225.7±545 −  
P4        165.4±  1792 

 = [ 1.2 - 1.275]mmP
 303±Sig: 25959 
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Prob  30− 1.539e
Amp       24.6±  2968 
mean      0.0000± 0.9605 
widh      0.00001± 0.03595 
a         0.0164±0.7265 − 
n         0.5±   101 
P0        64.64± 58.01 
P1        161.1± 305.7 
P2        44.2±527.9 − 
P3        333.4±1542 − 
P4        189.8±  2186 

 = [ 1.275 - 1.35]mmP
 311±Sig: 25415 
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Prob  13− 6.845e
Amp       22.2±  2690 
mean      0.0000± 0.9605 
widh      0.00001± 0.03695 
a         0.0183±0.7744 − 
n         0.6±   101 
P0        3.4±2918 − 
P1        8.220e+00± 1.639e+04 

P2        1.299e+01±3.263e+04 − 
P3        1.962e+01± 2.643e+04 
P4        16.7±6742 − 

 = [ 1.35 - 1.425]mmP
 228±Sig: 23170 
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Prob  14− 6.506e
Amp       21.7±  2464 
mean      0.0000± 0.9605 
widh      0.00001± 0.03761 
a         0.0179±0.7081 − 
n         0.5± 100.3 
P0        48.5±760.9 − 
P1        158.6±  4264 
P2        94.5±7772 − 
P3        119.4±  4483 
P4        101.3±   250 

 = [ 1.425 - 1.5]mmP
 195±Sig: 22195 
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Prob  08− 3.026e
Amp       22.4±  2194 
mean      0.0001± 0.9605 
widh      0.0001± 0.0383 
a         0.0053±0.7081 − 
n         0.9±   100 
P0        200.4±1060 − 
P1        1206.3±  5936 

P2        2.648e+03±1.123e+04 − 
P3        2501.3±  7613 
P4        853.5±790.6 − 

 = [ 1.5 - 1.575]mmP
 205±Sig: 20113 
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Prob  05− 2.694e
Amp       18.9±  1958 
mean      0.0002± 0.9605 
widh      0.00001± 0.03898 
a         0.0111±0.7781 − 
n         0.5±   100 
P0        3.3±1845 − 
P1        7.966e+00± 1.042e+04 
P2        1.31e+01±2.07e+04 − 
P3        2.054e+01± 1.637e+04 
P4        16.6±3758 − 

 = [ 1.575 - 1.65]mmP
 171±Sig: 17717 
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Prob  11− 4.946e
Amp       16.5±  1772 
mean      0.0001± 0.9605 
widh      0.00001± 0.03999 
a         0.000±0.736 − 
n         0.7±   101 
P0        0.7±300 −  
P1        1.2±  1393 
P2        1.3±1378 − 
P3        1.3±1512 − 
P4        1.4±  2223 

 = [ 1.65 - 1.725]mmP
 155±Sig: 16684 
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Prob  08− 2.108e
Amp       16.7±  1509 
mean      0.0002± 0.9605 
widh      0.00001± 0.04085 
a         0.0118±0.7948 − 
n         0.8±   101 
P0        3.1±1067 − 
P1        8.1±  6021 

P2        1.296e+01±1.158e+04 − 
P3        20.3±  8221 
P4        15.9±1158 − 

 = [ 1.725 - 1.8]mmP
 157±Sig: 14197 
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Prob   0.0001272
Amp       16.0±  1329 
mean      0.0002± 0.9605 
widh      0.00001± 0.04155 
a         0.0135±0.8573 − 
n         0.6±   101 
P0        2.9±750.1 − 
P1        8.0±  4091 
P2        13.1±7343 − 
P3        20.8±  4279 
P4        16.8± 130.8 

 = [ 1.8 - 1.875]mmP
 149±Sig: 12418 
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mean      0.0001± 0.9605 
widh      0.00001± 0.04255 
a         0.0500±0.9289 − 
n         0.6±   101 
P0        3.1±1107 − 
P1        7.5±  6139 
P2        1.24e+01±1.17e+04 − 
P3        19.2±  8348 
P4        17.0±1276 − 

 = [ 1.875 - 1.950001]mmP
 195±Sig: 10920 
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Prob  06− 1.393e
Amp       14.2±  1027 
mean      0.0002± 0.9605 
widh      0.00001± 0.04283 
a         0.0521±0.9237 − 
n         1.0±   101 
P0        3.5±630.9 − 
P1        8.9±  3494 
P2        14.2±6407 − 
P3        21.5±  3895 
P4        17.91± 23.32 

 = [ 1.950001 - 2.025001]mmP
 189±Sig: 9729 
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Prob  06− 1.458e
Amp       15.8±  1161 
mean      0.001± 0.957 
widh      0.00001± 0.04348 
a         0.0005±0.9163 − 
n         0.6±   101 
P0        23.4±188.8 − 
P1        62.9± 738.6 
P2        30.40±22.15 − 
P3        177.7±2684 − 
P4        107.6±  2596 

 = [ 2.025001 - 2.125]mmP
 152±Sig: 11182 
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mean      0.000± 0.957 
widh      0.0001± 0.0445 
a         0.075±1.003 − 
n         0.5±   101 
P0        30.2±176.9 − 
P1        81.0± 708.4 
P2        28.9±120.4 − 
P3        201.5±2290 − 
P4        121.6±  2268 

 = [ 2.125 - 2.225]mmP
 214±Sig: 9544 
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Prob   0.0003514
Amp       13.9± 805.3 
mean      0.0003± 0.9561 
widh      0.00004± 0.04509 
a         0.01±1.04 − 
n         0.6±   101 
P0        34.3±115 −  
P1        90.8± 500.9 
P2        35.6±120.9 − 
P3        231.6±1733 − 
P4        138.6±  1832 

 = [ 2.225 - 2.325]mmP
 134±Sig: 7802 
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Prob   0.0009911
Amp       11.6± 636.5 
mean      0.0010± 0.9515 
widh      0.0001± 0.0461 
a         0.001±1.256 − 
n         0.9±   101 
P0        3.7±1186 − 
P1        9.7±  6610 

P2        1.507e+01±1.292e+04 − 
P3        22.8±  9934 
P4        16.0±2088 − 

 = [ 2.325 - 2.425]mmP
 111±Sig: 6122 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
100
200
300
400
500
600
700
800
900

1000  / ndf 2χ  69.86 / 50
Prob   0.03321
Amp       11.5± 536.7 
mean      0.0011± 0.9499 
widh      0.00001± 0.04728 
a         0.001±1.322 − 
n         0.6±   101 
P0        39.4±1125 − 
P1        184.5±  6250 

P2        3.556e+02±1.213e+04 − 
P3        361.6±  9264 
P4        146.0±1944 − 

 = [ 2.425 - 2.525]mmP
 112±Sig: 5260 
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Amp       13.4± 851.9 
mean      0.0021± 0.9448 
widh      0.00008± 0.04829 
a         0.00±1.32 − 
n         0.5±   101 
P0        5.0±603.6 − 
P1        13.4±  3457 
P2        20.5±6562 − 
P3        30.3±  4082 
P4        20.3± 155.6 

 = [ 2.525 - 2.725]mmP
 133±Sig: 8530 
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Prob   0.002161
Amp       11.5± 583.9 
mean      0.001± 0.937 
widh      0.00007± 0.04957 
a         0.00±1.13 − 
n         0.9±   101 
P0        4.5±643.1 − 
P1        12.2±  3608 
P2        19.3±6951 − 
P3        29.2±  4864 
P4        20.3±452.4 − 

 = [ 2.725 - 2.925]mmP
 121±Sig: 6136 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
100
200
300
400
500
600
700
800  / ndf 2χ  69.65 / 48

Prob   0.02219
Amp       11.8± 407.3 
mean      0.0009± 0.9328 
widh      0.0001± 0.0507 
a         0.1±1.3 −  
n         0.7±   101 
P0        41.62± 47.03 
P1        117.930±3.799 − 
P2        13.9±220.2 − 
P3        236.5±244 −  
P4        146.6± 759.1 

 = [ 2.925 - 3.125]mmP
 124±Sig: 4287 
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Amp       11.1± 479.8 
mean      0.0006± 0.9249 
widh      0.00001± 0.05201 
a         0.00±3.35 − 
n         0.5±   100 
P0        6.8± 109.5 
P1        4.3±136.3 − 
P2        14.1±310.9 − 
P3        8.582± 7.282 
P4        17.7±   817 

 = [ 3.125 - 3.525]mmP
 115±Sig: 5004 
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Prob   0.4361
Amp       9.5± 234.7 
mean      0.0022± 0.9125 
widh      0.00007± 0.05349 
a         2.650±2.962 − 
n         0.9± 100.1 
P0        339.4±  1044 
P1        1758.2±5292 − 
P2        3309.4±  9783 
P3        2680.3±8025 − 
P4        789.8±  2761 

 = [ 3.525 - 3.925]mmP
 101±Sig: 2518 
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mean      0.0034± 0.8981 
widh      0.0016± 0.0559 
a         0.00±2.96 − 
n         0.6±   100 
P0        5.6±   635 
P1        13.7±3356 − 
P2        17.4±  6441 
P3        20.1±5403 − 
P4        12.2±  1849 

 = [ 3.925 - 4.4]mmP
 64±Sig: 1182 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
50

100
150
200
250
300
350
400
450
500  / ndf 2χ  56.21 / 58

Prob   0.5423
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mean      0.0052± 0.8747 
widh      0.0019± 0.0579 
a         0.001±2.962 − 
n         0.8± 100.8 
P0        3.1± 135.6 
P1        10.0±810.7 − 
P2        14.5±  1737 
P3        19.4±1608 − 
P4        12.5±   663 

 = [ 4.4 - 5.2]mmP
 50±Sig: 636 
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Amp       2.26± 11.81 
mean      0.0002± 0.8456 
widh      0.0029± 0.0589 
a         0.001±2.962 − 
n         0.8± 100.6 
P0        10.65± 25.54 
P1        75.9±181.5 − 
P2        190.4± 468.3 
P3        198.2±509.5 − 
P4        72.1± 233.2 

 = [ 5.2 - 6.0]mmP
 26±Sig: 139 
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Prob   0.0178
Amp       1.036± 2.448 
mean      0.0003± 0.8456 
widh      0.0001± 0.0601 
a         0.00±2.96 − 
n         0.8±   100 
P0        1.358± 6.867 
P1        10.73±74.35 − 
P2        26.6± 258.2 
P3        24.6±332.2 − 
P4        7.5± 148.2 

 = [ 6.0 - 7.5]mmP
 12±Sig: 29 

Figure B.4: Missing mass distribution of detected neutron p(e, e′π+)n for different Pmm
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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 / ndf 2χ  863.2 / 30
Prob       0
Amp       38.2±  5317 
mean      0.00±  0.93 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         1.0±   100 
P0        3.720e+02± 2.041e+04 
P1        8.874e+02±5.164e+04 − 
P2        81.5±1591 − 
P3        1.352e+03± 8.117e+04 
P4        7.601e+02±4.712e+04 − 

 = [ 0.375 - 0.45]mmP
 259±Sig: 36090 
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Prob       0
Amp       39.7±  6185 
mean      0.00±  0.93 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         0.5±   100 
P0        3.422e+02± 2.316e+04 
P1        7.965e+02±5.859e+04 − 
P2        56.6±  1693 
P3        1.080e+03± 8.314e+04 
P4        5.916e+02±4.775e+04 − 

 = [ 0.45 - 0.525]mmP
 269±Sig: 41991 
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Prob       0
Amp       42.5±  6624 
mean      0.00±  0.93 
widh      0.0000± 0.0317 
a         0.00±1.14 − 
n         0.8±   100 
P0        3.880e+02± 2.608e+04 
P1        8.710e+02±6.174e+04 − 
P2        1.921e+02±1.108e+04 − 
P3        1.453e+03± 1.056e+05 
P4        7.747e+02±5.674e+04 − 

 = [ 0.525 - 0.6]mmP
 285±Sig: 44525 
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Prob  41− 6.296e
Amp       39.1±  7262 
mean      0.00±  0.93 
widh      0.0000± 0.0317 
a         0.0009±0.7938 − 
n         0.8±   100 
P0        2.169e+01±1.499e+04 − 
P1        3.730e+01± 1.171e+05 

P2        5.069e+01±2.926e+05 − 
P3        6.092e+01± 2.939e+05 
P4        4.507e+01±1.013e+05 − 

 = [ 0.6 - 0.675]mmP
 287±Sig: 53352 
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Prob  45− 2.803e
Amp       45.9±  7470 
mean      0.00±  0.93 
widh      0.00001± 0.03171 
a         0.0008±0.7938 − 
n         0.9±   100 
P0        4.897e+03±3.408e+04 − 
P1        2.299e+04± 1.987e+05 

P2        3.993e+04±4.193e+05 − 
P3        3.041e+04± 3.773e+05 
P4        8.571e+03±1.205e+05 − 

 = [ 0.675 - 0.7499999]mmP
 337±Sig: 54899 
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Prob       0
Amp       39.2±  7159 
mean      0.00±  0.93 
widh      0.00002± 0.03182 
a         0.0008±0.7892 − 
n         0.6±   100 
P0        1.924e+01±3.645e+04 − 
P1        3.373e+01± 2.113e+05 

P2        4.723e+01±4.424e+05 − 
P3        5.953e+01± 3.943e+05 
P4        4.494e+01±1.246e+05 − 

 = [ 0.7499999 - 0.8249999]mmP
 289±Sig: 52889 
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Prob  41− 2.274e
Amp       37.9±  6919 
mean      0.00±  0.93 
widh      0.00001± 0.03251 
a         0.001±0.719 − 
n         0.9±   100 
P0        1.922e+01±5.508e+04 − 
P1        3.400e+01± 2.904e+05 

P2        4.75e+01±5.62e+05 − 
P3        6.006e+01± 4.692e+05 
P4        4.544e+01±1.405e+05 − 

 = [ 0.8249999 - 0.8999999]mmP
 294±Sig: 53881 
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Prob       0
Amp       36.4±  6311 
mean      0.00±  0.93 
widh      0.00001± 0.03312 
a         0.001±0.699 − 
n         0.5±   101 
P0        1.97e+01±4.08e+04 − 
P1        3.458e+01± 2.184e+05 

P2        4.821e+01±4.269e+05 − 
P3        6.081e+01± 3.573e+05 
P4        4.620e+01±1.061e+05 − 

 = [ 0.8999999 - 0.9749999]mmP
 291±Sig: 50557 
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Prob       0
Amp       43.8±  5878 
mean      0.00±  0.93 
widh      0.00001± 0.03328 
a         0.0006±0.6247 − 
n         0.5±   100 
P0        520.9±  4796 
P1        1167.4±9177 − 
P2        444.6±5700 − 
P3        2.394e+03± 1.547e+04 
P4        1290.3±3556 − 

 = [ 0.9749999 - 1.05]mmP
 365±Sig: 49147 
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Amp       42.2±  5343 
mean      0.00±  0.93 
widh      0.00001± 0.03359 
a         0.0008±0.6384 − 
n         0.5±   100 
P0        513.4±  4968 
P1        1161.7±9375 − 
P2        369.5±5476 − 
P3        2.245e+03± 1.456e+04 
P4        1214.8±2839 − 

 = [ 1.05 - 1.125]mmP
 353±Sig: 44830 
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Amp       29.2±  4841 
mean      0.00±  0.93 
widh      0.00001± 0.03391 
a         0.0011±0.6005 − 
n         0.7±   101 
P0        1.2±  2268 
P1        1.3±3211 − 
P2        1.4±3644 − 
P3        1.4±  2845 
P4        1.4±  3442 

 = [ 1.125 - 1.2]mmP
 253±Sig: 41986 
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Prob  32− 4.635e
Amp       30.5±  4303 
mean      0.00±  0.93 
widh      0.00001± 0.03494 
a         0.0017±0.6017 − 
n         0.5±   101 
P0        19.7± 361.2 
P1        34.7±  1103 
P2        48.3±2237 − 
P3        60.9±5411 − 
P4        47.6±  7763 

 = [ 1.2 - 1.275]mmP
 271±Sig: 38380 
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Prob  33− 4.726e
Amp       28.3±  3863 
mean      0.00±  0.93 
widh      0.00001± 0.03595 
a         0.0016±0.6912 − 
n         0.9±   101 
P0        13.1±6925 − 
P1        2.567e+01± 3.373e+04 

P2        3.711e+01±5.566e+04 − 
P3        4.999e+01± 3.244e+04 
P4        38.6±2052 − 

 = [ 1.275 - 1.35]mmP
 246±Sig: 33683 
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Prob  24− 1.552e
Amp       31.9±  3430 
mean      0.00±  0.93 
widh      0.00001± 0.03694 
a         0.0017±0.7015 − 
n         0.7±   101 
P0        222.4±1288 − 
P1        529.6±  4749 

P2        160.0±786.8 − 
P3        1.072e+03±1.269e+04 − 
P4        5.973e+02± 1.144e+04 

 = [ 1.35 - 1.425]mmP
 284±Sig: 30553 
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Prob  25− 1.995e
Amp       23.6±  3053 
mean      0.0000± 0.9314 
widh      0.00001± 0.03761 
a         0.0018±0.8585 − 
n         0.5± 100.9 
P0        1.1±1148 − 
P1        1.3±  4327 

P2        1.4±843.1 − 
P3        1.381e+00±1.158e+04 − 
P4        1.39e+00± 1.06e+04 

 = [ 1.425 - 1.5]mmP
 200±Sig: 25960 
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Prob  05− 1.233e
Amp       25.2±  2697 
mean      0.0004± 0.9337 
widh      0.0001± 0.0383 
a         0.0216±0.8585 − 
n         0.5±   101 
P0        18.39± 35.86 
P1        32.1±  1503 
P2        44.6±1616 − 
P3        55.7±5633 − 
P4        44.2±  6979 

 = [ 1.5 - 1.575]mmP
 217±Sig: 23300 
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mean      0.0005± 0.9345 
widh      0.00001± 0.03898 
a         0.0126±0.8043 − 
n         0.6±   101 
P0        12.5±920.3 − 
P1        24.3±  3484 
P2        34.9±668.8 − 
P3        46.5±9425 − 
P4        36.6±  8668 

 = [ 1.575 - 1.65]mmP
 208±Sig: 21354 
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a         0.0077±0.8643 − 
n         0.5±   101 
P0        314.0±1553 − 
P1        903.8±  8007 

P2        3.635e+02±1.186e+04 − 
P3        811.5±  2393 
P4        575.2±  4052 

 = [ 1.65 - 1.725]mmP
 235±Sig: 18611 
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widh      0.00001± 0.04085 
a         0.0117±0.9643 − 
n         0.7±   101 
P0        30.0±649.1 − 
P1        85.8±  2305 
P2        37.8± 258.8 
P3        256.4±8031 − 
P4        164.5±  7090 

 = [ 1.725 - 1.8]mmP
 189±Sig: 16633 
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mean      0.0006± 0.9328 
widh      0.00001± 0.04155 
a         0.0281±0.9643 − 
n         0.6± 100.2 
P0        44.9±778.9 − 
P1        159.1±  3384 
P2        100.8±2898 − 
P3        141.1±4090 − 
P4        127.2±  5282 

 = [ 1.8 - 1.875]mmP
 184±Sig: 14755 
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a         0.0075±0.9643 − 
n         0.6± 100.4 
P0        34.4±558.7 − 
P1        96.7±  2005 
P2        35.50± 38.13 
P3        262.7±6460 − 
P4        165.7±  5775 

 = [ 1.875 - 1.950001]mmP
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widh      0.00001± 0.04282 
a         0.0176±0.9643 − 
n         1.0±   101 
P0        6.2±1775 − 
P1        15.4±  8696 

P2        2.379e+01±1.361e+04 − 
P3        35.3±  5845 
P4        28.2±  1586 

 = [ 1.950001 - 2.025001]mmP
 157±Sig: 11862 
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Prob   0.0006272
Amp       20.1±  1476 
mean      0.0007± 0.9297 
widh      0.00001± 0.04348 
a         0.0137±0.9643 − 
n         0.9±   101 
P0        73.7±573.7 − 
P1        198.7±  2153 
P2        53.3±342 −  
P3        458.9±6175 − 
P4        280.8±  5821 

 = [ 2.025001 - 2.125]mmP
 190±Sig: 14016 
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Prob   0.01301
Amp       16.9±  1257 
mean      0.0001± 0.9297 
widh      0.0001± 0.0445 
a         0.0098±0.9743 − 
n         1.0±   101 
P0        9.7±163.2 − 
P1        21.1±487.1 − 
P2        30.9±  5575 
P3        4.188e+01±1.154e+04 − 
P4        34.2±  7390 

 = [ 2.125 - 2.225]mmP
 166±Sig: 12202 
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Prob   0.00267
Amp       15.4±  1034 
mean      0.0004± 0.9287 
widh      0.00004± 0.04509 
a         0.0005±0.9649 − 
n         0.5±   101 
P0        8.8±447.4 − 
P1        19.3±  1711 
P2        28.2±405.8 − 
P3        38.9±4624 − 
P4        29.6±  4468 

 = [ 2.225 - 2.325]mmP
 151±Sig: 10189 
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Prob   0.001594
Amp       14.6± 890.3 
mean      0.0009± 0.9309 
widh      0.0001± 0.0461 
a         0.19±1.27 − 
n         1.0±   101 
P0        6.1±1112 − 
P1        15.7±  5823 
P2        23.9±9817 − 
P3        35.4±  4862 
P4        26.8± 890.5 

 = [ 2.325 - 2.425]mmP
 140±Sig: 8537 
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Prob   0.7913
Amp       14.8± 755.8 
mean      0.001± 0.929 
widh      0.00001± 0.04728 
a         0.13±1.32 − 
n         0.5± 100.1 
P0        46.1±331.1 − 
P1        129.8±  1222 
P2        32.9±164.8 − 
P3        313.8±3565 − 
P4        197.8±  3400 

 = [ 2.425 - 2.525]mmP
 144±Sig: 7395 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400  / ndf 2χ  63.37 / 42

Prob   0.01815
Amp       17.1±  1218 
mean      0.0008± 0.9283 
widh      0.00009± 0.04829 
a         0.002±1.322 − 
n         0.9±   101 
P0        8.9± 577.8 
P1        21.7±4116 − 
P2        3.261e+01± 1.192e+04 
P3        4.686e+01±1.632e+04 − 
P4        35.3±  8871 

 = [ 2.525 - 2.725]mmP
 171±Sig: 12174 
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Amp       15.0± 905.7 
mean      0.0009± 0.9258 
widh      0.00007± 0.04957 
a         0.008±1.138 − 
n         0.7±   101 
P0        8.4±  1072 
P1        20.6±6629 − 
P2        3.06e+01± 1.61e+04 
P3        4.354e+01±1.848e+04 − 
P4        32.4±  8664 

 = [ 2.725 - 2.925]mmP
 156±Sig: 9483 
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Amp       13.0± 653.1 
mean      0.0011± 0.9229 
widh      0.0001± 0.0507 
a         0.3±1.9 −  
n         0.7±   101 
P0        9.9±229.4 − 
P1        22.2± 963.1 
P2        31.8±405 −  
P3        42.7±2571 − 
P4        31.5±  2888 

 = [ 2.925 - 3.125]mmP
 133±Sig: 6679 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0

500

1000

1500

2000

2500

3000  / ndf 2χ  124.5 / 50
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mean      0.0001± 0.9216 
widh      0.00001± 0.05201 
a         0.4±2.5 −  
n         0.5±   101 
P0        11.3±  3737 
P1        2.746e+01±2.044e+04 − 
P2        3.807e+01± 4.209e+04 
P3        5.000e+01±3.957e+04 − 
P4        3.303e+01± 1.512e+04 

 = [ 3.125 - 3.525]mmP
 153±Sig: 8999 
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Prob   0.003158
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mean      0.0016± 0.9149 
widh      0.00009± 0.05349 
a         0.3±3 −    
n         0.6±   101 
P0        8.1± 285.3 
P1        21.9±1385 − 
P2        30.7±  2856 
P3        41.6±3387 − 
P4        27.6±  2192 

 = [ 3.525 - 3.925]mmP
 117±Sig: 4725 
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Prob   0.1699
Amp       7.4± 226.5 
mean      0.0001± 0.9194 
widh      0.0012± 0.0559 
a         0.4±3 −    
n         0.5± 100.9 
P0        1.1±  2033 
P1        1.293e+00±1.071e+04 − 
P2        1.34e+00± 2.08e+04 
P3        1.340e+00±1.782e+04 − 
P4        1.3±  6027 

 = [ 3.925 - 4.4]mmP
 83±Sig: 2538 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
100
200
300
400
500
600
700
800  / ndf 2χ  55.24 / 62

Prob   0.7157
Amp       5.8± 116.1 
mean      0.0001± 0.9241 
widh      0.0013± 0.0579 
a         0.161±3.004 − 
n         0.7±   100 
P0        0.76±12.42 − 
P1        1.3±  93.2 
P2        1.3±105.8 − 
P3        1.3±237.5 − 
P4        1.3± 490.2 

 = [ 4.4 - 5.2]mmP
 67±Sig: 1348 
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widh      0.0021± 0.0589 
a         0.001±2.962 − 
n         1.0± 100.9 
P0        2.4± 189.4 
P1        7.5±1182 − 
P2        9.9±  2683 
P3        12.1±2636 − 
P4        6.8±  1004 

 = [ 5.2 - 6.0]mmP
 41±Sig: 353 
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Prob   0.05773
Amp       1.909± 8.483 
mean      0.00±  0.97 
widh      0.00±  0.06 
a         0.002±2.962 − 
n         0.5±   101 
P0        2.0± 176.6 
P1        4.9±943.7 − 
P2        5.9±  1850 
P3        6.6±1585 − 
P4        3.9± 519.3 

 = [ 6.0 - 7.5]mmP
 22±Sig: 102 

Figure B.5: Missing mass distribution of expected neutron p(e, e′π+)n for different Pmm
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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Prob  10− 1.336e
Amp       10.1± 433.2 
mean      0.000± 0.929 
widh      0.0000± 0.0317 
a         0.00±1.08 − 
n         1.0±   100 
P0        127.7±  1388 
P1        294.7±3648 − 
P2        27.3± 611.2 
P3        329.9±  4388 
P4        182.4±2662 − 

 = [ 0.375 - 0.45]mmP
 68±Sig: 2940 
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Amp       12.6± 682.8 
mean      0.000± 0.929 
widh      0.0000± 0.0317 
a         0.02±1.08 − 
n         0.8±   100 
P0        88.6±  1752 
P1        230.6±4772 − 
P2        57.9±  1318 
P3        230.3±  4901 
P4        142.5±3076 − 

 = [ 0.45 - 0.525]mmP
 85±Sig: 4636 
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Amp       13.6±  1009 
mean      0.000± 0.929 
widh      0.0000± 0.0317 
a         0.02±1.14 − 
n         0.6± 100.7 
P0        0.9±  1287 
P1        1.2±2899 − 
P2        1.3±1376 − 
P3        1.3±  6447 
P4        1.1±3311 − 

 = [ 0.525 - 0.6]mmP
 91±Sig: 6780 
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Prob  15− 3.241e
Amp       15.3±  1382 
mean      0.000± 0.929 
widh      0.0000± 0.0317 
a         0.0008±0.7938 − 
n         0.5±   101 
P0        4.8±  1036 
P1        8.2±2584 − 
P2        11.55± 48.49 
P3        14.5±  3483 
P4        10.7±1850 − 

 = [ 0.6 - 0.675]mmP
 112±Sig: 10159 
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Prob  24− 5.299e
Amp       19.5±  1673 
mean      0.000± 0.929 
widh      0.00001± 0.03171 
a         0.0031±0.7938 − 
n         0.5±   101 
P0        191.7±  1088 
P1        423.6±2642 − 
P2        129.8±131.5 − 
P3        781.3±  3744 
P4        416.3±1905 − 

 = [ 0.675 - 0.7499999]mmP
 143±Sig: 12288 
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Prob  26− 3.897e
Amp       18.6±  1857 
mean      0.000± 0.929 
widh      0.00002± 0.03182 
a         0.0182±0.7892 − 
n         0.7±   101 
P0        4.428e+00± 1.005e+04 
P1        7.433e+00±4.406e+04 − 
P2        1.068e+01± 7.069e+04 
P3        1.400e+01±4.938e+04 − 
P4        1.163e+01± 1.288e+04 

 = [ 0.7499999 - 0.8249999]mmP
 146±Sig: 13713 
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Prob  14− 9.386e
Amp       21.5±  2041 
mean      0.000± 0.929 
widh      0.00001± 0.03251 
a         0.014±0.719 − 
n         0.5±   101 
P0        2.181e+03± 1.427e+04 
P1        1.029e+04±6.411e+04 − 
P2        1.801e+04± 1.059e+05 
P3        1.386e+04±7.652e+04 − 
P4        3.954e+03± 2.062e+04 

 = [ 0.8249999 - 0.8999999]mmP
 167±Sig: 15872 
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Prob  14− 3.434e
Amp       20.0±  2108 
mean      0.0004± 0.9293 
widh      0.00001± 0.03313 
a         0.018±0.699 − 
n         1.0±   101 
P0        6.167e+00± 2.325e+04 
P1        1.075e+01±1.081e+05 − 
P2        1.540e+01± 1.856e+05 
P3        1.996e+01±1.398e+05 − 
P4        1.699e+01± 3.922e+04 

 = [ 0.8999999 - 0.9749999]mmP
 177±Sig: 16827 
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Prob  13− 1.342e
Amp       19.3±  2097 
mean      0.000± 0.929 
widh      0.00001± 0.03329 
a         0.0127±0.6247 − 
n         0.7±   101 
P0        5.853e+00± 2.341e+04 
P1        9.874e+00±1.073e+05 − 
P2        1.418e+01± 1.814e+05 
P3        1.840e+01±1.343e+05 − 
P4        1.485e+01± 3.699e+04 

 = [ 0.9749999 - 1.05]mmP
 178±Sig: 17609 
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Prob  11− 7.62e
Amp       19.5±  2116 
mean      0.001± 0.929 
widh      0.0000± 0.0336 
a         0.0132±0.6384 − 
n         1.0±   101 
P0        5.316e+00± 1.824e+04 
P1        8.976e+00±8.265e+04 − 
P2        1.307e+01± 1.375e+05 
P3        1.729e+01±9.991e+04 − 
P4        1.4e+01± 2.7e+04 

 = [ 1.05 - 1.125]mmP
 180±Sig: 17793 
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Prob  09− 3.045e
Amp       20.1±  2073 
mean      0.0004± 0.9294 
widh      0.00001± 0.03392 
a         0.0148±0.6005 − 
n         0.7±   101 
P0        6.958e+00± 2.011e+04 
P1        1.176e+01±9.121e+04 − 
P2        1.68e+01± 1.52e+05 
P3        2.147e+01±1.105e+05 − 
P4        1.677e+01± 2.988e+04 

 = [ 1.125 - 1.2]mmP
 195±Sig: 18030 
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Prob  11− 1.162e
Amp       18.9±  1964 
mean      0.00±  0.93 
widh      0.00001± 0.03495 
a         0.0137±0.6246 − 
n         0.9±   101 
P0        7.834e+00± 2.286e+04 
P1        1.327e+01±1.028e+05 − 
P2        1.862e+01± 1.694e+05 
P3        2.321e+01±1.216e+05 − 
P4        1.728e+01± 3.236e+04 

 = [ 1.2 - 1.275]mmP
 188±Sig: 17337 
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Prob  11− 1.392e
Amp       17.5±  1901 
mean      0.0004± 0.9295 
widh      0.00001± 0.03595 
a         0.0078±0.6912 − 
n         0.6±   101 
P0        3.6±2811 − 
P1        8.282e+00± 1.664e+04 

P2        1.243e+01±3.562e+04 − 
P3        1.82e+01± 3.23e+04 
P4        1.31e+01±1.02e+04 − 

 = [ 1.275 - 1.35]mmP
 152±Sig: 16603 
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Prob  07− 1.909e
Amp       19.9±  1797 
mean      0.00±  0.93 
widh      0.00001± 0.03695 
a         0.0262±0.7214 − 
n         0.6±   101 
P0        469.0±3733 − 
P1        2.584e+03± 2.164e+04 

P2        5.228e+03±4.558e+04 − 
P3        4.586e+03± 4.089e+04 
P4        1.462e+03±1.289e+04 − 

 = [ 1.35 - 1.425]mmP
 284±Sig: 15878 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0
200
400
600
800

1000
1200
1400
1600
1800
2000  / ndf 2χ  95.83 / 45

Prob  05− 1.549e
Amp       16.8±  1651 
mean      0.0005± 0.9313 
widh      0.00001± 0.03761 
a         0.0057±0.8585 − 
n         1.0±   100 
P0        3.0±4269 − 
P1        7.245e+00± 2.506e+04 
P2        1.11e+01±5.34e+04 − 
P3        1.671e+01± 4.839e+04 
P4        1.23e+01±1.54e+04 − 

 = [ 1.425 - 1.5]mmP
 143±Sig: 14048 
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Prob  07− 7.84e
Amp       19.2±  1522 
mean      0.0001± 0.9336 
widh      0.0001± 0.0383 
a         0.0069±0.8585 − 
n         0.5±   100 
P0        208.6±2897 − 
P1        1.221e+03± 1.758e+04 

P2        2.623e+03±3.851e+04 − 
P3        2.437e+03± 3.561e+04 
P4        8.22e+02±1.14e+04 − 

 = [ 1.5 - 1.575]mmP
 166±Sig: 13178 
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Prob  06− 2.425e
Amp       15.6±  1387 
mean      0.0006± 0.9335 
widh      0.00001± 0.03898 
a         0.0041±0.8043 − 
n         0.9±   100 
P0        2.5±2307 − 
P1        6.707e+00± 1.421e+04 
P2        1.08e+01±3.15e+04 − 
P3        1.732e+01± 2.931e+04 
P4        13.0±9353 − 

 = [ 1.575 - 1.65]mmP
 140±Sig: 12454 
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Prob   0.01111
Amp       14.9±  1243 
mean      0.00±  0.93 
widh      0.00002± 0.03997 
a         0.0118±0.8643 − 
n         1.0±   100 
P0        3.4±3676 − 
P1        8.325e+00± 2.149e+04 

P2        1.298e+01±4.553e+04 − 
P3        1.98e+01± 4.09e+04 
P4        1.50e+01±1.28e+04 − 

 = [ 1.65 - 1.725]mmP
 134±Sig: 11200 
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Prob   0.05849
Amp       14.5±  1142 
mean      0.0001± 0.9332 
widh      0.00001± 0.04085 
a         0.0121±0.9643 − 
n         0.5±   100 
P0        2.6±2044 − 
P1        6.963e+00± 1.246e+04 

P2        1.146e+01±2.731e+04 − 
P3        1.853e+01± 2.501e+04 
P4        14.4±7745 − 

 = [ 1.725 - 1.8]mmP
 129±Sig: 10218 
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Prob   0.01978
Amp       13.9±  1023 
mean      0.0001± 0.9327 
widh      0.00001± 0.04155 
a         0.2242±0.9643 − 
n         1.0±   101 
P0        3.9±3104 − 
P1        8.937e+00± 1.795e+04 

P2        1.400e+01±3.761e+04 − 
P3        2.10e+01± 3.33e+04 
P4        1.631e+01±1.017e+04 − 

 = [ 1.8 - 1.875]mmP
 126±Sig: 9302 

0 0.5 1 1.5 2 2.5

  MM [GeV]

0

200

400

600

800

1000

1200
 / ndf 2χ   68.7 / 42
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mean      0.0007± 0.9312 
widh      0.00001± 0.04255 
a         0.0166±0.9643 − 
n         0.5± 100.5 
P0        545.5±2697 − 
P1        3.002e+03± 1.533e+04 

P2        6.083e+03±3.146e+04 − 
P3        5.367e+03± 2.716e+04 
P4        1733.1±7993 − 

 = [ 1.875 - 1.950001]mmP
 154±Sig: 9014 
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Figure B.6: Missing mass distribution of detected neutron p(e, e′π+)n for different Pmm
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
Pmm 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 Pmm using Crystal ball + polynomial background.
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Figure B.9: The mean of the expected (left) and detected (right) neutron as a function of
Pmm 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
Pmm using Crystal ball + polynomial background.
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Figure B.11: The P0 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Crystal ball + polynomial background.
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Figure B.12: The P1 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Crystal ball + polynomial background.
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Figure B.13: The P2 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Crystal ball + polynomial background.
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Figure B.14: The P3 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Crystal ball + polynomial background.
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Figure B.15: The P4 parameter of the expected (left) and detected (right) neutron as a
function of Pmm using Crystal ball + polynomial background.

152



1 2 3 4 5 6 7

 [GeV]mmP 

90

92

94

96

98

100

102

104

106

108

110

n 
[G

eV
]

 

n of Expected Neutron using Crystal Ball Function

Inbending Data 10.6 GeV

Outbending Data 10.6 GeV

Inbending Data 10.2 GeV

n of Expected Neutron using Crystal Ball Function

1 2 3 4 5 6 7

 [GeV]mmP 

90

92

94

96

98

100

102

104

106

108

110

n 
[G

eV
]

 

n of Detected Neutron using Crystal Ball Function

Inbending Data 10.6 GeV

Outbending Data 10.6 GeV

Inbending Data 10.2 GeV

n of Detected Neutron using Crystal Ball Function

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

Measured Gn
M values and errors

A table will be added that shows the final result of Gn
M and the statistical uncertainty

for the three different beam energies individual as well as the weighted average of Gn
M

and the statistical and systematic uncertainty

Q2 10.2 GeV 10.4 GeV 10.6 GeV

[GeV2] Gn
M/µnGD σstat Gn

M/µnGD σstat Gn
M/µnGD σstat

4.89 1.2305 0.2051 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 0.0603 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 0.1080 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 Gn
M/µnGD and statistical errors for each dataset. The

Q2 values given are the central value of each Q2 bin.
.
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Q2 [GeV2] Gn
M/µnGD σstat σsyst σTotal

4.89 1.2077 0.1572 0.1349 0.2071

5.33 1.2830 0.0437 0.0512 0.0673

5.78 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 Gn
M/µnGD, statistical and systematic uncertainties

from the waighted average. The Q2 values given are the central value of each Q2 bin.
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