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Abstract
Deeply virtual exclusive reactions provide unique channels to study both transverse
and longitudinal properties of the nucleon simultaneously, allowing for a 3D image
of nucleon substructure. This presentation will discuss work towards extracting an
absolute cross section for one such exclusive process, deeply virtual neutral pion
production, using 10.6 GeV electron scattering data off a proton target from the
CLAS12 experiment in Jefferson Lab Hall B . This measurement is important as
exclusive meson production has unique access to the chiral odd GPDs, and is also a
background for other exclusive processes such as DVCS, making the determination
of this cross section crucial for other exclusive analyses.
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Chapter 1

Introduction

Humans have tried to understand the nature of the world around us for millennia,

with discerning the structure of matter being a central effort in this quest. Famously,

the Greek philosophers Leucippus and Democritus (∼ 5th century BCE) are credited

with the concept of “atomism” - the belief that matter is composed of tiny indivisible

particles called atoms (from the Greek 𝛼𝜏𝑜𝜇𝑜𝜎, roughly translating to “uncuttable”

(C.C.W. Taylor, 1999). Even further back, there are Indian records from as early as

the 8th century BCE conceptualizing the world as being built from tiny fundamental

particles (Thomas McEvilley, 2002).

Scientific progress on this front stalled until the early 1800s, when chemists ex-

plored how different elements combined in to form compounds in specific, repeatable,

small integer ratios. John Dalton formulated this idea as the Law of Multiple Pro-

portions, which paved the way for early scientific atomic theory (Britannica, 2010).

In 1897, J.J. Thomson discovered the first subatomic particle, the electron, by study-

ing cathode rays (J. Thomson, 1901). Accordingly, he devised a model of the atom

which had electrons embedded in a ball of positively charged material, called the

15



Figure 1-1: J.J. Thomson’s Plum Pudding Model of the atom (Britannica, 2023)

Thomson, or Plum Pudding, Model(Jaume Navarro, 1995).

With the idea that the atom was a composite object, scientists began experimen-

tation to study its exact structure. This was the start of what has been the 120 years

of particle scattering studies to probe first atomic, then nuclear structure.

The rest of this chapter details the findings of previous scattering experiments

and provides a background on Generalized Parton Distributions and Deeply Virtual

Exclusive Processes, the topic of this work. Chapter 2 describes the experimen-

tal configuration of the CLAS12 detector and data taking conditions. Chapter 3

discusses data analysis procedures to reconstruct particles and classify events from

detector level information. Simulations and computational pipelines for this work

are presented in chapter 4. The analysis procedure for combining experimental and

simulated data into a differential cross section with correction factors is discussed
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in chapter 5. Chapter 6 displays and discusses results and uncertainties. Chap-

ter 7 summarizes this work and lays a path for finalizing the measurement. The

appendices include numerous technical details and supplemental plots.

1.1 Exploring Structure through Scattering

The typical length scales for atoms and nucleons are 0.1 nm which is far smaller

than the wavelength of human-visible light (∼ 500 nm). As such, atomic and nu-

clear structure must be explored by forcing some interaction and then inferring the

structure from the observed results. Thomson’s atomic model was famously tested

in the early 1900s by Ernest Rutherford’s research group, wherein 𝛼 particles were

fired at thin metal targets, and the scattering behaviour was observed (Geiger and

Marsden, 1909) (Rutherford, 1911).

The results were not consistent with Thomson’s model, but instead indicated that

there was a very small, dense, positively charged nucleus at the center of every atom.

Further experiments by Rutherford would lead to the discovery of the proton around

1920 (Rutherford, 1919). Puzzles about the nucleus remained, including a consistent

description of isotopes, until 12 years later when James Chadwick suggested the

existence of the neutron (Chadwick, 1932). With electrons and the two nucleons

discovered, it seemed as though the indivisible constituents of the atom were finally

realized, but future experiments showed a much more complex, sub-nuclear structure.

1.1.1 Scattering at Different Resolution Scales

The diffraction limit for microscopic (compared to telescopic) systems can be ap-

proximated by equation 1.1, where n is the index of refraction, 𝜃 is a measure of the

17 TOC Flow: 1-17



device aperture, 𝜆 is the wavelength of the probe, and d is the minimum resolvable

length scale. Thus, the wavelength of a probe sets a fundamental lower limit on

the achievable resolution of a microscopic imaging system - roughly, at small enough

distances, the probe’s waves interfer, prohibiting resolution at or below that scale.

𝑑 = 𝜆

2𝑛 sin 𝜃 . (1.1)

For visible light microscope systems, 𝜆 ∼ 500 nm, and so the minimum resolvable

feature size is approximately d ∼ 250 nm. Techniques exist to extend the resolution

size by approximately an order of magnitude, e.g. expansion microscopy (Chen,

Tillberg, and Boyden, 2015) or Near-Field Scanning Optical Microscopy (Ma et al.,

2021), but non-visible-light probes are needed for scales below ∼ 10 nm.

In particular, the de Broglie relationship 1.2 (Broglie, 1924) states that the wave-

length 𝜆 of a particle is inversely proportional to its momentum p, with h being

Planck’s constant.

𝜆 = ℎ

𝑝
. (1.2)

With this relationship, we can see that by increasing a particle’s momentum,

its effective wavelength is reduced. This is the fundamental principle which allows

electron microscopes to image matter at a resolution of ∼ 10-0.1 nm (Franken et al.,

2020), corresponding to electron momenta of ∼ 1-100 keV. At this scale, viruses,

cells, molecular structures, and even atoms can be imaged (Williams and Carter,

2009), with striking results commonly published online. Other probes could be used

to circumvent the diffraction limit, such as high energy (low-wavelength) photons or
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high momentum (low de Broglie wavelength) protons or neutrons, but electrons are

an ideal candidate in this regime as they are easy to produce, steer, interact with

the target, and detect.

To move beyond imaging at the atomic scale (∼ 1 Å) to the nuclear scale (∼ 1

fm) requires probes that are 100,000 times more powerful. Electrons are still an ideal

probe due to their (apparent) lack of internal structure, but rather than a room sized

microscope, an entire accelerator facility is needed to achieve high enough energies

and luminosities for sub-nuclear scale resolution.

1.1.2 Elastic Scattering and Form Factors

At these scales, it becomes useful to introduce the notion of cross sections. . Cross

section definition, from britannica: cross section, in nuclear or subatomic particle

physics, is the proability that a given atomic nucleus or subatomic particle will

exhibit a specific reaction (for example, absorption, scattering, or fission) in relation

to a particular species of inident particle. Cross section is expressed in terms of

area, and its numerical value is chosen so that, if the bombarding particle hits a

circular area of this size perpendicular to its path and centered at the target nucleus

or particle, the given reaction occurs, and, if it misses the area, the reaction does

not occur. The reaction cross section is usually not the same as the geometric cross-

sectional area of the target nucleus or particle. The unit of reaction cross section is

the bar, equal to 10-24 square cm.

Imaging with electrons (or other non-visible-light probes) at any energy scale is

commonly understood in terms of scattering cross sections, 𝜎, with dimensions of

area and interpreted as the probability for a certain interaction to occur. Typical

elastic scattering cross sections for transitions metals with 100 keV incident electrons
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as in electron microscopy are ∼ 10−22𝑚2 (Williams and Carter, 2009). In contrast,

the cross sections to be discussed in this thesis are on the order of tens of nanobarn

( 10−36𝑚2), or 14 orders of magnitude smaller.

Figure 1-2: Elastic scattering diagram.

The scattering cross section for a probe (such as an electron) incident on a tar-

get, can be calculated at lowest order by considering a fixed (no recoil), point-like

(no structure), radially symmetric Coulomb potential (e.g., a proton) with a non-

relativistic incident charged particle. The resulting equation was used by Ruther-

ford’s group in the discovery of the nucleus, and for an electron beam of energy 𝐸𝑏𝑒𝑎𝑚

is given by (1.3), where 𝛼 is the fine structure constant.

𝜃

2( 𝑑𝜎
𝑑Ω)𝑅𝑢𝑡ℎ = 𝛼2

16𝐸2
𝑏𝑒𝑎𝑚 sin4 (𝜃/2) . (1.3)

To probe smaller resolution scales, it is necessary to increase the energy of the

beam, and eventually the probe must be treated relativistically. This correction term

is provided by the Mott scattering cross section, given by (1.4), which still assumes

a fixed, point-like target, with only Coulomb interactions.
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( 𝑑𝜎
𝑑Ω)𝑀𝑜𝑡𝑡 = 𝛼2

4𝐸2 sin4 (𝜃/2) cos2 𝜃

2 =
(︃

𝛼

2𝐸 sin2 (𝜃/2) cos 𝜃2

)︃2

= 4 cos2 𝜃

2( 𝑑𝜎
𝑑Ω)𝑅𝑢𝑡ℎ.

(1.4)

At higher incident electron energies (and thus finer spatial resolutions), the pro-

ton’s finite size must be accounted for, as well as the momentum transferred to it.

The tree-level Feynman diagram for elastic electron-proton scattering is show in in

Fig. 1-3. The incoming electron e exchanges a virtual photon with the proton p,

resulting in a momentum transfer of 𝑞 = 𝑝𝑒′ − 𝑝𝑒.

Figure 1-3: Tree-level elastic scattering Feynman diagram.

The momentum transfer q sets the resolution scale for these processes, but it is

convenient to work with the negative square of this value, defined as 𝑄2 = −𝑞2. With

this term, we can express the relativistic differential cross section for the scattering

of electrons off a resting, point-like proton as in (1.5), where 𝑚𝑝 is the mass of the
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proton.

𝑑𝜎

𝑑Ω = 𝛼2

4𝐸2
𝑏𝑒𝑎𝑚 sin4 (𝜃/2)

𝐸𝑒′

𝐸𝑏𝑒𝑎𝑚

(cos2 𝜃

2 + 𝑄2

2𝑚2
𝑝

sin 𝜃2

2
). (1.5)

Compared with Mott Scattering, there are two differences in this formula: The
𝐸𝑒′

𝐸𝑏𝑒𝑎𝑚
term in the scattering cross section comes from the electron losing energy to

the proton’s final state kinetic energy (no longer fixed), and the term proportional

to sin2(𝜃/2) is due to a purely magnetic spin-spin interaction.

If the proton were a point, then (1.5) would agree with experiment for all electron

scattering energies. Instead, deviations are observed as we increase the beam energy.

To account for this structure, we need to include two form factors, 𝐺𝐸(𝑄2) - related

to the distribution of charge, and 𝐺𝑀(𝑄2), related to the distribution of magnetism

inside the proton. In the low-𝑄2 limit, these form factors are the Fourier transforms

of the charge an magnetic moment distributions as in (1.6) and 1.7, reducing to the

charge and the magnetic moment of the proton in the 𝑄2 = 0 limit.

𝐺𝐸(𝑄2) ≈ 𝐺𝐸(𝑞2) =
∫︁
𝑒𝑖𝑞·𝑟𝜌(𝑟)𝑑3𝑟; 𝐺𝐸(0) =

∫︁
𝜌(𝑟)𝑑3𝑟 = 1. (1.6)

𝐺𝑀(𝑄2) ≈ 𝐺𝐸(𝑞2) =
∫︁
𝑒𝑖𝑞·𝑟𝜇(𝑟)𝑑3𝑟; 𝐺𝑀(0) =

∫︁
𝜇(𝑟)𝑑3𝑟 = 2.79. (1.7)

Including these form factors in our cross section gives us the full elastic scattering

cross section, as shown in (1.8).
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𝑑𝜎

𝑑Ω = 𝛼2

4𝐸2
1 sin4 (𝜃/2)

𝐸3

𝐸1

(︃
𝐺2

𝐸 + 𝜏𝐺2
𝑀

1 + 𝜏
cos2 𝜃

2 + 2𝜏𝐺2
𝑀

𝑄2

2𝑚2
𝑝

sin2(𝜃2)
)︃
, (1.8)

where 𝜏 = 𝑄2

4𝑚2
𝑝
.

Figure 1-4: Samples of charge distributions and their corresponding form factors
𝐹 (q2), from (M. Thomson, 2013).

By the 1960s, elastic scattering had been studied sufficiently well as to measure

the proton form factors up to several GeV2/c2 in 𝑄2. The observed results were

consistent with a proton having a ‘dipole’ form factor, as shown in Fig. 1-4. In-

vestigating proton structure at finer spatial resolutions requires increasing the beam

energy, but eventually the the elastic scattering cross section becomes negligible and

instead the interactions are sufficiently energetic so as to create additional particles.

1.1.3 Inelastic Scattering and Parton Distribution Functions

Elastic scattering can be defined as interactions where the target stays intact; specif-

ically, the variable W is the invariant mass of the outgoing struck target (1.9), where
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elastic scattering satisfies the condition 𝑊 2 = 𝑚2
𝑝. If 𝑊 2 > 𝑚2

𝑝, we instead have

inelastic scattering, written as ep→e’X, where X stands for some outgoing hadronic

system, as shown in the Feynman diagram in Fig. 1-5.

𝑊 2 ≡ (𝑝𝑝 + 𝑞)2 = (𝑝𝑝 + (𝑝𝑒 − 𝑝𝑒′))2. (1.9)

Figure 1-5: Feynman Diagram for Inelastic Scattering.

The cross section for inelastic scattering has several peaks at various proton

resonances, as indicated in the upper sketch of Fig. 1-6. Continuing to higher

energy transfers we reach the ‘Deep Inelastic Scattering‘ (DIS) regime, defined by

kinematics as 𝑄2 > 1 GeV2 and W2 >4 GeV2. Note that in the DIS process, the

proton is smashed apart, yielding many subparticles. Other high-energy inelastic

processes where the proton is left intact will be discussed in section 1.2.1.

Since we remove the constraint that the mass of the final state is the proton mass,

we now have one extra degree of freedom, i.e., we need at least 2 variables to describe
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Figure 1-6: Schematic plot of cross section as a function of electron energy transfer
for inclusive electron scattering off a proton (top) and a nucleus (bottom), from
(T. W. Donnelly et al., 2017).

scattering here. Convenient choices and the squared four-momentum transfer of the

virtual photon 𝑄2 and Bjorken X 𝑥𝐵, defined in (1.10). 𝑥𝐵 is a measure of elasticity:

𝑥𝐵= 1 for elastic scattering. It is useful in that it can also be interpreted as the

fraction of proton momentum carried by the struck quark in the infinite momentum

frame.

𝑥𝐵 ≡ 𝑄2

2𝑝𝑝 · 𝑞
= 𝑄2

𝑄2 +𝑊 2 −𝑚2
𝑝

. (1.10)

Another useful quantity is y, which is a measure of the inelasticity of the scatter-

ing. It is the fractional energy lost by the electron in the scattering process, where

y=0 is for perfectly elastic collisions, and is given by (1.11)
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𝑦 ≡ 𝑝𝑝 · 𝑞
𝑝𝑝 · 𝑝𝑒

= 𝜈

𝐸𝑏𝑒𝑎𝑚

= 1 − 𝐸𝑒′

𝐸𝑏𝑒𝑎𝑚

, (1.11)

where 𝜈 is the energy transferred in the collision (1.12).

𝜈 = 𝑄2

2 * 𝑥𝐵 *𝑚𝑝

. (1.12)

With these definitions, we can write the differential cross section for inelastic

scattering. Note that the general formula for the differential cross section for elastic

scattering, (1.8) can be re-written in explicitly Lorentz-invariant form as in (1.13).

𝑑𝜎

𝑑Ω = 4𝜋𝛼2

𝑄4

[︃(︃
1 − 𝑦 −

𝑚2
𝑝𝑦

2

𝑄2

)︃
𝐺2

𝐸 + 𝜏𝐺2
𝑀

1 + 𝜏
+ 𝑦2𝐺

2
𝑀

2

]︃
. (1.13)

This equation can be generalized to include inelastic scattering by replacing the

terms corresponding to the combinations of form factors 𝐺𝐸 and 𝐺𝑀 with structure

functions 𝐹1(𝑥𝐵, 𝑄
2) and 𝐹2(𝑥𝐵, 𝑄

2), which describe proton structure as a function

of both independent variables. This results in the differential cross section given by

(1.14) .

𝑑𝜎

𝑑Ω = 4𝜋𝛼2

𝑄4

[︃(︃
1 − 𝑦 −

𝑚2
𝑝𝑦

2

𝑄2

)︃
𝐹2(𝑥𝐵, 𝑄

2)
𝑥𝐵

+ 𝑦2𝐹1(𝑥𝐵, 𝑄
2)
]︃
. (1.14)

Experiments in the 1960s on DIS indicated that the structure functions 𝐹1(𝑥𝐵, 𝑄
2)

and 𝐹2(𝑥𝐵, 𝑄
2) were nearly independent of 𝑄2, a feature known as Bjorken scaling

(Bjorken and Paschos, 1969). This indicated scattering was occurring off of point-
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like constituents - current experiment results provide a constraint on the maximum

radius of these constituent to be at most 10−18 m (M. Thomson, 2013).

Secondly, DIS results indicated that the two structure functions could be ex-

pressed as 𝐹2(𝑥𝐵) = 2*𝑥𝐵 *𝐹1(𝑥𝐵), named the Callan-Gross relation. This relation-

ship can be explained if the electron is scattering off of spin-half point-like particles

inside the proton, which combined with Bjorken scaling provides strong evidence

for the existence of quarks inside the proton, and motivated the development of the

parton model (Feynman, 1969).

The parton model connects the experimentally measurable structure functions to

Parton Distribution Functions (PDFs) which describe the distribution of proton lon-

gitudinal momentum amongst its constituents. Specifically, a PDF 𝑞𝑖(𝑥𝐵) describes

the probability density of finding a parton carrying a longitudinal momentum frac-

tion in the interval (𝑥𝐵, 𝑥𝐵 + 𝑑𝑥𝐵). The relationship between PDFs and structure

functions is given by (1.15), where 𝑄𝑖 is the charge of each quark.

𝐹 𝑝
2 (𝑥𝐵) = 𝑥𝐵

∑︁
𝑖

𝑄2
𝑖 𝑞𝑖(𝑥𝐵). (1.15)

Structure functions have been studied in great detail over a very large kinematic

range across 𝑄2 and 𝑥𝐵, the results of which are shown in Fig. 1-7.
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Figure 1-7: The proton structure function 𝐹 𝑝
2 , measured at various experiments as

listed, all with 𝑊 2 > 3.5𝐺𝑒𝑉 2. 𝐹 𝑝
2 values have been multiplied by 2𝑖𝑥 for visual

purposes, from (Zyla et al., 2020).

The global experimental results can be combined with theoretical QCD frame-

works such as the DGLAP evolution equations (Altarelli and Parisi, 1977). to plot

PDFs for various constituents of the proton, as shown in Fig. 1-8.
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Figure 1-8: Quark and gluon distribution functions from NNLO NNPDF3.0 global
analysis at 𝜇2= 10 GeV2 (left) and 𝜇2= 104 GeV2 (right), from (Zyla et al., 2020).

All of these major scattering scales explored through the 20𝑡ℎ century are summa-

rized in Fig. 1-9, spanning roughly four orders of magnitude in length scale. While

steady increases in resolving power have been made, the focus of this work (red

triangle in figure) is not to image even finer scale parton dynamics, but rather to

understand the multidimensional structure of the nucleon. In particular, while PDFs

allow for a 1 dimensional mapping of the inner workings of a proton, even more

information can be gleaned from more complex scattering reactions. Efforts are now

directed towards so called proton tomography - 3D imaging of nucleon structure -

which is the focus of this analysis.

1.2 Process Background

The term tomography is derived from the Greek word tomos, which translates to

slice or section. In the medical field, CT scans (computed tomography) combine
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Figure 1-9: Scattering experiments performed at different energy scales reveal differ-
ent information about proton structure. This work (red triangle) focuses on multi-
dimensional structure mapping in the valence quark regime. Figure modified from
(Klein, 2005).
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many 2-D images from X-ray scans to generate a three-dimensional reconstruction

of bodily organs. Building on this, proton tomography harnesses many nuclear reac-

tions to reconstruct multi-dimensional mappings of partons’ spatial and momentum

distributions inside nucleons.

1.2.1 Wigner Functions, Generalized Parton Distributions

In classical mechanics, a particle can be completely described by its position in its

six-dimensional phase space (three spatial and three momentum coordinates). An

ensemble of such particles can be most completely understood through its phase

space distribution function, which contains the probability of finding a particle in

a particular region in phase space. In quantum systems, a pure phase space distri-

bution is not well defined because of Heisenberg’s uncertainty principle. However,

in 1932 Eugene Wigner introduced a formalism that addressed this (Wigner, 1932),

yielding functions that provide the most comprehensive representation achievable for

quantum systems.

Wigner Quasi-probability Distributions

Wigner Quasi-probability Distributions, commonly referred to as simply Wigner

functions or Wigner distributions, are defined as in (1.16). This can be integrated

over x (p) to yield momentum (space) density, but for arbitrary (x,p) the distri-

bution can take negative values, and so violates probability axioms and thus is a

quasi-probability distribution rather than a full probability distribution. Wigner

distributions are useful outside of particle physics, notably in signal processing, with

more details available in (Hillery et al., 1984).
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𝑊 (𝑥, 𝑝) = 1
𝜋ℎ̄

∫︁ ∞

−∞
𝜓*(𝑥+ 𝜂)𝜓(𝑥− 𝜂)𝑒2𝑖𝑝𝜂/ℎ̄𝑑𝜂. (1.16)

The corresponding generalization to relativistic quark and gluon phase space

distributions is covered in (Ji, 2004) to yield a Wigner Operator (1.17) which can be

used to obtain the reduced quantum phase-space quark distributions in the nucleon

(1.18).

𝑊̂Γ(𝑟⃗, 𝑘) =
∫︁ ∞

−∞
𝑒𝑖𝑘·𝜂Ψ̄(𝑟⃗ − 𝜂/2)ΓΨ(𝑟⃗ − 𝜂/2)𝑑4𝜂 (1.17)

𝑊Γ(𝑟⃗, 𝑘⃗) =
∫︁ 𝑑𝑘−

4𝜋2
1
2

∫︁ 𝑑3𝑞⃗

8𝜋3 𝑒
−𝑖𝑞·𝑟⃗ ⟨𝑞⃗/2| 𝑊̂Γ(𝑟⃗, 𝑘) |−𝑞⃗/2⟩ . (1.18)

Here we have integrated over 𝑘− = (𝑘0 − 𝑘𝑧)/
√

2, the light-cone energy, since it

is difficult to measure in high-energy processes.

Generalized Parton Distributions

No known experiments currently exist that are able to directly measure this distri-

bution (nor is it known if it is possible). Fortunately, in recent decades theorists

have been able to link experimental observables to further reduced forms of (1.18).

Specifically, integration can be performed over spatial coordinates to yield Trans-

verse Momentum Distributions (TMDs) which are outside the scope of this work.

Alternatively, integration can be performed over momentum coordinates to yield

Generalized Parton Distributions (GPDs), which encode transverse spatial as well as

32 TOC Flow: 1-17



longitudinal momentum distributions of partons inside the nucleon. As shown in (Ji,

2004), at leading-twist (twist-2), iterating through all choices of the Dirac matrix for

quark distributions Γ yields 8 distinct GPDs. They are generally expressed in terms

of parton momentum fraction x, skewness 𝜉 = −𝑞2

𝑞·𝑃 ∼ 𝑥𝐵

2−𝑥𝐵
, and momentum transfer

t.

4 correspond to helicity conserving (chiral even) processes and 4 correspond to

helicity flipping (chiral odd) processes: 𝐻, 𝐸, 𝐻̃, and 𝐸̃ for chiral even, and 𝐻𝑇 ,

𝐸𝑇 , 𝐻̃𝑇 , and 𝐸̃𝑇 (𝐸̄𝑇 = 2*𝐻̃𝑇 +𝐸𝑇 is commonly used). Table 1.1 summarizes the

GPDs with respect to polarization states.

Nucleon

Polarization

Quark Polarization

U lllllL T

U 𝐻 * 𝐸̄𝑇 = 2*𝐻̃𝑇 +𝐸𝑇

L * llll𝐻̃ 𝐸̃𝑇

T 𝐸 𝐸̃ 𝐻𝑇 ,𝐻̃𝑇

Table 1.1: GPDs Across Nucleon and Quark Polarizations. * forbidden by parity.

GPDs can be understood by considering further integrations and forward limits

- in the same way that the nucleon charge must be recovered when integrating over

PDFs or Form Factors, these functions themselves are recovered when appropriately

integrating over GPDs, as in Fig. 1-10. Specifically, first moments of the GPDs 𝐻

and 𝐸 are related to the Dirac and Pauli form factors 𝐹1 and 𝐹2 respectively:
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Figure 1-10: Relation cube, from (M. Burkardt and Pasquini, 2016).

∫︁
𝑑𝑥𝐻(𝑥, 𝜉, 𝑡) = 𝐹1(𝑡) (1.19)

∫︁
𝑑𝑥𝐸(𝑥, 𝜉, 𝑡) = 𝐹2(𝑡). (1.20)

GPDs have been shown (Ji, 1997) to encode spin distributions and also can

be interpreted as describing the transverse spatial distribution of quarks (Matthias

Burkardt, 2007). Further, GPDs relation to energy-momentum tensor form factors

(EMTs) allows access to EMT densities, which describe the distribution of energy,

momentum, and pressure inside the nucleon. It was originally not known how to

measure GPDs, but later were found to be experimentally accessible through deeply

virtual exclusive processes (DVEP) relying on factorization theorems (Collins and

Freund, 1999), (Bauer et al., 2002).
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1.2.2 Deeply Virtual Exclusive Processes

Deeply virtual exclusive processes are interactions occurring with high photon vir-

tuality (𝑄2 >> 𝑚2
𝑝) in the DIS regime (𝑊 2 >> 𝑚2

𝑝), with thresholds normally set

to require 𝑄2 > 1 GeV2 and 𝑊 > 2 𝐺𝑒𝑉 . The processes involve the scattering of

a virtual photon off a nucleon target, yielding either a real photon or mesons, along

with an intact final state nucleon and incident particle (e.g. from an electron or

muon beam). These processes are in stark contrast to DIS, where the nucleon target

is shattered into many pieces, and can instead be thought of as a hard yet precise

non-invasive process. Different reactions have been shown to have different GPD

dependencies, and thus provide different windows into sub-nucleon mechanics.

Deeply Virtual Compton Scattering and Meson Production

Fig. 1-11 illustrates diagrams for Deeply Virtual Compton Scattering (DVCS) and

Deeply Virtual Meson Production (DVMP).

Figure 1-11: Feynman diagrams for DVCS (left) and DVMP (right), from
(Kubarovsky, 2011). DA refers to the appropriate meson distribution amplitude.

DVCS is widely regarded as the “cleanest ” channel and has already been lever-
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aged to provide great insights into the structure of the nucleon. For example, Fig. 1-

12 shows the pressure distribution inside a proton from DVCS data (V. D. Burkert,

Elouadrhiri, and Girod, 2018), which has since been further investigated by theorists

to generate similar mappings through LQCD as in Fig. 1-13

Figure 1-12: Proton Pressure Distribu-
tion from DVCS data, from (V. D. Burk-
ert, Elouadrhiri, and Girod, 2018).

Figure 1-13: Proton Pressure Distribu-
tion from Lattice QCD, from (Shanahan
and Detmold, 2019).

DVCS is primarily sensitive to non-quark spin flip GPDs (e.g. 𝐻, 𝐸), as are

DVMP for vector mesons, such as the 𝜌. On the other hand, pseudoscalar meson

production, such as pions, are sensitive to the transversity, or chiral-odd, GPDs.

Additionally, some meson processes, such as 𝜑 due to its strange quark content, are

particularly sensitive to gluon GPDs. This work focuses on DVMP with the pro-

duction of a neutral pion, 𝜋0, which in addition to accessing chiral-odd GPDs, is an

important background for other processes such as DVCS due to sample contamina-

tion from 𝜋0 decay (Lee, 2022).

Deeply Virtual Neutral Pion Production

The Feynman diagram for Deeply Virtual Neutral Pion Production (DV𝜋0P or

DVPiP) is shown in Fig. 1-14.
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Figure 1-14: DV𝜋0P Feynman Diagram.

The unpolarized cross section for DV𝜋0P can be decomposed into longitudinal

and transverse structure functions as in (1.21), the formalism for which is covered

in (Donnachie and Shaw, 1978), (Dreschsel and Tiator, 1992), and (T. Donnelly,

Jeschonnek, and Van Orden, 2023).

𝑑4𝜎𝑒𝑝→𝑒𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

= Γ(𝑄2, 𝑥𝐵, 𝐸) 1
2𝜋

{︃(︃
𝑑𝜎𝑇

𝑑𝑡
+ 𝜖

𝑑𝜎𝐿

𝑑𝑡

)︃
+ 𝜖𝑐𝑜𝑠(2𝜑)𝑑𝜎𝑇 𝑇

𝑑𝑡
+
√︁

2𝜖(1 + 𝜖)𝑐𝑜𝑠(𝜑)𝑑𝜎𝐿𝑇

𝑑𝑡

}︃
.

(1.21)

Here Γ is the virtual photon flux as in (1.22) and represents the number of virtual

photons per scattered electron (Amaldi, Fubini, and Furlan, 1979), 𝜖 is the ratio of

transverse to longitudinally polarized photons (1.23), 𝜑 is the angle between the

lepton and hadron planes, as illustrated in Fig. 1-15, and the structure functions

can be expressed as convolutions of GPDs as shown in (1.24)-(1.27) as discussed in

(Bedlinskiy et al., 2014).
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Γ(𝑄2, 𝑥𝐵, 𝐸) = 𝛼

8𝜋
𝑄2

𝑚2
𝑝𝐸

2
1 − 𝑥𝐵

𝑥3
𝐵

1
1 − 𝜖

(1.22)

𝜖 =
1 − 𝑦 − 𝑄2

4𝐸2

1 − 𝑦 + 𝑦2

2 + 𝑄2

4𝐸2

(1.23)

Figure 1-15: Diagram of Lepton-Hadron Plane Angle 𝜑.

𝑑𝜎𝐿

𝑑𝑡
= 4𝜋𝛼
𝑘𝑄2

{︃(︁
1 − 𝜉2

)︁
|⟨𝐻̃⟩|2 − 2𝜉2ℜ

[︁
⟨𝐻̃⟩*⟨𝐸̃⟩

]︁
− 𝑡′

4𝑚2 𝜉
2|⟨𝐸̃⟩|2

}︃
(1.24)

𝑑𝜎𝑇

𝑑𝑡
= 2𝜋𝛼𝜇2

𝜋

𝑘𝑄4

{︃(︁
1 − 𝜉2

)︁
|⟨𝐻𝑇 ⟩|2 − 𝑡′

8𝑚2 |⟨𝐸̄𝑇 ⟩|2
}︃

(1.25)
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𝑑𝜎𝐿𝑇

𝑑𝑡
= 4𝜋𝛼𝜇𝜋√

2𝑘𝑄3
𝜉
√︁

1 − 𝜉2

√
−𝑡′

2𝑚 ℜ
{︁
⟨𝐻𝑇 ⟩*⟨𝐸̃⟩

}︁
(1.26)

𝑑𝜎𝑇 𝑇

𝑑𝑡
= 4𝜋𝛼𝜇2

𝜋

𝑘𝑄4
−𝑡′

16𝑚2 ⟨𝐸̄𝑇 ⟩2 (1.27)

The terms involved in these expressions are:

• t’ = t - 𝑡0 where 𝑡0 = −4𝑚2𝜉2

1−𝜉2

• Skewness 𝜉 = 𝑥𝐵

2−𝑥𝐵

• The bracket ⟨𝐹 ⟩ is the convolution of a GPD and an appropriate subprocess

amplitude: ⟨𝐹 ⟩ = Σ𝜆

∫︀ 1
−1 𝑑𝑥̄𝐻0𝜆,0𝜆 (𝑥̄, 𝜉, 𝑄2, 𝑡 = 0)𝐹 (𝑥̄, 𝜉, 𝑄2, 𝑡)

– 𝜆 is the unobserved helicites of the partons participating in the subprocess

• Phase space factor 𝑘 = 16𝜋
(︁
𝑊 2 −𝑚2)

√︁
Λ(𝑊 2,−𝑄2,𝑚2)

)︁
– Λ(𝑊 2,−𝑄2,𝑚2) is the Källén function: 𝑊 4+𝑄4+𝑚4+2𝑊 2𝑄2+2𝑄2𝑚2−

2𝑊 2𝑚2

• Reduced pion mass 𝜇𝜋0 = 𝑚2
𝜋0

𝑚𝑢+𝑚𝑑

– 𝑚𝑢 and 𝑚𝑑 are respective masses of up and down quarks

1.2.3 Status of DV𝜋0P Measurements

With theoretical advancements occuring in the mid 1990s to early 2000s, the first

analyses of experimental measurements of DV𝜋0P have only been released in the

past decade.

39 TOC Flow: 1-17



Summary of Existing Measurements

The earliest of such measurements were take at the Thomas Jefferson National Accel-

erator Facility (JLab) with a ∼ 6 GeV electron beam. Two of the four experimental

halls - Hall A (Fuchey et al., 2011) and Hall B (Bedlinskiy et al., 2014) produced

cross section results. Hall A houses a small acceptance precision spectrometer and

recorded data in several kinematic bins. Hall B housed a large acceptance spectrom-

eter, yielding cross section measurements over a large kinematic regime.

Recent upgrades at JLab have nearly doubled the beam energy to 10.6 GeV,

and both detector halls have accumulated data allowing for the measurement of this

process. Both halls repeated data taking at this higher energy, with Hall A recently

releasing updated cross section values across three fixed 𝑥𝐵 bins (0.36,0.48 and 0.6)

and over a range of 𝑄2 values from 3 to 9 GeV2 (Dlamini et al., 2021).

This work expands on these results by covering a much larger kinematic regime,

as well as having much higher statistics compared to the 6 GeV Hall B result. A

kinematic overlap plot in 𝑄2, 𝑥𝐵 is shown in Fig. 1-16 summarizes these differences.

It is also noted that the CERN COMPASS collaboration (Alexeev et al., 2020) has

measured this process using a 160 GeV muon beam, obtaining results over a much

lower 𝑥𝐵 range.
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Figure 1-16: Kinematic reach plot between this work and other results: CLAS6
(Bedlinskiy et al., 2014), COMPASSS (Alexeev et al., 2020), Hall A 6 GeV (Fuchey
et al., 2011), and Hall A 12 GeV (Dlamini et al., 2021). The reach shown for Hall A
are approximate areas around their reported bin centers.

Overview of This Analysis

This work details the analysis of data taken at the JLab CLAS12 experiment to

measure the deeply virtual neutral pion electroproduction cross section.

Chapter 2 describes the experimental setup. Chapter 3 discusses the computa-

tional and simulational infrastructure built and used as an integral part in estimating

correction factors and performing an accurate measurement. Chapter 4 explains the

specific analysis procedures and estimation methods used to arrive at cross section

values. Chapter 5 presents further physics analysis, made possible with the extracted

cross section values. Fig. 1-17 broadly summarizes the analysis flow; electronic read-
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ers can conveniently click on boxes for hyperlinks to relevant sections.

Cross sections are theoretically interpreted as the probability for a specific inter-

action to occur. They can be experimentally estimated by measuring the occurrence

frequency relative to the total possible interaction opportunities. In general, the

cross section 𝜎 can be expressed as (1.28) the number of measured events of interest

𝑁𝑚𝑒𝑎𝑠 divided by the number of total interaction opportunities ℒ. ℒis known as

luminosity and is a product of only experimental parameters, such as the number of

particles present and the experiment duration.

𝜎 = 𝑁𝑒𝑥𝑝

ℒ
(1.28)

Measuring the complete cross section at once is not feasible, so instead estimates

are made of the differential cross section (1.29), which instead evaluates the prob-

ability for a specific interaction to occur in a differential region of phase space, 𝑑𝜎
𝑑Ω .

Infinitesimal measurements are not possible, so events are counted over some small

discretized generalized volume ΔΩ.

𝑑𝜎

𝑑Ω = 𝑁𝑒𝑥𝑝

ℒΔΩ (1.29)

In practice, a number of correction terms need to be included to account for

differences between experiment and theory. These correction terms, combined with

the specifics of this analysis, yield the full experimental expression of the cross section

(1.30).

𝑑4𝜎𝑒𝑝→𝑒𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

= 𝑁(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋)
ℒ𝑖𝑛𝑡Δ𝑄2Δ𝑥𝐵Δ𝑡Δ𝜑𝜋

1
𝜖𝑎𝑐𝑐𝛿𝑅𝐶𝛿𝑁𝑜𝑟𝑚𝐵𝑟(𝜋0 → 𝛾𝛾) (1.30)
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The terms on the right-hand side of this equation are:

• 𝑁(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋) - Number of events recorded in a given 𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋 bin.

• ℒ𝑖𝑛𝑡 - Integrated luminosity

• Δ𝑄2Δ𝑥𝐵Δ𝑡Δ𝜑𝜋 - These are the bin sizes or intervals for the variables 𝑄2, 𝑥𝐵,

𝑡, and 𝜑𝜋.

• 𝜖𝑎𝑐𝑐 - Acceptance correction, which is a combination of detector efficiency and

geometrical acceptance, determined through simulations.

• 𝛿𝑅𝐶 - Radiative correction factor

• 𝛿𝑁𝑜𝑟𝑚 - Overall normalization factor

• 𝐵𝑟(𝜋0 → 𝛾𝛾) - Branching ratio of the decay of a neutral pion (𝜋0) into two

photons (𝛾𝛾), which is most recently measured at 98.8131% Husek, Goudzovski,

and Kampf, 2019
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Underlying Physics

CLAS12 Experiment

Experimental Detector Signals

Decoding and Reconstruction

Fiducial Filtering and File Conversion

Momentum Corrections

Event Selection

Experimental Events

GEANT4 Simulation

Simulated Detector Signals

Momentum Smearing

Simulated Events

Computational Event Generator

Generated Events

Cross section Measurement

Further Analysis

Figure 1-17: Analysis Overview Flowchart.
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Chapter 2

Experiment and Data Processing

This experiment was conducted at the Thomas Jefferson National Accelerator Facil-

ity, located in Newport News, Virginia. The experimental apparatus was installed

in Jefferson Lab Hall-B, and began taking data in Fall 2018. .

2.1 Accelerator and Beamline

The Thomas Jefferson National Accelerator Facility, also called Jefferson Lab (JLab),

is one of the 17 National Laboratories in the United States (Department of Energy,

2023), and functions mainly to deliver high energy, continuous wave (CW) electron

beams to fixed-target nuclear and particle physics experiments. The facility was

established in 1984 - initially named the Continuous Electron Beam Accelerator

Facility (CEBAF) - and first delivered a 4 GeV electron beam on July 1 1994 to

one of its three original detector halls. In 2006 efforts began to upgrade the facility

to produce an electron beam up to 12 GeV in energy, which was first successfully

delivered in 2015, as well as to construct a fourth detector hall for additional physics

45



experiments(Jefferson Lab, 2023). JLab is also home to a free-electron laser, capable

of 10+ kW CW operation (Benson et al., 2007).

Figure 2-1: An aerial view of the Thomas Jefferson National Accelerator Facility
(Wang, 2010). Note that this picture was taken before the addition of the fourth
detector hall (Hall D).

2.1.0.1 Accelerator Facility

Fig. 2-2 shows the overarching scheme of the entire accelerator facility relevant for

this experiment. Electrons are produced via the photoelectric effect from a 499 MHz

pulsed laser impinges on a Gallium Arsenide photocathode (Fig. 2-3a). The CEBAF

guns operate at 100 kV and accelerate the electrons through a beam chopper (Fig. 2-

3b) to create the desired beam structure (Fig. 2-3c) and into the main accelerator
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circuit, where 1497 MHz superconducting resonator (SRF) cavities provide further

acceleration (Fig. 2-3d). CEBAF’s two ∼ 1.1 GV linacs accelerate electrons by

consist of 50 cryomodules total, with each cryomodule housing 8 7-cell SRF cavities

and the liquid helium necessary to cool them, made possible by JLab’s 2K liquid

helium refrigerator, the largest in the world as of 2023. The electrons are steered

around the curved parts of the track by dipole magnets (Fig. 2-3e), making five

complete circulations before delivery to the three western experimental halls.

Figure 2-2: Schematic layout of the CEBAF accelerator at JLab. The racetrack
configuration has two linear accelerator portions ∼ 1/4 mile long, and is ∼ 7/8 mile
around (Wang, 2010).

2.1.0.2 Detector Hall B Beamline

Finally, excess beam is safely managed using beam dumps.

in beam dump area, link to own fraday cup paper Johnston et al., 2019

For entry into CLAS12, the beamline specs are as follows:
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(a) (b) (c)

(d) (e)

Figure 2-3: (a) CEBAF guns, (b) Beam chopper, (c) Beam structure, (d) Supercon-
ducting resonator, (e) Dipole magnets.

Beam current: up to 50 nA

Beam energy spread: 10−4

Beam size: Less than 0.4 mm

Beam stability: Less than 0.1 mm

Beam halo: 10−4

Beam polarization: up to 85%

As stated, for RGA, the fact that the beam is polarized is not useful, but it is

true and is measured by Moller Polarimeters.

Polarimietry: Good for beam energies between 100 MeV and 50 GeV. Polarized
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beam electrons are scat- tered from other polarized electrons in a target, usually

magnetized foils. Only a small fraction of all the target electrons are polarized, so

this method has a small analyzing power. Analyzing power is exactly calculable in

QED. At high beam energies, analyzing power and scattering probability both be-

come independently of beam energy. Maximum analyzing power is about 80versely

polarized target can be used to measure transverse beam polarization, but analyz-

ing power is only about 10tron at half beam energy, so magnets are used to bend

these electrons out to detectors. These detectors can be, for example lead glass total

absorption cherenkov counters.Since the two electrons are corellated, can use things

like time coincidence to reduce background, although for low duty factor accelera-

tors only one electron is required as statistics would otherwise be too low.A main

background to this process is Mott scattering with the electron radiating off energy

after scattering, appearing as a Moller electron

The scattering target is either iron or vanadium permendur (iron-cobalt alloy).

Only 2 of 26 electrons in iron have their spins oriented, leading to a total analyz-

ing power of only 6 percent and transverse analyzing power of only 1actually are

corresponds to an uncertainty in analyzing power. There are ’easy’ and ’hard’ mag-

netization schemes - easy does a soft magnetization, while hard uses a several tesla

mag- net to saturate the target. In principle, uncertainties on magnetization in the

hard scheme can be removed by using the Kerr magneto-optic effect, but this has

not ever been imple- mented. An important correction is due to the Levchuk effect,

where due to momentum differences between electrons in different shells, electrons

scattered off of polarized electrons are more likely to be detected than off of un-

polarized electrons. Specifically, inner electrons are unpolarized and have a large

average momenta, so when struck they can fall outside the 113 TOC acceptance of

the Moller detectors, while the outer electrons, which are polarized, have a small
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average momentum, and behave as expected. This is up to a 15measurements, and

is currently a work in progress.

Rasterization of some kind

The hydrogen target in RGA is cooled to 20 K using a He4 evaporation fridge.

Can by polarized by dynamic nuclear polarization, driven by a 140 GHz microwave

source, can reach 90% polarization for protons, 40% for deuterons (both longitudi-

nally polarized). The polarization can be measured by a Q-meter based NMR. 2.5

cm diameter target, extended 5 cm long.

RGA does not use a polarized target. The beam is polarized, but the target is not,

so polarization is not helpful for extracting the 5-fold differential cross section (but

it would be if the target was also polarized, and is useful for BSA measurements).

Luminosity in CLAS12 is measured from the Faraday Cup and using reference

reactions such as elastic scattering. We don’t use the Faraday Cup event by event,

but we do use it run by run. For beam current measurements, beam position monitors

upstream are used - but this is for monitoring on-line, not for analysis. Can manage

175 Watts - 17 nA at 10 GeV. Is used to calibrate beam current, needs a blocker in

at higher currents

2.2 CLAS Detectors and Run Conditions

2.2.1 CLAS Detector System

volker clas12 exp V. Burkert et al., 2020
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Figure 2-6: CLAS12 Detector System

Figure 2-7: CLAS12 Specification
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Figure 2-8: CLAS12 Data Rates, Compared to Other Experiments

CLAS12 acceptances and resolutions are also superior to that of CLAS6. Main

differences are: - RGK has outbending torus vs inbending CLAS6 data - the distance

between the target and the PCal has increased, the FTCal extends to lower angles,

and the gap between FTCal and PCal is much smaller than between IC and EC

- proton polar angle was limited to 60 deg in the e1dvcs dataset if my memory is

correct

2.2.1.1 Forward Detector

Overview:

2.2.1.2 HTCC

Used basically as an electron trigger. Composed of 60 lightweight ellipsoidal mir-

rors, that focus Cherenkov light onto eigh 5-inch phototubes (48 channels on entire
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HTCC). Working gas is CO2 at STP (n=1.0005, 𝜃𝑚𝑎𝑥 = 1.7 degrees, covers 5 to 35

degrees, 2𝜋 in azimuth. Active area 2.4 meters in diameter. Electron signal threshold

is 15 MeV, charged pion threshold is 5 GeV. 99.9% electron detection efficiency vs.

pions. 15 feet in diameter, 6 feet long. Mirror thickness is 0.1 g/𝑐𝑚2. Kaons have

no signal, as they would need 16 GeV to generate a signal. Uses Winston cones to

increase collection efficiency. 20 photoelectrons per electron in HTCC, 25% quantum

efficency. The PMTs have 14 dynodes, gain of about 107. HTCC material budget

0.135 g/𝑐𝑚2
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2.2.1.3 Torus

Outbending allows for lower Q2 measurements, inbending allows for slighly higher

Q2 measurements.
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6 coil torus, 4k amps, 3.5 Tesla torodial field, supercritical LHe cooled. 14.2

Megajoules stored energy. 2 Henries of inductance. Field strongest at small angles,

weakest at large angles. Inbending vs out bending: I have been wondering about

this as well. All I know is that inbending and outbending have different acceptances.

So, I guess some channels prefers inbending while the others do outbending? I’m not

sure though. FX claims outbending results have better quality for these days.
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2.2.1.4 Drift Chambers

There are 3 layers of drift chambers, each with 6 sections. Each chamber has 2

superlayers of 6 layers by 112 wires, for a total of 24,192 wires. (Structure is 112

wires * 6 layers * 2 superlayers * 18 DC sections = 24,192 wires). Physical wire

sectioning looks like:

(IIIIII)-(IIIIII)—(IIIIII)-(IIIIII)—(IIIIII)-(IIIIII) x 6 sectors

Where each "I" is a layer of 112 wires.

Spatial resolution is 300 𝜇 m, angular coverage 5-40 degrees. Momentum resolution

Δp/p < 1%, angular resolution is 1 mrad in theta, 1mrad/sin 𝜃 for phi. The Drift

Chambers are located 2, 3, and 4 meters from the gas mixture is 90/10 Argon/CO2.

Time resolution = ?

DC specifics: 30 micron diameter tungsten sense wires, 80 micron Cu-Be field wires,

140 micron Cu-Be guard wires. 20 g tension on sense, 62 g tension of field, 180 g on

guard. Max sag calculated to be on order of 10 microns.
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2.2.1.5 LTCC

6 sectors, perfluorobutane (𝐶4𝐹10) −→ n = 1.0013 −→ 𝜃𝑚𝑎𝑥 = 3 degrees. Electron

threshold 9 MeV, pion threshold 2.7 GeV, Kaon threshold 9.4 GeV. Allows for good

pion/kaon discrimination from 3.5 Gev to 9 GeV.

Each section has 108 mirrors, 36 winston cones, and 36 PMTs. Mirror is aluminium

with 𝑀𝑔𝐹2 coating. Kevlar support structure. Perflourobutane is 100% transparent

above 220 nm light.

Figure 2-9: Low Threshold Chrenkov Counter

2.2.1.6 RICH

Provides PID in the range of 3-8 GeV, replacing one sector of LTCC (right middle

sector). Pion/Kaon rejection factor > 500, Kaon/Proton rejection factor > 100.

Covers 5 to 25 degrees in theta, uses aerogel (n=1.05 −→ 𝜃𝑚𝑎𝑥 = 18 degrees). Pion
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threshold 460 MeV, Kaon threshold 1.6 GeV. Read out by 64 channel photomultipli-

ers. 𝛽𝑚𝑖𝑛=0.95, 𝛾𝑚𝑖𝑛 = 3.3

What is angular resolution?

Reminder of relevant equation:

cos 𝜃 = 1
𝛽𝑛

−→ 𝜃 = arccos 1
𝛽𝑛

(2.1)

𝛾 = 1√
1 − 𝛽2 −→ 𝛽 = 1 − 1

1 − 𝛾2 (2.2)

momentum ∼ 𝛾 𝜃

pion 3 21 17.4

kaon 3 6 12

pion 5 36 17.6

kaon 5 10.1 15.9

pion 8 57.1 17.7

kaon 8 16 17.1
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Detector Scintillator PMT

FTOF - 1a BC-408 Phillips XP2262, EMI 9954A

FTOF - 1b BC-404 Hama. R9779

FTOF - 2 BC-408 EMI 4312KB

PCAL FNAL Hama. R6095

ECAL BC-412 Philips XP2262, EMI 9954

CND EJ-200 Hama. R10533

CTOF BC-408 Hama. R2083

HTCC N/A ET 9823QKB

LTCC N/A 200 Photonis XP 4500B

LTCC N/A 16 Photonis XP 4508 (Quartz Window)

*ET stands for Electron Tube, a company. Could not find a spec sheet for this

PMT type. ** Could not find spec sheets for either HTCC, or LTCC PMTs.

Scintillator Detectors Principal Use/Features L.O. WME R/D Time L.A. Length

BC-404 FTOF-1b Fast Counting 68 408 0.7/1.8 140

BC-408 FTOF-1b,2,CTOF TOF - Large Area 64 425 0.9/2.1 210

BC-412 ECAL Large Area 60 434 1.0/3/3 210

EJ-200 CND Long attenuation, fast 64 425 0.9/2.1 380

L.O - Light Output - % Anthracene WME - Wavelength Maximum of Emitted

Photons R/D Time - Rise / Decay time (ns) L.A. Length - light attenuation length

(cm)

All scintillators have a PVT (Polyvinyltoluene) base.

EJ-200: 200 – 10K photons per 1 MeV.
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Thermal effects: EJ-200 loses 5% of its light output between 20 degrees C and

60 degrees C. No change between -60 to 20 degrees C.

PMT Det. TS/A WVE PHTC DNY Anode Time Resp.

Hama. R6095 PCAL 28/25 300/420/650 BA/BSG B&L/11/2.1 1500/0.1 4/30/3

Hama. R9779 FTOF-1b 51/46 300/420/650 BA/BSG LF/8/0.5 1750 /0.1 1.8/20/0.25

Hama. R10533 CND 51/46 300/420/650 BA/BSG LF/10/4.2 1000/0.1 2/24

Hama. R2083 CTOF 51/46 300/420/650 BA BSG LF/8/2.5 3000/0.2 0.7/16/

Phillips XP2262 FT1a ECAL

EMI 9954A FT1a ECAL

EMI 4312KB FTOF-2

No spec sheets could be found for the PMTs used in the TFOT1a, ECAL, or

FTOF-2. Typical dark currents for all PMTs are 100 nA.

Tube size / photocathode area (diameter in mm) Wavelength short / peak / long

(nm) Photocathode / window material (BA = Bialkali, BSG = Borosilicate Glass)

Dynode structure / stages / gain LF = Linear-focused, B&L = Box and line / /

Gain - Gain x 106 Anode to Cathode Voltage / Anode Current - Volts / mA Rise /

transit time/time spread in ns

R10533 PMT R2083 PMT R9779 PMT R6095 PMT

CND Scintillator

BC Scint Specs from Saint Gobain

CND PMT

CTOF PMT Spec sheet Bialkali photocathode, 8 dynodes, 2.5*106 typical gain

Linear-focused dynode structure Window material Borosilicate glass peak wavelength

420 nm, range from 300 to 650 nm. Max anode to cathode voltage of 3500 V, made

anode current of 0.2 mA. Dark current around 100 nA.
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2.2.1.7 FTOF

Used for PID, three layer system - 1a, 1b, and 2. Has a design resolution of 60 ps

to 160 ps. Average scintillation rate 250 kHz. Pion/Kaon separation up to 2.8 GeV,

Kaon Proton separation up to 4.8 GeV, pion proton separation up to 5.4 GeV.

6 meters away from target. Time resolution of 80 ps less than 36 degrees, 150 ps

greater than 36 degrees. PMTs are shileded from CLAS12 torus. 6 sectors, plastic

scintillator, double sided PMT readout. 3 panesl - 1a - 23 counters, 1b - 62 counters,

2 - 5 counters.

15cm wide x 5 cm deep x 33 cm up to 376 cm long.

20-30 cm up to 15x5 130 ps

350-400 cm 6x6 60 ps

370 to 430 cm, 22x5cm, 150 ps
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The timing resolution minimums are for being close to the beam axis where

particles are moving faster, and farther out from the beamline (larger theta) particles

are moving slower so a less resolved time difference is acceptable.

2.2.1.7.1 1a Coverage is 50% at 5 degrees to 85% at 35 degrees

Dimensions: L 32.3 cm to 376.1 cm, wxh = 15x5 cm

Material BC-408

PMTS: EMI 9954A, Phillips XP2262

Time resolution 90 - 160 ps small bar to big bars

2.2.1.7.2 1b Coverage is 50% at 5 degrees to 85% at 35 degrees

Dimensions: L 17.3 cm to 407.9 cm, wxh = 6x6 cm

Material BC-404 (first half) and BC-408

PMTS: Hamamatsu R9779
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Time resolution 60-110 ps small bar to big bars

2.2.1.7.3 2 Coverage is 85% at 35 degrees to 90% at 45 degrees

Dimensions: L 371.3 cm to 426.2 cm, wxh = 22x5 cm

Material BC-408

PMTS: EEMI 4312KB

Time resolution 140 - 165 ps small bar to big bars

For more FTOF specifcications, look here

FTOF two panels: Official answer from CLAS12 FTOF NIM paper: "For tracks

that pass through both arrays the combined time information (described in Ref. [10])

is used and results in a 20

I guess this is the right answer though: 1a is recycled one from CLAS while 1b

is new one.

2.2.1.8 PCal and ECal

ECal from CLAs could only contain showers with E < 5 GeV. Above 5.5 GeV,

couldn’t resolve neutral pion gamma gamma angle, so needed PCAL. PCAL is 7

meters from target, ECAL is 7.5 M from target. EC segmentation 10 cm, PCAL

finer segmentation. PCal 5.5 radiation lengths. 20.5 radiation lengths total. Both

are sampling calorimeters, with PB and scintillator layers. The CLAS ECAL was

resused and a new PCAL was installed in front of it. Primarily used for identifica-

tion of electrons, photons, gamma gamma decays from pions, and neutrons. They

are sampling calorimeters with six moduels. Each module has a triangular shape

with 54 (15/15/24 - PCAL/ECALinner/ECALouter) layers of 1 cm htick scintilla-
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tors segmented into 4.5/10 cm (PCAL/ECAL) wide strips and sandwiched between

2.2 mm thick lead sheets. The total thickness is about 20.5 radiation lengths.

Scintillator layers are grouped into three readout views with 5/5/8 PCAL/ECin-

ner/ECouter, layers per view providing several cm resolution of energy clusters. Light

from each scintillator readout group is routed to PMTs via flexible optical fibers.

Overall perfomance:

Energy resolution of 10%, position resolution of 2 cm, time resolution of 500 ps.

Are these the real statistics? Because they seem like BS.
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2.2.1.9 PCAL

50% coverage at 5 degrees, 85% coverage at 35 degrees. 15 scintillators, 14 lead

layers, per module. 1200 scintillator strips, 1x4.5 cm2 up to 432 cm long, with two

holes along the strip, and 0.25 mm TiO2 coating (reflective coating)

Lead sheets are 2.2 mm thick. Readout by fibers into 1 inch PMTs, Hamamatsu
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R6095. Light yield is 11-12 photo-electrons per MeV.

PCAL scinitllator was manufactured at the FNAL-NICADD Extrusion Line Fa-

cility. Polystyrene base was Dow STYRON 663 W, primary dopant is 2,5 -diphenyloxazole

(PPO, 1% by weight) - this is the organic scintillator, peaks at 385 nm:

The Secondary dopant is 1,4 bis (5-phenyloxazol- 2-yl) benzene (POPOP, 0.03%

by weight) - also scintillator, peaks at 410 nm.

A reflective surface coating of polystyrene with 12% TiO2 with 0.25 mm nominal

thickness was co-extruded.
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Cast plastic scintillator costs about $50 per kg, while extruded scintillator is

significantly lower in price - about $10 per kg.

Interesting write up on FNAL Scintillator extrustion

PCal Technical Report ECal Technical Report

2.2.1.10 ECAL

50% coverage at 5 degrees, 85% coverage at 35 degrees. 39/38 scintillators / lead

layers per module. 216 readout channels per module, 1200 strips per module. Strips

are 1x10to12cm2 by up to 441 cm long, BC-412 (plastic scintillator with high light

output, longest light attentuation length, cheap! ). Lead sheets are 2.4 mm thick.

Read out by fiber into 2 inch PMTs, Phillips XP2262 and EMI 9954. 3-4 photoelec-

trons/MeV deposited energy.

2.2.1.11 Central Detector

Overview: The Central Detector spans roughly 35 to 125 degrees, and contains 4

sub-detectors, all in a 5 Tesla solenoidal field. The 5 detectors are: SVT, MMVT,

CTOF, and CND. Low t-data are very important for the meson exclusive physics.

The GPD interpretation works only in the region -t/Q2<1. From this point of view

the central detector will not only increase the total statistics by a factor more than

2 but will add the valuable data with low t.

2.2.1.12 SVT

The Silicon Vertex Tracker (SVT) covers from 35 to 125 degrees in 𝜃. Has 8 layers (4

concentric rings) with 10, 14, 18, and 24 sectors respectively, double sided. 2𝜋 angular

coverage. Read out with ASICs- FSSR2s. Designed to operate at 1035 luminosity,
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momentum resolution of ∼ 5% for 1 GeV particles with 𝜃 = 90 degrees. 42 cm

long, 4 cm wide, 0.4 cm thick. Spatial resolution of 50 𝜇m, momentum resolution ∼

5%, theta resolution 10 mrad, phi resolution 5 mrad. 33,792 total readout channels.

Sensor thickness is 320 𝜇m, readout pitch 156 𝜇 m.Supported by rohacell and carbon

fiber backing to reduce material budget, at ∼ 1% of a radiation length.

Figure 2-10: Silicon Vertex Tracker
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2.2.1.13 MMVT

Composed of two parts: a Barrel Tracker and a Forward Tracker. PCB is 200

𝜇m thick, 0.3% of a radiation length. 20 MHz sampling frequency. Time resolution

of 10 ns. 500 𝜇m strip pitch.

Advantages of MMVT for CLAS12 :

Price: much cheaper compared to SVT. For large area, the price become rapidly pro-

hibitive. Material: Since it is a gasesous detector, it is good for the material budget.

Physics Requirements: Not as good spatial resolution as SVT, but can resolve polar

angle better. Optimal perform ace is actually achieved with a combination of both

detectors are used.

Overall momentum uncertainty (𝜎𝑝/p) = 1.6%. 𝜎𝜃 = 1.4 mrad. 𝜎𝜑 = 2.6 mrad. 𝜎𝑧

= 270 mm.
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2.2.1.14 Barrel Tracker

18 cylindrical detectors arranged in 6 layers. Covers 35 to 125 degrees. 15,000 readout

elements.Gas Mixture 90% Argon, 10% isobutane. 3 mm drift gap. 5 kV/cm field.

75% mesh transparency.

2.2.1.15 Forward Tracker

6 circular, flat detectors from 6 to 29 degrees in 𝜃. Improves vertex resolution by a

factor of up to 10x compared to just the drift chambers along. 6,000 readout elements.

80% neon, 10% ethane, 10% Carbon Tetrafluoride. 5 mm drift gap. 1kV/cm field.

100% mesh transparency.

2.2.1.16 CTOF

Central for PID purposes. Divides into 48 1 meter long plastic scintillators with

double sided PMT readout.PMTs are in the 0.1 T fringe field region and enclosed

73 TOC Flow: 1-17



in magnetic shielding. 65 picosecond timing resolution. 35 to 125 degrees, 2 𝜋 in

polar angle. 3 cm x 3 cm scintillator planks. Pion/Kaon separation up to 0.64 GeV,

Kaon/proton separation up to 1 GeV, pion proton separation up to 1.25 GeV.

2.2.1.17 CND

Detects 0.2-1 GeV neutrons. 3 layers, 48 paddles per layer. Plastic scintillator, 3 cm

x 3cm, 0.7 meters long. Neutron detection efficiency ∼ 10%. 130 picosecond timing

resolution, 2 degrees angular resolution (polar and azimuth).
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2.2.1.18 Solenoid

5 Tesla super conducting magnet, uniform field (ΔB/B = 10−4). Weakest at small

angles, strongest at large angles. Opening polar angle of 40 degrees. Momentum

range of interest 0.3 to 1.3 GeV. 18 Megajoules stored energy. 85 cm in diameter,

4.2 Kelvin operation.

2.2.1.19 Forward Tagger

2.2.1.20 BAND

BAND not impportant.
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2.2.2 Run Conditions

CLAS12 runs with "open trigger", which means different sub-experiments can define

their own triggering logic. There is a standard electron trigger, based off of hits in

HTCC, ECal, and FTOF.

Only about 50% of the electron triggers recorded with an inbending torus polarity

are actually electrons. For outbending torus polarity, hte electron trigger purity is

as high at 70%.

Detector Specs

20 kHz Level 1 trigger rate, 1 GB/s.

The CLAS12 detector is a large angle spectrometer that generally covers angles

from 5 to 130 degrees, spanned by two main detector subsystems - the Forward

Detector and the Central Detector.

Data taken is RGA taken in Fall 2018

Mention configurations and combinatorics

2.3 Reconstruction and Particle Identification

here we talk about CLAS PID

2.3.1 Decoding and Track Reconstruction

2.3.2 Particle Identification

**photon cuts: pid 22, status > 2000 (in FD or CD, not ftagger) momentum greater

than 400 MeV each

**proton cuts: pid 2212
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**electron cuts: pid==1 and status < 0(negative particle

sangbaek lee thesis (Lee, 2022)

For this analysis all final state particles should be detected. After 𝜋0 decay

we are going to have 4 particles: electron, proton and two photons. The particle

identification methods are applied to select the exclusive event with at least one

electron, proton and two photons.

2.3.2.1 Electron

2.3.2.2 Proton

2.3.2.3 Photon

2.3.2.4 Pion

Basic event builder cuts are utilized, then additional cuts are made that are common

with the RGA Analysis note (overleaf link and developed by Sangbaek Lee (sang-

baek@mit.edu - github code here. For this analysis, both the central detector and

forward detector are utilized for proton tracking. The forward tagger is also utilized

for photon identification.

2.3.2.5 Neutral pion

In addition to individual particle PID procedures the cut on the mass of two photons

is applied:

• 0.07 < 𝑀𝛾𝛾 < 0.2 GeV

The pion is more thoroughly constrained by the exclusivity cuts, described in the

next section.

77 TOC Flow: 1-17

https://www.overleaf.com/project/5ea737720942930001ff5e9c
https://github.com/Sangbaek/analysis_code/tree/analysis/pid


2.3.3 Data Storage and Formatting

2.3.3.1 Data Location and Availability

2.3.3.2 File Formatting and Conversion

Mention that same transformations are used for rec events and filtering
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Figure 2-4: The first stage of the beam dump system at JLab.
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Figure 2-5: The second stage of the beam dump system at JLab.
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Figure 2-11: The distribution for mass of two photons 𝑀𝛾𝛾

.

Figure 2-12: The distribution for mass of two photons after exclusivity cuts
.

81 TOC Flow: 1-17



82 TOC Flow: 1-17



Chapter 3

Simulations

3.1 Computing and Simulation Infrastructure

Motivation for massive simulations, inverse problem scope Discuss scale of data -

how many simulations needed, how much data is produced, how long it takes to

run simulations, cost and energy involved. overview: event generation - physics

simulation - reconstruction - other

3.1.1 MIT Tier 2 and Supercomputing Clusters

OSG MIT Tier 2 etc

3.1.2 Overview of Simulation Runs

Simulation hours: As for your question, if there is constant pressure then yes, MIT

baseline would be constant.

However: need much more than 20K jobs / day to be at constant pressure. The

dedicated resources + high priority can go up to 20K cores at once and if a job last
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4 hours that’s 24/4 = 6*20K = 120K jobs / day to be at constant pressure! Please

do not submit that many jobs ;-)

You can check the monitoring page for more details. In particular you can select

1 month timeframe, and log scale. You will see holes in queue. And if you select just

‘MIT’ on the dedicated graph, you’ll see the attached picture, where the ‘holes’ in

the pressure are well shown and the number of MIT cores under pressure is about

3K.

Simulations are necessary in order to extract correction factors.

GEMC was used to process generated events through the CLAS12 fall 2018 RG-A

configuration. Specifically, a generator based off the GK model and CLAS6 data -

aao_norad1.

3.2 Event Generation

Maid model discussion Xiaqing said that the following: Dreschsel and Tiator, 1992

contains the formalism for the MAID model

You don’t need much details about generator, it is based on GK model with

Valery’s fit to CLAS6 data.

NON RADIATED, INBENDING // Pi0 leptoproduction in Goloskokov-Kroll

(GK) model. The code is currently being tested and implemented in PARTONS

framework with additional features. If you plan to use this work in a publication,

please use and reference the most recent version of PARTONS in http://partons.cea.fr

Andrey Kim and Nick Markov have the pi0 generator. It has my parametrization

for W>2 GeV and MAID for W<1.7 GeV.

1https://github.com/drewkenjo/aao_norad
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My model will for sure work for 12 GeV. It actually very close even for the

COMPASS pi0 data (180 GeV muon beam).

There is reasonable coincidence between my model and MAID in the point W=1.7

GeV, not ideal but good enough for the MC.

I think actually that my parametrization has to work in the region W<2 GeV

but I am not sure that MAID is doing good job due to the absence the experimental

data at W 1.7 GeV.

Hi Bobby, Please take a look at README: norad It has instructions how to

compile, run and configure the program. Please don’t hesitate to ask questions!

For event generator we have aao_rad can generate radiatied pi0 events in reson-

cane region use 2007 model Put parameterization from valerly’s paper, can cover up

to whatever Q2 range covered in the paper, beyond that we put some general Q2

behaviour For Exclurad we have similar model, in end may have to iterate a few

times to improve the model Exlclurad specifically for resonance region, theoretically

should be correct, input probably needs to be updated, can put Valery’s new param-

eterization to cover higher range. Should not be a real issue to implement it because

same thing was done for AAORad. High q2 cannot be covered because parameter-

ization only goes to CLAS6 range FX: the cruicail thing is to fold in the radiative

corrections with acceptance and efficiens. Best mothod is to use fast monte carlo

aao_rad and aao_norad are event generators for exclusive pi0 and pi+ channels

with/without radiative effects. They are written in Fortran. The program was

initially developed by Volker Burkert long time ago for the resonance region, then

has been evolved for many years and recently extended to DIS region even though

lots of things need to be done. Try this to see whether it works.

Amplitudes And Observables (AAO)
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3.2.1 Nonradiative Generator

Include generator plots, specitics of layout

3.2.2 Radiative Generator

Include generator plots, specitics of layout, plots showing W cut offs, etc

3.3 Simulation Pipeline

3.3.1 Simulation Processing and JLab Computing

volatile work To cancel all jobs: scancel -u robertej

To view all jobs: squeue -u robertej

3.3.2 Geant4, GEMC, and CLAS Submissions

talk about own work on portals returns to vol, filtering and converting as covered in

chapter 2

3.4 Simulation Enhancements with Normalizing

Flows

3.4.1 Inverse Transforms and Autoregressive Flows

Introduce theory of MAFs
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3.4.2 Exploration of Simulation Speedup with UNMAF

Discuss actual work performed

87 TOC Flow: 1-17



88 TOC Flow: 1-17



Chapter 4

Cross Section Measurement

Official Repo: https://github.com/robertej19/clas12DVPiP

For each kinematic bin the differential cross section can be written as:

𝜎 = 𝑁𝑚𝑒𝑎𝑠

𝐿𝜖

1
𝛿

(4.1)

Where 𝑁𝑚𝑒𝑎𝑠

𝐿
is the number of events from experiment normalized by the in-

tegrated luminosity before acceptance and radiatvie corrections. 𝜖 = 𝑁𝑅𝐴𝐷
𝑟𝑒𝑐

𝑁𝑅𝐴𝐷
𝑔𝑒𝑛

is the

acceptance correction and 𝛿 is the radiative correction.

𝛿 can be obtained by using the following:

𝛿 =
𝑁𝑅𝐴𝐷

𝑔𝑒𝑛

𝑁𝑁𝑂𝑅𝐴𝐷
𝑔𝑒𝑛

(4.2)

𝛿 and 𝜖 need to be properly calculated, but for a first pass we will ignore them

so we have just
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4.1 General Analysis Overview

4.1.1 Part 1

4.1.2 part 2
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Step 0: Track Reconstruction

Step 1: Data Batching

Step 2: Data Preparation

Step 4: Analysis

Real or Simulated Detector Hits

Reconstruction into Particle Tracks

Conversion to .HIPO format

Preliminary Fiducial Filtering

Conversion to .ROOT format

Preprocessing: Momentum Corrections and Smearing

Conversion to DataFrame Objects

Cross section Calculation

Figure 4-1: High-level data processing flow
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4.2 Data Pre-Processing

4.2.1 Experimental Data Pre-Processing

4.2.1.1 Momentum Corrections

Mom Corr

4.2.1.2 Energy Loss Corrections

4.2.2 Simulation Data Pre-Processing

4.2.2.1 Simulation:Experiment Resolution Matching

The standard aao simulations result in missing mass distributions that are too opti-

mistic compared to experimental data. Observe the discrepancies between simulated

and experimental distributions in figure 4-2.

Figure 4-2: Comparison of experiment (blue) and simulation (red) missing mass,
energy, momentum, and invariant gamma-gamma mass distributions, before any
smearing factors were added to the simulation data.
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To improve the matching between simulation and experiment, gaussian smearing

factors were added after reconstruction to the simulated dataset. These factors were

tuned by Sangbaek Lee to have optimal matching across all missing mass spectra

combinations (figure 4-3. Once these factors were determined, the simulations were

used to extract an acceptance correction.

Figure 4-3: Comparison of experiment (blue) and simulation (red) missing mass,
energy, momentum, and invariant gamma-gamma mass distributions, with smearing
factors added to the simulation data proton and photon momenta.

4.3 Event Selection

Overview words about event selection

4.3.1 Exclusivity Cuts
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Figure 4-4: MM2 (epX) vs 𝜃𝑋𝜋 2D distribution.

After the selection of events with

at least one electron, proton and

two photons, it is time to take

a look at the exclusive distribu-

tions. The Fig. 4-4 shows 2D

distribution of MM2 (epX) vs

𝜃𝑋𝜋, where MM2 (epX) is a miss-

ing mass squared of (epX) sys-

tem and should have a peak near

0.0182 GeV2, and 𝜃𝑋𝜋 is an angle

between expected and reconstructed pion. The bright spot on the figure corresponds

to the exclusive 𝑒𝑝 → 𝑒𝑝𝜋0 events. In order to reduce the background exclusivity

cuts need to be developed based on the conservation of energy and momentum. The

relevant 1D exclusive distributions are shown on the Fig. 4-5 and 4-6.
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Figure 4-5: Exclusive distributions for events with at least one electron, proton and
two photons.
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Figure 4-6: Exclusive distributions for events with at least one electron, proton and
two photons.

4.3.1.1 Tight 𝑀𝛾𝛾ass and transverse missing momenta cuts

The first step is to use tighter 𝛾𝛾 mass cut: 0.096 < 𝑀𝛾𝛾 < 0.168 GeV, and take a look

at the missing transverse momentum distributions (see Fig. 4-7). From momentum

conservation law we expect transverse momentum to be zero, so we can apply cuts

on Δ𝑝𝑥 and Δ𝑝𝑦 to further improve exclusive channel selection. The cuts |Δ𝑝𝑥| < 0.2

and |Δ𝑝𝑦| < 0.2 correspond roughly to 4-5 𝜎.
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Figure 4-7: Exclusive distributions for events with at least one electron, proton and
two photons.

The exclusive distributions after tight 𝑀𝛾𝛾 mass and transverse missing momenta
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cuts are shown on Fig. 4-8 and display much stronger signal peaks on top of reduced

background.
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Figure 4-8: Exclusive distributions after tight 𝑀𝛾𝛾 mass and transverse missing
momenta cuts .

4.3.1.2 𝜃𝑋𝜋ut determination

The cut on angle between expected and reconstructed pion is used in order to further

reduce background. To choose the value of the 𝜃𝑋𝜋 cut the 𝑀𝑀2(𝑒𝑝𝑋) distribution

is analyzed at multiple 𝜃𝑋𝜋 cut values and fit using gaussian+polynomial function as

shown on Fig. 4-9. From the fit we can estimate the number of good exclusive events

(gaussian) and the number of background events (polynomial) and their dependence

on 𝜃𝑋𝜋 cut. Fig. 4-10 and 4-11 show the numbers of signal and background events
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as functions of 𝜃𝑋𝜋 cut value for multiple bins in 𝑄2 and 𝑥𝐵. These plots show that

the cut 𝜃𝑋𝜋 < 2∘ allows to select the most number of good events with the least

background, and relaxing it beyond 2∘ does not gain us any good exclusive events

but increases background.
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Figure 4-9: 𝑀𝑀2(𝑒𝑝𝑋) distributions for multiple 𝜃𝑋𝜋 cut values.
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Figure 4-10: The numbers of signal (red markers) and background (black markers)
events as functions of 𝜃𝑋𝜋 cut value for multiple 𝑄2 bins.
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Figure 4-11: The numbers of signal (red markers) and background (black markers)
events as functions of 𝜃𝑋𝜋 cut value for multiple 𝑥𝐵 bins.
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4.3.1.3 Final exclusivity cuts

The list of final exclusive cuts is following:

• Δ𝑝𝑥 < 0.2 GeV

• Δ𝑝𝑦 < 0.2 GeV

• 𝜃𝑋𝜋 < 2∘

• 0.096 < 𝑀𝛾𝛾 < 0.168 GeV

• 𝑀𝑀2(𝑒𝑝𝑋) < 0.5 GeV2

Exclusive distributions after all exclusivity cut except 𝑀𝑀2(𝑒𝑝𝑋) < 0.5 GeV are

shown on Fig. 4-12
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Figure 4-12: Exclusive distributions after all exclusivity cuts .

To arrive at a DVEP candidate event, we do the following

Code flow:

Consider a directory with n hipo files. For each hipo file, do the following.

Read each file event by event, and do the following

Check that the event has the proper databanks, and if not, go to teh next event.

Get a list of all the electrons*, protons*, and photons* in the event

*= links to most up to date PID methods
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for every electron in the event (always only one, at least in the skims, but not

held to be one) do the following For every proton in the event, do the following

Calculate some basic quantities and fill histograms

for every permutation of pairs of photons in the event, do the following

calculate various kinematic quantities, and pass to see if creates a viable pion*

and a viable DVEP event*

if so, fill relevant histograms and count as a DVEP event, otherwise skip to next

event

viable pion: pion mass betwen 100 and 180 MeV pion momentum greater than

1.5 GeV angle (theta) between each photon and the electron to be greater than 8

degrees

viable DVEP event: Q2 greater than 1 W greater than 2 difference between

theta of missing 4-momentum and reconstructed pion less than 2 degrees difference

between missing X px and py 300 MeV each or less Difference in missing mass squared

between pion and X less than 1 GeV ** make sure this is right difference in missing

energy and X less than 1 GeV **make sure this is right

4.3.2 Kinematic Fitting

Instead of rigid cuts, we can use maximum likelihood estimators - include notes from

Janet’s class

4.4 Luminosity

The strategy to calculate the luminosity is as follows:
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- For each run, retrieve a measure of how much beam passed through the target, I

believe in the case of CLAS12 using the Faraday cup to measure beam charge - sum

the beam charge over all runs being considered and include any relevant corrections

factors - multiply this by target length, density, etc. to get the integrated luminosity

- use this value to calculate cross sections.

Compare integrated luminosity of CLAS6 to CLAS12 (in 2011 analysis note)

Implementation: The bank REC::Event has an object beamCharge, in nanoCoulombs,

which is described in the DST as “beam charge integrated from the beginning of the

run to the most recent reading of the gated Faraday Cup scaler in RAW::scaler, with

slope/offset conversion to charge from CCDB. Note, this value will be zero in each

file until the first scaler reading in that file.”. This is the (un?)gated beam charge.

This can be accessed via:

de f banknames = [ ’REC: : Event ’ , ’REC: : Pa r t i c l e ’ , ’REC: : Cherenkov ’ , ’REC: : Calor imeter ’ , ’REC: : Traj ’ , ’REC: : Track ’ , ’REC: : S c i n t i l l a t o r ’ ]

i f ( banknames . every { event . hasBank ( i t )} ) {

de f ( evb , partb , cc , ec , t r a j , trck , s c i b ) = banknames . c o l l e c t { event . getBank ( i t )}

de f fcupBeamCharge = evb . ge tF loat ( ’ beamCharge ’ , 0 )

According to this we might need to use tag=1 RAW::scaler::fcupgated instead of

REC::Event::beamCharge

The beam charge needs to be converted to integrated luminosity, which can be

done as follows:

Luminosity: Events are not necessarily time ordered, need to take largest value

minus smallest value
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Luminosity is calculated according to equation 4.3

ℒ = 𝑁𝐴𝑙𝜌𝑄𝐹 𝐶𝑈𝑃

𝑒
(4.3)

The terms in equation 4.3 are as tabulated in table 4.4. The accumulated charge

on the Faraday cup is calculated by taking difference between the maximum and

minimum values of beamQ for each run, and then summing these values. The lu-

minosity determined for the fall 2018 inbending run was 5.5E+40 cm−2 and the fall

2018 outbending run was 4.65E+40 cm−2

Quantity CLAS12 Value
Avogadro’s Number N𝐴 6𝑥1023

Electron Charge e 1.6𝑥10−19

Target Length l 5 cm
Target Density 𝜌 0.07 𝑔/𝑐𝑚3 (LH2)

Charge on Faraday Cup 𝑄𝐹 𝐶𝑈𝑃 In data

Table 4.1: Terms of Luminosity Equation

We can calculate the luminosity L through the following equation

𝐿 = 𝑁𝐴𝑙𝜌𝑄𝐹 𝐶𝑈𝑃

𝑒
(4.4)

Where 𝑁𝐴 is Avogadro’s constant, l is the length of the target, 𝜌 is the density

of the target (liquid hydrogen), 𝑄𝐹 𝐶𝑈𝑃 is the charge collected on the Faraday cup,

and e is the charge of the electron. The values of these quantities are (ignoring un-

certainties on experimental quantities for the time being):

𝑁𝐴 = 6.02214 x 1023

l = 5 cm
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𝜌 = 0.07 𝑔/𝑐𝑚3

e = 1.602 x 10−19 Coulombs

𝑄𝐹 𝐶𝑈𝑃 - this must be measured and obtained from analysis. Typical runs at CLAS12

have an accumulated beam charge of tens to hundreds of thousands of nanoCoulumbs.

4.5 Binning

Words about binning

4.6 Correction Factors

4.6.1 Acceptance Correction

4.6.2 Radiative Corrections

4.6.3 Bin Volume Corrections

The bin volume is not always kinematically full, for example the a large number of

bins are kinmeatically restricted, no number of ecvents could ever be found. SO, the

bin shape is changed / adjusted for particularly empty bins.
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4.6.4 Bin Migration Corrections

4.6.5 Overall Normalization Corrections

4.7 Uncertainty Estimation

4.8 Iterative Bayesian Unfolding

Here we talk about Iterative Bayesian unfolding to not have bin migration issues

Notes on Omnifold from Anselm Vossen: I find this reference paper - arxiv.

Yes, that is the reference. You saw that I also posted a reference to the Hera

analysis. I don’t think many others have used omnifold yet, since it is quite compu-

tationally intensive etc. My understanding is that Ben Nachman developed this and

there has been follow up work by his group (if you just put his name into inspire

you’ll see). E.g. I saw presentations on how to present the data. Here is a talk

by Ben at a Jet workshop in 2021: this paper Miguel Arratia, who is also in CLAS

collaborated on the H1 results. You could ask him for practical advice,
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Chapter 5

Results and Further Analysis

5.1 Cross Section Results

The experimental cross section is given by equation 5.1

𝑑4𝜎𝛾*𝑝→𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

= 𝑁(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋)
ℒ𝑖𝑛𝑡Δ𝑄2Δ𝑥𝐵Δ𝑡Δ𝜑

1
𝜖𝐴𝐶𝐶𝛿𝑅𝐶𝛿𝑁𝑜𝑟𝑚𝐵𝑟(𝜋0 → 𝛾𝛾) (5.1)

𝑁(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋) is the raw number of events in a specific kinematic bin and is

calculated as described in chapter 4. ℒ𝑖𝑛𝑡 is the integrated luminosity over the

run of the experiment under analysis and is calculated as described in chapter

4.4.Δ𝑄2Δ𝑥𝐵Δ𝑡Δ𝜑 are the bin widths for the 4 kinematic binning variables. 𝜖𝐴𝐶𝐶 is

the acceptance correction, and is calculated as described in chapter 4. 𝛿𝑅𝐶𝛿𝑁𝑜𝑟𝑚𝐵𝑟(𝜋0 →

𝛾𝛾) are the radiative, overall, and branching ratio correction factors, and are not yet

included in this cross section calculation.

Initial investigations show that radiative corrections will be on the order of 5%,

the branching ratio is a 1.2% correction, and the overall normalization is not yet
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determined but was 10% for the CLAS6 experiment; we expect the CLAS12 exper-

iment overall normalization will be similar or less in magnitude. Thus, all of these

corrections are much smaller than the acceptance correction, and will be included in

future work but are not critical for preliminary analysis work.

The accepted results from the CLAS6 experiment Bedlinskiy et al., 2014 can be

used as a cross check for this work. Published values for the reduced cross sections

from the CLAS6 experiment for the DV𝜋0P channel are available here. To calculate

the reduced cross sections, we divide the cross section as described in equation 5.1

by the virtual photon flux factor Γ for each kinematic bin, where Γ is calculated as

described in chapter 4.4. The reduced cross section is then given by equation 1.28.

𝑑2𝜎𝛾*𝑝→𝑝′𝜋0(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋, 𝐸)
𝑑𝑡𝑑𝜑

= 1
Γ𝑉 (𝑄2, 𝑥𝐵, 𝐸)

𝑑4𝜎𝛾*𝑝→𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

(5.2)

𝑑2𝜎𝛾*𝑝→𝑝′𝜋0

𝑑𝑡𝑑𝜑
= 1

Γ𝑉 (𝑄2, 𝑥𝐵, 𝐸)
𝑁(𝑄2, 𝑥𝐵, 𝑡, 𝜑𝜋)

ℒ𝑖𝑛𝑡Δ𝑄2Δ𝑥𝐵Δ𝑡Δ𝜑
1

𝜖𝐴𝐶𝐶𝛿𝑅𝐶𝛿𝑁𝑜𝑟𝑚𝐵𝑟(𝜋0 → 𝛾𝛾) (5.3)

Some plots of reduced cross section for CLAS12 outbending Fall 2018 dataset are

shown in figure 5-1. The cross sections show good agreement with the published

CLAS6 results. The outbending dataset is contains mostly lower 𝑄2 events and the

inbending dataset is not yet properly analyzed, so higher 𝑄2 comparisons are not

avaliable for this analysis note.

To compare these results, we can examine the form of the differential cross section,

under the single photon exchange assumption we can write the differential cross

section as in equation 1.29
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Figure 5-1: Comparison of CLAS12 (blue) and CLAS6 (red) reduced cross sections,
using Fall 2018 outbending dataset. Error bars are statistical only.

𝑑4𝜎𝛾*𝑝→𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

= Γ(𝑄2, 𝑥𝐵, 𝐸) 1
2𝜋 ((𝑑𝜎𝑇

𝑑𝑡
+𝜖𝑑𝜎𝐿

𝑑𝑡
)+𝜖𝑐𝑜𝑠(2𝜑)𝑑𝜎𝑇 𝑇

𝑑𝑡
+
√︁

2𝜖(1 + 𝜖)𝑐𝑜𝑠(𝜑)𝑑𝜎𝐿𝑇

𝑑𝑡
)

(5.4)

Where Γ(𝑄2, 𝑥𝐵, 𝐸) is the virtual photon flux, give in equation 5.5

Γ(𝑄2, 𝑥𝐵, 𝐸) = 𝛼

8𝜋
𝑄2

𝑚2
𝑝𝐸

2
1 − 𝑥𝐵

𝑥3
𝐵

1
1 − 𝜖

(5.5)

The reduced cross section terms then are just functions of the structure functions

and epsilon. At these kinematics, epsilon is approximately 0.5 for the CLAS6 data

and 0.9 for the CLAS12 datasets, but given that the ((𝑑𝜎𝑇

𝑑𝑡
+ 𝜖𝑑𝜎𝐿

𝑑𝑡
) dominates the

cross section, these differences are minor. Therefore, close (but not exact) agreement

between the two datasets for given kinematic bins are expected for the reduced cross

sections. More quantitative statements will be made in coming months, but not at

this point.
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5.2 Structure Function Extraction

5.3 Rosenbluth Separation Between Beam Ener-

gies

5.4 Cross Section with CLAS6 Normalization

5.5 Comparison to Theoretical Model

We compare the preliminary cross section to the model developed by S.V. Goloskokov

and P. Kroll Goloskokov and Kroll, 2010. This model uses the handbag model to

produce theoretical curves for specified sets of kinematic points. This model was

implemented in the PARTONS framework Berthou et al., 2018 and was also used

in the published CLAS6 result to compare with their experimental cross section,

reproduced below in figure 5.5 Bedlinskiy et al., 2014

As discussed, the cross section for this process can be expressed in terms of

structure functions as

𝑑4𝜎𝑒𝑝→𝑒𝑝′𝜋0

𝑑𝑄2𝑑𝑥𝐵𝑑𝑡𝑑𝜑𝜋

= Γ(𝑄2, 𝑥𝐵, 𝐸) 1
2𝜋

{︃(︃
𝑑𝜎𝑇

𝑑𝑡
+ 𝜖

𝑑𝜎𝐿

𝑑𝑡

)︃
+ 𝜖𝑐𝑜𝑠(2𝜑)𝑑𝜎𝑇 𝑇

𝑑𝑡
+
√︁

2𝜖(1 + 𝜖)𝑐𝑜𝑠(𝜑)𝑑𝜎𝐿𝑇

𝑑𝑡

}︃
(1.21)

Notes on GK model from Kemal:

Thank you very much for your response. I include two short responses, below, as

well as a third response/question that I hope you can read and respond to:
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• Thank you for the reference about the Mandelstam function. I was afterwards

able to also find reference to it here, where it was named Kallen Function. I

haven’t heard of either names before. Thanks! Källén Function on Wikipedia

• Yes, I am using the code for 𝜋0, so I do not believe any changes need to be

made. I am just working from the single C++ file, since it is easier than getting

set up with a full partons framework which looked like it had some overhead

to setup and install.

Important question: I now understand that you took the most updated pa-

rameters from P Kroll that would best describe the JLab kinematics from the 2020

paper, and that these are different from the parameters available in 2013. My ques-

tion to you is - are the parameters that are currently implemented in the GK model

the best parameters for me to use (for calculating 𝜋0 cross section at JLab CLAS12

10.6 GeV experiment)? Do you take into account any other experiments (such as

work in hall A or C) for finding the parameters? To say it differently, how are optimal

parameters chosen for this model?

I would refrain myself speaking on behalf of the authors on that question. They

might give you better insights into their model. But I can tell you my viewpoint. I

think the GPDs should not be optimized for your data. What I mean is the following:

since GPDs are universal functions, ideally there should not be multiple parameters

for different experiments (so that we have the flexibility to choose among different

parameter sets). Rather, the more data we get, the better parameters need to be

determined and those parameters need to be unique for all experiments. In this

regard, I would just use the latest parameters that the authors offer (assuming that

they did a global analysis to tune those parameters). You could alternatively try

to change the parameters to fit them to your data and suggest how your data will
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impact the extraction of the parameters.

I hope it makes sense, otherwise, we could discuss it further.

Sorry for the late reply. During the last few weeks, I had some other tasks to

complete. I’ll be happy to share my thoughts with you.

1. I think the difference is just the different parameters used in separate works.

The parameters of GPDs and their t-slope are not completely the same. At the

time I wrote the code, I took the most updated parameters from P. Kroll (or

parameters that he thought would best describe the JLab kinematics in Fig. 3

of this paper). So, I would not expect the same curves just because the GPDs

in those works have different parameters.

2. The function Λ is called the Mandelstam variable and somehow I could not

find the generic expression online. But, I expressed the definition in my thesis

(see Eq. 4.50 on page 129); this link therein (Chapter 4) you can also see a

more detailed implementation of the model. The value of 0.3894 comes from

the conversion from GeV−2 to mb.

3. Yes, the final code works for both 𝜋+ and 𝜋0 (I am not sure which one you

use; if you use the one that you shared above, then it would work only for 𝜋0.

𝜋+ implementation can be found in the PARTONS v3. or I have the code for

𝜋+ similar to the 𝜋0 that you shared above). Their formulation is quite similar

albeit with important differences. First of all, the 𝜋0 production does not

include the so-called pion-pole contribution (see Eq. 4.39 - 4.42 in my thesis).

Moreover, their handbag contributions are slightly different. Their differences

at the handbag level are discussed in Eq. 4.37 and 4.38 in my thesis.

Just let me know if you need any further clarification; I’ll be happy to address it.
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To validate the model, we ran the implementation to generate curves and com-

pared to the published CLAS6 result. We observed that the sigma T and sigma

L terms were comparable, but not exactly the same, as the 2014 published results,

while the sigma TT term was significantly different. It is believed that these differ-

ences are due to improvements in the model made in the past 8 years. Figure 5.5

shows one example bin of this comparison, where the color of the curves is matched

to the corresponding color of the structure functions.

The parameters for the GK model were taken from

𝑇ℎ𝑒𝑖𝑟𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖𝑠𝑞𝑢𝑖𝑡𝑒𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑎𝑙𝑏𝑒𝑖𝑡𝑤𝑖𝑡ℎ𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠.𝐹 𝑖𝑟𝑠𝑡𝑜𝑓𝑎𝑙𝑙, 𝑡ℎ𝑒𝑝𝑖0𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑑𝑜𝑒𝑠𝑛𝑜𝑡𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑡ℎ𝑒𝑠𝑜−

𝑐𝑎𝑙𝑙𝑒𝑑𝑝𝑖𝑜𝑛−𝑝𝑜𝑙𝑒𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛(𝑠𝑒𝑒𝐸𝑞.4.39−4.42𝑖𝑛𝑚𝑦𝑡ℎ𝑒𝑠𝑖𝑠).𝑀𝑜𝑟𝑒𝑜𝑣𝑒𝑟, 𝑡ℎ𝑒𝑖𝑟ℎ𝑎𝑛𝑑𝑏𝑎𝑔𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑠𝑎𝑟𝑒𝑠𝑙𝑖𝑔ℎ𝑡𝑙𝑦𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡.𝑇ℎ𝑒𝑖𝑟𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠𝑎𝑡𝑡ℎ𝑒ℎ𝑎𝑛𝑑𝑏𝑎𝑔𝑙𝑒𝑣𝑒𝑙𝑎𝑟𝑒𝑑𝑖𝑠𝑐𝑢𝑠𝑠𝑒𝑑𝑖𝑛𝐸𝑞.4.37𝑎𝑛𝑑4.38𝑖𝑛𝑚𝑦𝑡ℎ𝑒𝑠𝑖𝑠.

The parameters of GPDs and their t-slope are not completely the same. At

the time I wrote the code, I took the most updated parameters from P. Kroll (or

parameters that he thought would best describe the JLab kinematics in Fig. 3 of S.

111 TOC Flow: 1-17



Diehl et al., 2020 ). So, I would not expect the same curves just because the GPDs

in those works have different parameters.

Lambda is defined as:

Description of GK by Kemal Thesis:

The Goloskokov-Kroll model has been phenomenologically successful (inlcude

links showing this). The description is based on QCD factorization theorems. In

factorizable processes, the amplitudes can be written as a convolution of a hard scat-

tering which is computable in pQCD, and a soft non perturbative part parameter-

ized by GPDs. Chiral-even GPDs are accessible through DVCS where factorization

was proven (CITE). Chiral-odd GPDs can be accessed at subleading twist through

Deeply Virtual Meson Production if one assumes an effective handbag mechanism,

as descried by the GK model. QCD factorization theorem for DVMP process has

only been proven for longitudinally polarized photons, and also that the cross sec-

tion is suppressed by a power of 1/Q for transversley polarized photons. The GK

model computes contributions from transversely polarized photons in the handbag

mechanism as a twist-3 effect in which teh soft part of the process is parameterized

in terms of Chiral Odd GPDs. Several GK model parameters implemented in teh

PARTONS framework differ from teh parameters used in refrences. The GK model

parameters implemented are used in two different publicatoins The GK model, un-

der the assumption of flavor-symmetric sea GPDs, only valence quark GPDs Htilda

Etilda Ht and Etildat are needed to describe teh process in the kinematical region of

large Q2 but small zai and t. GPDs in teh GK model are constructed from double

distribtuions as follows, which can be integrated analytically, and the GPDs can be

expressed in teh following form:

From Easy as Pi: Among the many important consequences is the fact that

differently from both inclusive and semi-inclusive processes, GPDs can in principle
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provide essential information for determining the missing component to the nucleon

longitudinal spin sum rule, which is identified with orbital angular momentum. A

complete description of nucleon structure

Finally, we compare the preliminary CLAS12 reduced cross section to the pre-

dictions from the GK model. Sample plots are shown below. Agreement is close but

not exact. The functional form is as expected. It is unclear if the offset between the

CLAS12 fit and the GK model is due to a model discrepancy, or an absolute nor-

malization uncertainty in the CLAS12 calculation. More quantitative statments will

be made when uncertainties and correction factors in the CLAS12 work are better

understood.

113 TOC Flow: 1-17



5.6 T Dependence and Impact Parameter Extrac-

tion

We can calculate the t dependence of the differential cross section 𝑑𝜎𝑈/𝑑𝑡 by inte-

grating the reduced cross sections over 𝜑 as in equation 5.6

𝑑𝜎𝑈

𝑑𝑡
=
∫︁ 𝑑2𝜎

𝑑𝑡𝑑𝜑
𝑑𝜑 (5.6)

In order to account for regions where the detectors used in CLAS6 and CLAS12

have zero acceptance, it is necessary to include a correction factor 𝜂′, defined in

equation 5.7 and calculated using Monte Carlo.

𝜂′ =
∫︀

Ω*
𝑑2𝜎
𝑑𝑡𝑑𝜑∫︀

Ω
𝑑2𝜎
𝑑𝑡𝑑𝜑

(5.7)

However, at this point this correction factor has not yet been calculated. Instead,

we can focus on kinematic bins where the coverage in 𝜑 is nearly 100%, such that

𝜂′ would be small. In figure 5-2 we show the t dependent cross section, calculated

only for bins where the coverage in 𝜑 was greater than 90%, thus the error from not

including the 𝜂′ correction factor is only approximately 10%. We observe a good
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agreement in the b slope parameter, which describes the width of the transverse

momentum distribution of the proton, between CLAS12 and the published CLAS6

data.

Figure 5-2: CLAS12 and CLAS6 t dependence of cross sections. The fits are expo-
nential functions 𝐴𝑒−𝑏𝑡, where the slope parameter b are in close agreement for the
bins considered. The overall normalization A is not yet determined for the CLAS12
dataset, so a small overall offset from the CLAS6 data is expected. Errors are only
statistical.

5.7 Conclusion

"Continuous studies based on the current and future measurements will make possible

new insights into the QCD structure of hadronic matter."

Goldstein’s straightforward results are elucidated in their 2012 work Gary R

Goldstein, J Osvaldo Gonzalez Hernandez, and Liuti, 2012.

McAllister provides a comprehensive study on elastic particles in his 1956 publi-

cation McAllister and Hofstadter, 1956.

A flexible observables approach by Goldstein was explained in their 2011 research

Gary R. Goldstein, J. Osvaldo Gonzalez Hernandez, and Liuti, 2011.

Brodsky addresses light-cone scattering in a 2001 paper Brodsky, Markus Diehl,

and Hwang, 2001.

Abt presents their measurement at HERA in a 1993 study Abt et al., 1993.
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Derrick’s 1995 work discusses measurement data in detail Derrick et al., 1995.

Diehl’s 2005 paper provides an in-depth look at protons M. Diehl and Sapeta,

2005.

Patrignani’s 2018 paper provides a review of physics Patrignani and et al. (Par-

ticle Data Group), 2018.

Qiu’s 2023 work discusses single distributions Qiu and Yu, 2023.

Zhu’s 2015 work explores aspects of microscopy Zhu and Dürr, 2015.

Gockeler’s 2007 paper explores transverse simulations Göckeler et al., 2007.
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Appendix A

Full Cross Section Data

To be completed
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Appendix B

BSA Cross Check

As an additional cross check, Bobby calculated a 𝐷𝑉 𝜋0𝑃 beam spin asymmetry

and compared to Andrey Kim’s results. This check will not comment on any ac-

ceptance, luminosity, or virtual photon flux factor calculations, but does validate

exclusive event selection criteria. By examining figure B-1 we can see that agree-

ment is reasonable, especially considering Bobby’s calculation does not have sideband

subtraction included.

Fig B-1 shows an overlay comparison of Andrey Kim’s results (black datapoints,

red fit line) and Bobby’s results (red datapoints, orange fit line
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Figure B-1: BSA Cross Check Results
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Appendix C

Derivation of phi math convention

Thus: phi = arccos( (v3l dot v3h) / (mag v3l mag v3h) )

phi = cos−1
(︂

(𝑝𝑒×𝑝𝑒′ )·(𝑝𝑝′ ×𝑝𝛾*)
‖𝑝𝑒×𝑝𝑒′ ‖ ‖𝑝𝑝′ ×𝑝𝛾* ‖

)︂

if dot(pe cross pe’, pp’) is greater than 0, then do 360 - phi = phi. If we expand the above out,

we get: -pp’x*ez*ey’ + py*ez*ex’ is greater than zero which we can reduce to -pp’x*ey’ + py*ex’

is greater than zero reference

By inspecting table below, we can see what this really amounts to, is the trento convention

saying that we take the angle by measuring counterclockwise from the proton vector to the electron

vector.
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Appendix D

Notes on Kinematic Relationships

Derivation of infinite momentum frame Bjorken x. Take quark to have momentum fraction 𝜉 of

proton’s total momentum,i.e. 𝑝𝑞 = 𝜉𝑝2:

Inf. Mom. frame - neglect proton mass so 𝑝2 = 𝐸2, neglect all transverse momenta:

Struck quark 4-momenta: 𝑝𝑞 = 𝜉𝑝2 = (𝜉𝐸2, 𝜉𝐸2, 0, 0)

4-momenta of quark after interaction: (𝑝𝑞 + 𝑞) = (𝜉𝑝2 + 𝑞)

Square the 4-momenta (𝜉𝑝2 + 𝑞)2 = 𝜉2𝑝2
2 + 𝑞2 + 2𝜉𝑝2 · 𝑞 = 𝑚2

𝑞

Continue, noting 𝑝𝑞 = 𝜉𝑝2 : 𝑚2
𝑞 = 𝑝2

𝑞 − 𝑄2 + 2𝜉𝑝2 · 𝑞

Since 𝑝2
𝑞 = 𝑚2

𝑞, we have: 𝑚2
𝑞 = 𝑚2

𝑞 − 𝑄2 + 2𝜉𝑝2 · 𝑞

So 0 = −𝑄2 + 2𝜉𝑝2 · 𝑞 −→ 𝜉 = 𝑄2

2𝑝2·𝑞 = 𝑥𝐵
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Figure D-1: Caption
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