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ABSTRACT OF THE DISSERTATION
HARD QCD PROCESSES IN THE NUCLEAR MEDIUM
by
Adam Freese
Florida International University, 2016
Miami, Florida
Professor Misak Sargsian, Major Professor

The environment inside the atomic nucleus is one of the most fascinating arenas for the
study of quantum chromodynamics (QCD). The strongly-interacting nature of the nuclear
medium affects the nature of both QCD processes and the quark-gluon structure of hadrons,
allowing several unique aspects of the strong nuclear force to be investigated in reactions
involving nuclear targets. The research presented in this dissertation explores two aspects
of nuclear QCD: firstly, the partonic structure of the nucleus itself; and secondly, the use of
the nucleus as a micro-laboratory in which QCD processes can be studied.

The partonic structure of the nucleus is calculated in this work by deriving and uti-
lizing a convolution formula. The hadronic structure of the nucleus and the quark-gluon
structure of its constituent nucleons are taken together to determine the nuclear partonic
structure. Light cone descriptions of short range correlations, in terms of both hadronic
and partonic structure, are derived and taken into account. Medium modifications of the
bound nucleons are accounted for using the color screening model, and QCD evolution is
used to connect nuclear partonic structure at vastly different energy scales. The formalism
developed for calculating nuclear partonic structure is applied to inclusive dijet production
from proton-nucleus collisions at LHC kinematics, and novel predictions are calculated and
presented for the dijet cross section.

The nucleus is investigated as a micro-laboratory in vector meson photoproduction
reactions. In particular, the deuteron is studied in the break-up reaction vd — Vpn, for
both the ¢(1020) and J /1) vector mesons. The generalized eikonal approximation is utilized,
allowing unambiguous separation of the impulse approximation and final state interactions

(FSIs). Two peaks or valleys are seen in the angular distribution of the reaction cross



section, each of which is due to a FSI between either the proton and neutron, or the
produced vector meson and the spectator nucleon. The presence and size of the latter FSI
valley/peak contains information about the meson-nucleon interaction, and it is shown that
several models of this interaction can be distinguished by measuring the angular distribution

for the deuteron breakup reaction.

vi



TABLE OF CONTENTS

CHAPTER PAGE
1 Introduction . . . . . . . . . . . . e 1
1.1 QCD structure of the nucleus . . . . . . ... ... ... ... ........ 3
1.2 The nucleus as a microlab . . . . . . . .. .. ... L L. 8
2 Inclusive reactions . . . . . . . .. 10
2.1 General formalism . . . . . . .. ... 11
2.2 Deep inelastic scattering from nuclei . . . . ... ... ... ... ...... 17
2.3 The nuclear light cone fraction distribution . . . ... .. ... ... . ... 24
2.4 Short range correlations . . . . . .. ... Lo 32
2.5 Medium modifcations . . . . .. ... L 63
2.6 Evolution of nuclear PDFs . . . . . . ... .. ... ... ... ........ 71
2.7 Dijet production in proton-nucleus collisions . . . . . . ... ... ... ... 88
2.8 SUMMAry . . . . . . e e 109
3 Exclusive reactions . . . . . . . . . ... e 110
3.1 General formalism . . . .. ... .. ... 110
3.2 Formalism for vector meson production with deuteron breakup . . . . . .. 116
3.3 Photoproduction of ¢(1020) mesons . . . . . . . .. .o 139
3.4 Photoproduction of J/t¢p mesons. . . . . ... ... 147
3.5 SUmMmMAary . . ... e e 159
4 Conclusions . . . . . . . . 161
Bibliography . . . . . .. e 164
Vita . . . o e e 172

vii



LIST OF FIGURES

FIGURE PAGE
1.1 Cartoon of QCD evolution . . . . . . ... .. .. ... ... ... ..... 6
2.1 Spacetime diagram for DIS . . . . . ... ... o0 oL 11
2.2 Spacetime diagram for DIS in parton model . . . . . . . . .. ... ... .. 15
2.3 Feynman diagram for hadronic current in parton model . . . . .. .. ... 16
24 Cut diagram for LCFD . . . . . ... ... o o 27
2.5 Feynman diagram for hadronic current of mean field . . . . ... ... ... 30
2.6 Cut diagram for two-nucleon SRC . . . .. ... ... ... ... ...... 36
2.7 Plot of LCFD with 2N SRCs . . . . . . . . ... ... . . ... ... 41
2.8 Feynman diagram for hadronic current of two-nucleon SRC . . .. ... .. 42
2.9 Cut diagrams for three-nucleon SRC . . . . ... ... .. ... ....... 47
2.10 Plot of LCFD with BN SRCs . . . . . .. .. ... . .. ..., 59
2.11 Feynman diagram for hadronic current of three-nucleon SRC . . . . .. .. 60
2.12 Plot of EMC ratio with no medium modifications . . . . . . . .. ... ... 65
2.13 Plot of EMC ratio with z shifted . . . . . . ... ... ... ... ..... 68
2.14 Plot of EMC ratio using the color screening model . . . . ... .. .. ... 72
2.15 Plot of evolution computation with different  meshes . . . . . . ... ... 82
2.16 Plot of evolution computation with different log(Q?) step sizes . . . ... . 83
2.17 Comparison plot of LO and NLO evolution . . .. ... ... ........ 84
2.18 Plot of evolution of medium modifications . . . . . . ... ... .. ... .. 85
2.19 Plot of evolution trajectories . . . . . . . . . ... oL 87
2.20 Feynman diagram for pA — dijet + X . . . . .. ... ... 90
2.21 Plot of LO calculation for pp — dijet against experimental data . . . . . . . 97
2.22 Plot of dependence of xgonmy . . . . . . ..o e 101
2.23 Plots of pA — dijet + X cross section without medium modifications . . . . 102

viii



2.24
2.25
2.26
2.27

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14

Plots of pA — dijet + X cross section in the color screening model . . . . .
Plots of pA — dijet + X cross section compared to FS81 model . . . . . ..
Plots of pA — dijet + X cross section without medium modifications . . . .

Plots of pA — dijet + X cross section using the color screening model

Geometry of yd — Vpn . . . . . ..o
Angular distribution of final state momenta . . . . . . .. ... .. ... ..
Feynman diagram for PWIA contribution to vd — Vpn . . . . . . . .. ..
Feynman diagram for single rescattering contributions to vd — Vpn
Feynman diagram for double rescattering contributions to vd — Vpn . . . .
Angular distribution of vd — ¢(1020)pn (single resc. approx.) . . . . . . ..
Angular distribution of vd — ¢(1020)pn (double resc. approx.) . . . . ...
Ratio of angular distributions of vd — ¢(1020)pn . . . . . . . . .. .. ...
Ratio of angular distributions of vd — J/¢pn . . . . . ...
Angular distribution of vd — J/vpn . . . ..o o
Ratio of angular distribution of vd — J/¢pn (multiple ogyn) . . . . . . ..
Plot of Fermi momentum needed to effect subthreshold J/1 production
Angular distributions of vd — J/1pn below threshold . . .. ... .. ...

Angular distributions of vd — J/vpn at high energies . . . ... ... ...

X



CHAPTER 1

Introduction
Quantum chromodynamics (QCD) is believed to be the fundamental theory of strong nuclear
interactions. QCD is a non-Abelian quantum field theory with a group structure SU(3, C).
It postulates that nuclear matter is made of two fundamental kinds of fields. The first are
the quark fields, which transform under the defining representation of SU(3,C). Quarks
come in six flavors—up (u), down (d), strange (s), charm (c¢), bottom (b), and top (t)—
and each flavor has a corresponding anti-quark, which transforms under the anti-defining
representation of SU(3,C). The three-state internal degree of freedom possessed by each
quark flavor is called color, in analogy to RGB color space, and anti-quarks are considered to
have an “anti-color,” e.g., the anti-quark of a red u quark would be an anti-red @ anti-quark.
Secondly, there are gluons, which transform under the adjoint representation of SU(3,C).
Because of this, the gluon has a 32 — 1 = 8-state internal degree of freedom, which is also
called the color of the gluon.

Physical hadrons are postulated to be colorless mixtures of quarks, anti-quarks, and
gluons. In particular, every known hadron transforms under a trivial (singlet) representation
of SU(3,C). The basic known hadrons are categorized into two groups: baryons, which

consist of three valence quarks, which have a color state of:

% (Irgb)+ [ gbr)+ | brg)— | bgr)— | grb)— | rbg)) , (1.1)

and mesons, which consist of a quark and an anti-quark in their valence states, having a

color state of:

% (| )+ | gg)+ | b)) - (1.2)

Anti-baryons, consisting of three valence anti-quarks, also exist as the anti-particles of
baryons.
The only known stable baryon is the proton, which has valence quark flavor content

uud. Its anti-particle, the anti-proton (with valence quark content uud) is likewise the only



stable anti-baryon. The neutron (valence quark content udd) is an unusually long-lived
baryon, with a mean lifetime of 15 minutes; all other known baryons have lifetimes on the
order of microseconds or less.

Protons and neutrons are able to form stable bound states called nuclei. In particular,
Z protons and (A — Z) neutrons bound together form a nucleus with charge number Z
and mass number A. Typically, theoretical and experimental studies of nuclei are based
on nuclear structure in terms of its nucleonic degrees of freedom. One postulates that
nucleons interact via a phenomenological potential, or the exchange of certain mesons,
and proceeds to calculate nuclear properties in terms of various models. Under a mean field
approximation, in which each nucleon is treated as moving independently under the average
influence of the other (A — 1) nucleons, the distances between nucleons are larger than both
the size of the nucleon, and the distance scales at which QCD descriptions have successfully
been applied. Accordingly, descriptions of the nucleus in terms of QCD often amount to
treating the nucleus as a collection of quasi-free nucleons, each of which is individually
described using QCD.

The premise explored in this dissertation is that the nucleus is not just a collection of
nucleons, and that QCD effects unique to the nuclear environment can be observed. There
are several uniquely nuclear aspects to QCD that can be explored. Firstly, the structure of
the protons and neutrons making up the nucleus is expected to be modified by the nucleons’
immersion in a strongly-interacting environment. There is already strong experimental
evidence for this in the EMC effect, named after the European Muon Collaboration which
first observed the effect [1]. Additionally, the nature of various QCD processes, such as
vector meson production and hadron-hadron scattering, may also be changed within the
nuclear environment.

In light of these two aspects, the dissertation is divided into two major chapters. Chap-
ter 2 explores how the QCD structure of nuclei can be theoretically explicated by developing
a formalism that accounts for the latest phenomenology of high-energy, short-distance-scale
experiments using nuclear targets. This is accomplished by looking at inclusive reactions

where minimal constraints are placed on the final states, with a particular focus to inclusive



dijet production in proton-nucleus collisions. Chapter 3 explores how the nucleus can be
used as a micro-laboratory in which to study specific QCD processes. This chapter instead
looks at exclusive reactions, where the final state is fully specified, and focuses particularly

on incoherent vector meson photoproduction from the deuteron.

1.1 QCD structure of the nucleus

QCD is notoriously difficult to apply at low energies. This happens for several reasons.
Firstly, renormalized QCD has a coupling strength that depends on the energy resolution
scale Q?: it decreases at large Q> —a property called asymptotic freedom—allowing pertur-
bative QCD to be applied at high energy scales, but it also grows without bound for low
Q?, diverging logarithmically at an infrared energy scale, Aqcp. Secondly, the theory con-
tains infrared divergences corresponding to emission of soft and collinear gluonic radiation.
Collinear divergences are traditionally dealt with in field theories by recognizing that the
asymptotic free states of real experiments do not correspond to the “bare” particles that
appear as lines in Feynman diagrams. In QCD in particular, the asymptotic free states are
not quarks and gluons at all, but are instead colorless (color singlet state) hadrons. Accord-
ingly, proper application of perturbative QCD requires the input of several non-perturbative
quantities, corresponding to the probability that quarks and gluons entering into a pQCD
reaction are found within the initial-state hadrons, and the probability that quarks and
gluons emerging from this reaction form into the final-state hadrons.
Perturbative QCD thus proceeds through a scheme called factorization in which a
hadronic cross section is decomposed into three parts:
1. A universal parton distribution function (PDF) that describes the quark and gluon
makeup of a hadron.
2. A hard (i.e., high-Q?) perturbative QCD cross section for quarks and gluons.
3. A fragmentation function (FF), which describes how a scattered parton forms into a
shower of observable hadrons.
Parton distribution functions and fragmentation functions are manifestly non-perturbative

quantities, and it is currently unknown how to calculate them from first principles. Parametriza-



tion of both FFs and PDF's for the free proton exist based on extensive experimental data.
Through this factorization scheme, peturbative QCD has achieved a great amount of ex-
perimental success (see for instance the Handbook of Perturbative QCD [2] and the Review

of Particle Physics [3]).

1.1.1 Parton distribution functions

The parton distribution function is a function of two parameters: a light cone momentum
fraction x, and an energy resolution scale u. The momentum fraction x conventionally
ranges from 0 to 1, and for sufficiently fast hadrons (i.e., in the infinite momentum frame),
it describes the fraction of the hadron’s fast, longitudinal momentum carried by the parton.
The energy resolution scale u characterizes how exactly factorization is done. Roughly, QCD
processes that occur below the energy i are considered part of the hadron’s nonperturbative
structure, while processes above the energy p are calculated within perturbative QCD using
the Feynman rules.

The PDF for the proton is fairly well-known for a wide range of x and u. However,
the PDFs of atomic nuclei are not especially well-known. A naive guess would suggest that
the PDF of a nucleus can be obtained by convoluting the proton and neutron PDFs with
their individual momentum distributions, but this does not account for modification of the
protons and neutrons inside the nucleus.

The fact that protons and neutrons are modified, and that this modification is sig-
nificant, can be seen in the EMC effect [1,4]. The EMC effect is that the deep inelastic
scattering cross section for a bound nucleon within a heavy nucleus is not equal to the
DIS cross section for a free nucleon, and instead their ratio is a function of the momentum
fraction x of the struck parton. In particular, for x from 0.3 to 0.8, DIS from the bound
nucleon is suppressed, whereas for z above this it is enhanced. A myriad of models have
been proposed for account for this effect [5,6], but they have mostly proved inconclusive.
In particular, models based on the Fermi motion and binding energy of a single nucleon can

only partially account for the effect.



There is increasing evidence that the EMC effect can be related to multinucleon short
range correlations (SRCs) [7]. It is possible to obtain z > 1, since the parton that was
struck could have been shared between nucleons. Moreover, the cross section ratio at x > 1
becomes a sequence of plateaus, in line with predictions made on the basis of SRCs [8].

Accounting for SRCs is necessary for describing nuclear modification at low u. The
nuclear PDF at low energy resolutions can indeed be accounted for using a composition of
the nucleonic PDF and the nuclear density, if the nuclear density is modified to include the
effects of SRCs. At high energy resolutions, however, this is not enough. One of the main
focuses of this dissertation is obtaining high-u nuclear PDF's using the latest phenomenology

of SRCs, the EMC effect, and QCD evolution. This is done in Chapter 2.

1.1.2 QCD evolution

The QCD evolution equation relates the PDF at different energy resolution scales. By
evolving the PDF from a low p to a high u one considers many low-energy processes to
now be part of the hadron’s structure. At the same time, one is describing the hadron’s
structure at finer distance scales since these correspond to larger energy scales.

Within renormalized QCD quarks and gluons are not structureless, but instead contain
more partons at smaller distance scales (higher energy scales). It is possible to redefine the
boundary between the partons’ structure and their interactions, so that what was previously
considered a quark can instead be considered a quark with a cloud of gluons and quark-
antiquark pairs surrounding it. The boundary is defined by the experimental scenario:
there is an energy scale () characterizing how hard a particular kinematic scenario is, and
this scale is chosen as the energy resolution scale for factorization. Changing the energy
resolution scale by performing a harder scattering process removes some of the cloud of
gluons and quark-antiquark pairs from the dressed parton and considers it as being part of
the hadron containing the parton instead. This is illustrated in the cartoon in Fig. 1.1.

This higher-resolution parton invariably has a smaller light cone momentum fraction
x than the lower-resolution parton. As can be seen in Fig. 1.1b, some of the low-u parton’s

momentum is carried away by gluons, leaving the high-u parton with less momentum,



Cartoon of QCD evolution

q (37 high)

(a) Scattering at low (b) Scattering at high u

Figure 1.1: Cartoon illustration of QCD evolution. Higher p moves structure from the
parton to the hadron.

and thus a smaller momentum fraction. Conversely, if one sees a parton with a small (or
moderate) momentum fraction x at a high energy resolution, it may have been contained
within a fast (high =) quark at low resolution.

This fact is especially pertinent to the study of nuclear modifications. This is easiest
to see when considering that x can be greater than 1 for reactions involving nuclei. If
x > 1, this suggests that the probed parton carried two nucleons’ share of the longitudinal
momentum, and thus was likely to have been shared between overlapping nucleons in a
short range correlation. Likewise, x > 2 suggests the parton was shared between three

nucleons, and so on.

1.1.3 Short range correlations on the light cone

It is possible to obtain the observed x > 1 through high-density fluctuations of multiple
nucleons into short range correlations [8]. Therefore, it is necessary to develop a model of
SRCs to describe nuclear PDFs. This dissertation improves upon a model of SRCs using
light cone dynamics [9]. We describe two-nucleon correlations using the two-nucleon light
cone wave function, and correlations between three or more nucleons as arising from a

sequence of two-nucleon correlations. This model describes nucleons with low light cone



momentum fractions as existing within a mean field, and nucleons with high momentum
fractions as existing within multinucleon correlations. The model developed to account for

multinucleon short range correlations is given in Section 2.4.

1.1.4 QCD evolution of nuclear parton distributions

Jefferson Lab currently measures parton distribution functions at low @2 and high z, and
these measurements will be extended into the x > 1 region for nuclear targets. Using QCD
evolution, we will make numerical predictions for nuclear PDFs at very large Q?, on the
order of @2 = 10000 GeV?, at intermediate values of z. These calculations will provide
input for deep inelastic scattering experiments at the EIC, as well as for heavy ion collisions
at the LHC.

A complication that arises here is that, at low energy resolution scales, the masses of
heavy quarks (such as ¢ and b) are not negligible compared to the resolution scale. The
most commonly used renormalization scheme for QCD, the modified minimal subtraction
scheme or MS, neglects quark masses. Conventionally, one compensates for this by turning
quarks off when dealing with energy resolutions below the quark mass, and turning them
on at higher energy scales. This quark mass scheme, due to Collins and Tung [10], shall be
used in this work.

A detailed description of how QCD evolution is adapted to nuclear partonic struc-
ture, together with a computational algorithm for performing this evolution, is given in

Section 2.6.

1.1.5 Inclusive jet production

After the hard pQCD scattering reaction occurs, the parton will hadronize—that is, it
will fragment into an observable shower of closely spaced hadrons, called a jet. If specific
hadrons are looked for in the final state, then it is necessary to introduce a fragmentation
function to calculate the cross section. However, for the inclusive cross section—that is, with
all possible final hadronic states summed over—fragmentation functions are unnecessary.

Since fragmentation functions are an additional complication, it is desirable to avoid them



if possible when they are not the object of study, and therefore to look at inclusive jet
production.

This dissertation examines inclusive jet production at high-energy kinematics as a
means of studying nuclear PDFs. In particular, this dissertation demonstrates that inclu-
sive jet production at high energy can be used to observe the presence of shared quarks and
gluons within the nucleus at high energy resolutions. This is something that can be accom-
plished at the LHC in proton-nucleus collisions by looking at inclusive two-jet production.

A jet is characterized by two kinematic variables: its rapidity, which is a measure of
the jet’s speed in the heavy ion beam direction, and its momentum in the plane transverse
to the beam direction. The transverse momentum in particular serves as the characteristic
energy resolution scale in proton-nucleus collisions.

Large z > 1 can be obtained by looking at large rapidity and large transverse mo-
mentum in the jets. However, since the high-u partons obtained by QCD evolution have a
smaller momentum fraction than their low-u parents, it should be sufficient to look at mod-
erate © < 1 to see the effects of SRCs. This can be accomplished by looking at high-pr jets
with moderate rapidity, which are easier to measure at the LHC. Using QCD evolution and
the light cone description of SRCs, I have made predictions for inclusive two-jet production
at the LHC based on these kinematics.

An explication of the dijet formalism together with the cross section predictions can

be found in Section 2.7.

1.2 The nucleus as a microlab

For many purposes, experiments involving proton targets are adequate for studying the
nature of QCD interactions. However, there are problems for which the proton cannot
serve as an adequate target. Such an example is in studying the nature of J/v scattering
from the nucelon. J/1 is a vector meson composed of a charm quark and its antiquark. The
J/v¢ meson has a short lifetime, and the cross section for its production is small enough

that making a J/¢¥ beam is not feasible. However, using nuclear targets in photo- and



electroproduction experiments provides a means of studying J/v scattering from a nucleon.
The deuteron in particular is a promising candidate.

The rationale behind this is that, in hard photoproduction reactions, the deuteron can
function as a microlab in which a J/1 produced from one nucleon can be studied as though
it is rescattering from the other (spectator) nucleon. In hard reactions in particular, it is
possible to use an effective Feynman rule formalism: the amplitude for the process can be
described using the amplitudes for isolated two-body interactions occurring in turn. Pho-
toproduction of J/v occurs from either the proton or the neutron within the deuteron, and
then the three final-state hadrons (two nucleons and the produced J/v) may afterwards in-
teract with one-another. In particular, the J/v¢ may scatter from the spectator to the initial
production reaction, which produces a distinct peak or dip in the differential cross section.
The size and shape of this peak provides a means of studying the J/¢-nucleon interaction,
just as the magnitude and shape of differential cross sections in ordinary macrolabs allows
one to study the nature of scattering reactions.

Chapter 3 of this dissertation explores the use of vector meson photoproduction in a
deuteron breakup reaction in using the nucleus as a micro-lab for studying both the nature
of photoproduction reactions, and of meson-nucleon scattering reactions. This reaction
is analyzed in the framework of the generalized eikonal approximation, and a formalism
developed in Section 3.2 is applied to both ¢(1020) production in Section 3.3 and J/1

production in Section 3.4.



CHAPTER 2

Inclusive reactions

The easiest reactions to study in nuclear physics are fully inclusive reactions, where the
probe (usually an electron) that is scattered from a proton or nuclear target is the only
particle detected in the final state. Theoretically, inclusive reactions are characterized by
a summation over all possible final states. This allows the use of completeness relations,
meaning knowledge of the final state is not necessary to calculate scattering cross sections.
Accordingly, scattering cross sections depend only on the structure of the target and its
interaction with the probe.

By considering a pointlike probe that interacts through a well-understood mechanism
(e.g., an electron that interacts via photon exchange), the cross section for the reaction can
be used to study the structure of a hadronic target. The target will tend to be a proton
or a nucleus, although the formalism for inclusive scattering is typically given in terms of
a proton target. In what follows, the standard formalism for inclusive electron scattering
from a proton will be described (in Sec. 2.1), and subsequently the changes in the formalism
necessary for a nuclear target and their consequences will be explained (in Sec. 2.2).

The physical meaning of the “structure” of a hadron can be interpreted in terms
of constituents making up the hadron. These constituents are called partons, and in an
inclusive scattering reaction the probe can be understood as scattering from one constituent
parton. The partons making up a hadron target are mostly the quarks, anti-quarks and
gluons of QCD, although it is also believed that other elementary particles such as photons
make up a small part of a hadron’s partonic structure [11]. The distribution of these
partons in terms of light cone variables, quantified by the so-called parton distribution
functions (PDFs), can be related to the structure functions F} and F: firstly, in the quark-
parton model, which treats the constituents of the hadronic target as free and pointlike;
and secondly, in a perturbative correction to the quark-parton model that accounts for
interactions among partons. The main consequence of interactions among partons is that

the parton distribution functions must be regularized to deal with infrared divergences, and

10



Spacetime diagram for DIS

p X

Figure 2.1: Diagram for ep — €' X.

as a result, they obtain dependence on the energy /momentum resolution scale at which the
hadron is probed. This resolution scale dependence is given by a set of evolution equations
called the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [12-14].

The study of inclusive scattering on nuclear targets in particular allows one to examine
how conventional nuclear structure, namely the composition of the nucleus in terms of
protons and neutrons, interplays with the structure of nucleons in terms of partons to
produce the partonic structure of the nucleus. This interplay is described by a convolution
formula for nuclear PDFs, which is derived in Secs. 2.3.4, 2.4.5, and 2.4.9. The interplay
works two ways. Firstly, the partonic structure of the nucleus originates in part from
the motion of nucleons within the nucleus, which is described by the light cone fraction
distribution, the definition and formalism of which are given in Sec. 2.3; Secondly, the fact
that the nucleons making up the nucleus are immersed in a strongly-interacting medium
causes their structure (in the form of nucleonic PDFs) to be modified. This is described in
Sec. 2.5.

After the nuclear PDF formalism is developed, I will explore an application of it to

high-energy proton-nucleus collisions in Sec. 2.7.

2.1 General formalism

The most straightforward reaction that can be used to study the structure of a proton or
nuclear target is inclusive electron scattering. This reaction proceeds at the leading order

by exchange of a single photon, as depicted in Fig. 2.1.
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2.1.1 Kinematics

The reaction is characterized by the following kinematic variables:
e [ (I') is the initial (final) electron four-momentum.

e ¢ =1 —1is the four-momentum transfer.

p is the target four-momentum.

px is the four-momentum of the unknown hadronic final state X.

s = (p+1)? is the total center-of-mass energy squared.

W2=(p+q)?= p?X is the invariant mass of the state X.

—q2

y is the Bjorken scaling variable.

® TB= 20pq

o U= (p_]\}]) is the photon energy in the lab frame (target rest frame).
e Q2 = —¢* > 0 is the scalar momentum transfer.

o y= % is the inelasticity of the scattering.

2.1.2 Hadronic tensor and structure functions

Let A (\) denote the helicity of the initial (final) electron, o the helicity of the target, and
{Ax,i} the internal degrees of freedom of the Ny particles in the state X. The momentum-

space Feynman rules give a matrix element for inclusive electron scattering of

M = _—qQﬂA )y (X | J#(0) | p, ), (2.1)
where J#(0) is the hadronic current operator that characterizes the transition p+~v* — X,
the exact form of which depends on the particular final state X'. Final states with different
numbers of particles will add incoherently, and even have different phase space elements, so

summation over possible X should await calculation of the cross section. Use of the relation

2
do =3 M 4o, (22)
X

! The hadronic current is defined to be an argument of the spacetime point z, but in the momentum-space
representation one uses the operator evaluated at x = 0.
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for the unpolarized cross section element do, together with the flux ® = 4(l - p) and the

phase space element

d3 1 Nx d3 Px.

2B, (2m)7 L 2B ;(2m)%”

dQx = (2m)*6 (p +q —px)

gives
BT 47r(l )LM,,(l,l)/dX(%) oM (p+q—px)
—Z p,o | JH(0) | X)X | JY(0) | p, o), (2.3)
where

/ dX = Z / H 2;}(5);; 7 (2.4)

is shorthand for summation and integration over all hadronic states X, and where L, (k, k')

is the leptonic tensor, given by

L (L1 Zu Yy (1)@ )yt (1) = 2 (1l + Uy — (1) gu) - (2.5)
)\ Y

In analogy to the leptonic tensor, a hadronic tensor WH(p, q) is also defined:

W (p0) = o [ X0 g - )5 S [ 0| X)X (0] pro).

[

(2.6)

Since all the degrees of freedom associated with the final hadronic state X are summed,
it is a function of just p and ¢q. The hadronic tensor is symmetric in its indices since any
anti-symmetric contributions will disappear when contracted with L, and it is Hermitian

since exchanging the indices in Eq. (2.6) is equivalent to complex conjugation. Thus, it is
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a real-valued function. It is possible to rewrite WH(p, q) as

1

W (pq) = p [ dee®* 5 S oo | @) (0) [ o), 27)

which is found by using the Fourier transform 6 (p 4+ ¢ — px) = i d*zet(Pta—rx)  and
the fact that J#(0) transforms under the Poincare group as J#(0) = eip'mJ“(O)e_ip'””.
Eq. (2.7) can be used as the starting point of the operator product expansion, which allows
a great deal of knowledge about proton or nuclear structure to be determined from general
principles such as symmetries. It can also be used to see that current conservation, i.e.,
0y J*(x) = 0 implies q,W"(p,q) = 0. The index exchange symmetry of W*"(p, q), along
with this current conservation condition, means that the most general possible form that

the hadronic tensor can take is

WH (p,q) = <—g“” + q’;;f”) Wi(p, Q)+<p“ - %) (p“ - ‘q%)qu> Wi\(fé D (2)

The structure functions Wy (p, ¢) and Wa(p, q) are functions of just the scalar invariants ¢?
and (p - q), or equivalently of the momentum transfer Q> = —¢? and the Bjorken scaling
variable xp = %. Typically, one uses rescaled structure functions that are redefined to

be unitless (n.b. W 5(p, q) have units of inverse energy):

Fi(2zp,Q%) = MWi(p,q) (2.9)
Fi(w5.QY) = LD (p,q) = vWo(p.a). (2.10)

Since the hadronic tensor depends on these two structure functions alone, likewise does the
cross section. It is possible to derive from Eq. (2.3), and the definitions of the leptonic

tensor and structure functions:

do e 1 oy o0 2 o . 90
= —F — 4+ —F in“ — 2.11
dEédQ 4Eg sin4g v 2($B7Q )COS 2 + M l(vaQ )Sln 2 ) ( )

where 6 is the angle between the incident and scattered electron momenta.
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Spacetime diagram for DIS in parton model

Figure 2.2: The reaction ep — ¢’ X at a partonic level.

2.1.3 The parton model

The quark-parton model, originally proposed by J. D. Bjorken [15] and R. P. Feynman [16],
postulates that hadrons are made up of pointlike, structureless parts called “partons”.
According to this model, deep inelastic electron scattering occurs by exchange of a highly
virtual photon with a charged parton. A spacetime picture of such a process is depicted in
Fig. 2.2. The applicability of such a picture requires the interaction time to be extremely
short, in particular much shorter than the characteristic interaction times within the hadron.
This is achieved by (1) using the light cone formalism, where the light cone “time” is
given by o1 = ct + 2z, and (2) going to the infinite momentum frame, i.e., taking the limit
pt = E+p. — 00, so that the light cone time 2™ becomes infinitely dilated and the partonic
structure of the target becomes frozen. This is an idealization, but a decent approximation
in high-energy experiments, and one for which corrections can be calculated since the nature
of the partonic interactions (i.e., QCD) is known.

The parton model assumes a collinear approximation: in a frame of reference where
the composite hadron is moving extremely fast in the forward light cone direction, the
partons are assumed to be collinear with the target. Moreover, this approximation neglects
the masses of the partons, which are assumed to be small compared to the energy and
momentum transfer scales that characterize reactions where partons can be seen.

The quark-parton model is understood in the light cone framework, and the hadronic

tensor WH¥(p, q) is calculated using light cone perturbation theory. Since this formalism is
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Feynman diagram for hadronic current in parton model

L
e

k/ {k’j}
/
p T

(a) Parton from hadron (b) Parton from photon (c) Contact term

Figure 2.3: Feynman diagrams for (X | J#(0) | p,o) in the parton model.

“time”-order dependent, there are three diagrams for matrix element (X | J#(0) | p, o), de-
picted in Fig. 2.3. By appropriate choice of coordinates, namely with g™ = 0, the diagrams
of Fig. 2.3b (in which the photon splits) and Fig. 2.3c¢ (in which the parton is “simultane-
ously” [in light cone time] present at both the photon and inside the hadron) can be made
to vanish [17]. Thus only Fig. 2.3a needs to be calculated.

Because of the collinearity of the quark-parton model, the component J~(0) of the
hadronic current decouples from the DIS reaction, meaning W~"(p,q) = WT (p,q) =
W~="(p,q) = 0 [17]. Calculating W*(p,q) allows one to relate the parton distribution

function, defined by the formula [17]

da:d kJ_ o dilfjd k]J_ 3 ¢(1) e (2) e
fz/p LZ'B 2/233 271' 3 | (27‘() (27‘() 0 1 x Z_:a;] 1) kJ_—l-jZ::lk]J_

sV (x - 2p) W}i,}-/p(xakJ_; {z;h )7 (2.12)

to the structure function Fs(2p,Q?). Here, ; z/,(x,k1;{z;}, {k;L}) is the light cone wave

function of the parton within the hadron (cf. [18]). The relationship, given by [17]:

= Zezszfi/p($B)v (213)

can be derived from the general form of W (p, q) within the quark-parton model.
The lack of dependence of F» on Q2 in Eq. (2.13) is called Bjorken scaling [15,19] and

is a consequence of neglecting interactions between partons. It is an imperfect description
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of experimental data for Fy(xp,Q?), which include logarithmic Q? dependence known as
“scaling violations.” Several authors (see [12-14]) derived the so-called DGLAP evolution
equations, which introduce the requisite logarithmic @2 dependence into f; /p(a:B,Q2) by
using the known forms of QCD interactions. Currently, a wide range of experimental data
agree to great precision with the predictions of DGLAP evolution [3].

In summary, the quark-parton model and DGLAP evolution are known to explain
the internal structure of the proton with great success. It is the purpose of the present
work to import this legacy to nuclear physics, and to describe nuclear structure in terms of
its partonic degrees of freedom. This possibility will be explored for the remainder of the

chapter.

2.2 Deep inelastic scattering from nuclei

It is in principle possible to perform deep inelastic scattering of electrons from any hadronic
target, and use experimental data about the reaction to determine the partonic structure
of this target. Nuclei may accordingly be targets in such experiments. The formalism
developed previously for proton targets may thus be applied directly to nuclei, with merely
changes of notation: ps and M4 will notate the four-momentum and mass of the nucleus,

Wﬁ”(p A,q) the nuclear hadronic tensor, A

1/ (74, Q%) the nuclear structure functions, etc.

The biggest change of notation arises from the conventional definition of the nuclear Bjorken
scaling variable; one defines, for nuclear DIS:

2 2
Q@ _, @
2(pa - q) 20 My

z4=A (2.14)

with v being the energy transfer from the lepton to the nucleus in the lab frame.

Direct application of the DIS formalism to a nuclear target, without any additional
development, would leave us back at the beginning: the wave function of the nucleus, in
terms of its partonic structure, cannot be calculated from first principles, and one would
need to determine the partonic structure of each nucleus separately from DIS experiments.

However, it is a the goal of further theoretical development to avoid this. Previously-
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obtained knowledge of the partonic structure of nucleons, together with knowledge about
the conventional nuclear structure of nuclei in terms of protons and neutrons, should be
combined in order to determine the partonic structure of nuclei. Once the nuclear parton
distribution functions (nPDFs) are theoretically obtained in this way, predictions for cross
sections can be compared to experiment.

For a very crude example of how nuclear and nucleonic partonic structure might be
related—with a conceptual justification for the factor of A present in the definition of x4—
consider what the partonic structure of nuclei would look like if a nucleus with mass number
A and charge number Z consisted of Z protons and (A — Z) neutrons, all non-interacting
and all at rest in the lab frame. If f;/,, fi/n, and f;/4 denote the PDFs of the proton,

neutron, and nucleus respectively, then one would have

fisale, Q%) = Zfi (x5, Q%) + (A= 2) fi/n(zp, Q), (2.15)

in the approximation m, ~ m, = my. In such a scenario, the lepton probe scatters from

Q2

2vmpy

one of the nucleons, and the contributions add incoherently. zp = 2 is the proper
scaling variable, since the de facto target was one of the nucleus’s constituent nucleons,
which was at rest. However, x g is the fraction of the nucleon’s forward momentum carried

by the struck parton, rather than that of the nucleus. The fraction of the nucleus’s forward

momentum carried by the struck parton is instead

K_Rpy oy @ my | Qw4
pj& p;\r, pjg My  2vmy My 2vMgy A

In other words, % is the actual fraction of the nucleus’s light cone momentum carried by
the parton; however, xp =~ x4 (with the approximation being inexact owing to the binding
energy of the nucleus, ie. the fact that M4 # Amy) is the scaling variable in the “free
nucleon” approximation. Accordingly, xp or x4 is used in the comparison of nuclear to

nucleonic DIS data and predictions, since differences between the structure functions for

2 Bjorken zp is always defined with the nucleonic mass, rather than the target mass.
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the nucleon and nucleus at a fixed x4 (where 4 = xp in the special case A = 1) indicate
nuclear structure.

Another significant indication of nuclear structure comes from the possibility that
x4 > 1. This is kinematically possible, since the upper limit of 4 comes (kinematically)
from (pa + q)* = pg( > Mi, which entails 2(;2—;(1) <1

In particular, z4 > 1 indicates motion of the struck nucleon. Although the upper limit
of the momentum fraction xy = % is 1, if the nucleon is bound and in motion relative
to the lab frame then zx # xp. In situations where z < xp, since xy = 1 at most, one
can have xp > 1. Since this is purely an effect of nuclear structure, it is worth exploring

scenarios where zp > 1 (and z4 > 1) will occur.
2.2.1 Nuclear hadronic tensor, structure functions, and parton distribu-
tions

The nuclear hadronic tensor Wﬁ” (p4, q) is defined in strict analogy to the proton’s hadronic

tensor, namely

Wa'lead) = o7 /dX(27T)45(4) (Pa+9q—px)
5 S pasa | J4O) | X)X | JO) [pacsa) (210)

Just as with the hadronic tensor of the proton, the nuclear hadronic tensor decomposes into

a sum of scalar functions of p4 and ¢, namely

v v, 4" A
Wi (pa,q) = <—g“ +q—2> Dpa,q)

N <pu (m-q)q“) <p“ (pA-Q)q“> Wy (pa.q) (217)

A q2 A q2 ME& ’
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and moreover structure functions FI(A) (z4,Q%) and F2(A) (z4,Q?%) are defined in terms of

these as

A (24, Q%) = MaW{ ™V (pa, q) (2.18)
ZRONSE %—:’)W;A) (04,9) = WSV (pa, ) (2.19)

One can find FQ(A) (r4,Q?) by looking specifically at the ++ component of the nuclear
hadronic tensor; one finds
(p4)?

Wit (pa,q) = sz(A)(CUA,Qz)- (2.20)

With Eq. (2.20), we are in a position to find the relationship between FQ(A) (r4,Q?%) and the

nuclear PDF.

The derivation of the nuclear PDF is given now. In particular, we find the expression
for W{"(pa,q) in terms of the nuclear PDF by first evaluating the matrix element (X |
JT(0) | pa,sa). The final state X in this derivation is characterized by the flavor i of the
struck parton, since a hard probe will knock the struck parton far from the rest of the target,
causing flavor to be added incoherently, and the Fock component F of partons making up
the nucleus. Realistically, in nuclear DIS reactions, one or a few nucleons are removed and
just one of the nucleons is destroyed, leaving the others, as well as a nuclear remnant, intact.
However, owing to quark-hadron duality, we can express a general final state (including e.g.,
states where just one nucleon is removed and destroyed and the remaining (A — 1) nucleons
are left in an excited bound state) in terms of quark and gluon degrees of freedom, and a sum
over all such partonic degrees of freedom is equivalent to a sum over all possible hadronic
final states. Therefore, we proceed in this section by considering the final hadronic state as
| X) =| i, F). Later in this chapter, scenarios with more specific final states (in terms of
nucleonic degrees of freedom) will be considered, and comparing the result of this derivation
to that of subsequent calculations will be used to relate the nuclear PDF to the nucleonic

degrees of freedom of the nucleus.
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Bearing these considerations in mind, we have

u; a e )
(i, F | JT(0) | pa, sa) = 4 (k‘/)ez’frzA ;i+)pl(;§k)) s @, (k) | D yauis (pa),

(2.21)
where here v’ (p4) denotes the part of the nuclear wave function that transforms under an

irreducible representation of the Lorentz group®. The denominator factor, D(k~) is given

by
& 1 [, m2ik?  Zami 4k
Dk )=p; —k — ki = — | M3 — —+——=— —r = 2.22
+
where z = Ai—i and z; = A%, since we consistently adopt the convention of scaling
A A

momentum fractions by A as long as x 4 is going to be scaled as such. Except for the factor

of p—1+, this is the denominator of the light cone wave function [18], give by:
A

[H?il ?12’ (kj)] ) (k)L au’f (pa)

M }s
PR @k g} K dpa) = — —— (2.23)
M2 ™M +ki Zﬂs ij gt
A z/A j=1 x;/A
Using this and the spinor relation @ (k')ytu? (k) = 2vE+TE*+ 6y, gives
i F J—l- 0 ) + ()\7{)\3'};8,4) ki : . k. . 2.924
<Zv | ( ) |pA,3A> €; pA¢i7f/A (337 J_7{x]}7{ JJ-}7pA)' ( . )

Therefore we have, for the ++ component of the nuclear hadronic tensor,

k't d?k| "é dhk; d’k; 1 <
Wit L1 2r)is@ K-Sk
T (pa,q) = 47TMAZ/ 2 (2] 2/<;+(27r) ) pa+q ; j
2
D7 i rale ks {as) kg b)) ] (2.25)

3 For instance, if the nucleus is spin-half, ua is just a Dirac spinor; if the nucleus is spin-zero, u4 is a
constant; if the nucleus is spin-one, u4 is a polarization four-vector; and so on.
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We work with three particular approximations when using the quark-parton model: (1) the
collinear approximation, in which the transverse momentum of the partons is set to zero
prior to scattering; (2) the massless quark approximation; and (3) the Bjorken limit, in
which Q? is much larger than other energy scales involved, but Q?/v is fixed. Within these

approximations, the four-dimensional delta function evaluates to

5 [ patqe i =Sk | =4 50 (42
s 1 Z ”Z 6 (ke +Y ki | (2:26)
Jj=1 j=

Next, we need to employ the definition of a parton distribution, but must be careful that
the formal definition will be given in terms of a scaled momentum fraction. If a prototypical

nuclear PDF is given in terms of an unscaled momentum fraction 4 = x4/A as

didk, da:]d TR - e
fZ/A 2/21: 27T3 (271') ( )6 1_'%_2'%] kl—i_;ij_

6 @ (‘% ‘wz ]-'/p z klv{x]} {k]l})| (2'27)

i.e., if the ordinary definition of a PDF in terms of the true momentum fraction is used,

then because the ordinary sum rules are obeyed for integrations over Z 4, e.g.

1
/0 dZ A [fu/A(ffA) - fa/A(@A)] =N, =2Z+(A-2) (2.28)

1
Z/O dFaZafija(Ea) =1, (2.29)

we have for the scaled fraction x4 the relations

A
/0 Ao [Fugalwa) = Faja(za)] = ANy = 242 + A(A - 2) (2.30)

A ~
Z/o d:EAﬂjAfi/A(:EA) = A% (2.31)
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This is not the correct normalization for the nPDF, since integration over the chosen mo-
mentum fraction should yield N, for the valence quark sum rule and A for the momentum
sum rule (rather than 1, since the scaling of x4 by A means the total amount of forward

momentum in fractional units is A). Thus, the correct definition of the nPDF in terms of

. 1 rs
TAIS fi/A = Zfi/Av or

drd’k;| T d:EJd k| 5 R L AT -
fisa(za) Z/ 2x(2m) 3 : xj(2m)3 3 2(27) ot A st A 0 ki + Zkﬂl
0 (@ — x.a) wi,f/p(:c, ks {o} (kD[ (2.32)

where the factor of % has been absorbed by the delta function 6" (z — z4). With this

definition in hand, one finds that

(Ph

W0 =

Ze zafija(za), (2.33)

or in terms of the nuclear structure function,

F(A (ra) Ze zafija(Ta). (2.34)
Eq. (2.34) predicts scaling for nuclear DIS in the Bjorken limit. Scaling violations will
however occur due to interactions between partons, and these violations are manifested in
Q? evolution of the nuclear PDF.

While these formulas look identical in their form to those of the proton PDF, it was
important to ensure that this identical form held in spite of the A-scaled definition of z 4.
With these formulas in hand, it is possible to now relate the nuclear PDF to the nucleonic
degrees of freedom of the nucleus, together with the partonic structure of the nucleons. To
do this will require that a formalism be developed for describing the nucleonic degrees of
freedom in a manner formally equivalent to the partonic degrees of freedom, i.e., in terms

of a light cone fraction distribution. This is done in the next section.
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2.3 The nuclear light cone fraction distribution

To describe nuclear structure in the light cone momentum representation, we use a light
cone fraction distribution (LCFD) fy/a(c, p1). This essentially describes how nucleons of
“flavor” N = p and N = n are distributed over various values of the (scaled) light cone

momentum fraction

a=A—=+ (2.35)

as well as the nucleon transverse momentum p;. The LCFD is defined in analogy to the
parton distribution function, but instead it describes the distribution of nucleons inside a

nucleus. In particular, it is defined to satisfy sum rules, viz.

A
/0 da/d2pj_ (fp/A(a,pl) — fﬁ/A(a,pl)) =7 (2.36)

A
/0 da/dzpl (fajala,pL) = fajala,pi)) = (A= 2), (2.37)

in analogy to the valence quark sum rules for the PDF of a proton, and a momentum

conservation sum rule

A
Z/O da/d2pl%fN/A(apr_) =1 (2.38)
N

Notice that Egs. (2.36,2.37) state that (e.g.) the number of protons minus the number
of anti-protons in the nucleus is fixed to Z, in analogy to the number of © quarks minus @
antiquarks being fixed to 2 in the proton. This accounts for the possibility, in principle, of
a proton and anti-proton being created within the nucleus, something that could happen
(with a very tiny probability) if an evolution equation analogous to DGLAP were developed
and applied to the hadronic structure of the nucleus. Developing an account of evolution in
this way would be less straightforward than in the case of QCD, since conventional nuclear
physics is not a fundamental theory describing pointlike objects. However, since nucleon
masses are large in comparison to momentum transfer scales where conventional nuclear

physics is applicable, the creation of nucleon-antinucleon pairs is extremely unlikely, and it
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is reasonable to take f;/4(a,p1) = faja(a, pL) = 0. Accordingly, the baryon number sum

rules are simplified to

A
/ da / 1 fya(0pi) = Z (2.39)
0

A
/ da/dZPLfn/A(a,PL) =(A—-2). (2.40)
0

2.3.1 Decomposition of the LCFD

For relativistic bound states, the meaning of such a quantity as the LCFD is best understood
in terms of processes. Most straightforward to consider are scenarios where an impulse
approximation works reasonably well; a hard probe collides with a single nucleon, producing
some final state (by scattering elastically, destroying the nucleon, inducing production of
specific hadrons, or something else), without any final state interactions with the remainder
of the nucleus. The lack of final state interactions requires that the entire process occurs
within a very small time and distance scale, requiring sufficiently large Q% and z4. In
particular, x4 should be considered well within the valence region of the nuclear PDF, so
x4 > 0.2, and one should take Q2 > m?\, in order to avoid complications from higher-twist
and target mass effects.

Even within the impulse approximation, it is possible to obtain final states with
varying numbers of removed nucleons. Consider first the mean field approximation, which is
is characterized by the assumption that each nucleon within the nucleus acts independently,
under the influence of the force produced by the bulk of the nucleus (i.e. by the other (A—1)
nucleons). In other words, none of the (A — 1) spectators is specifically correlated with
a nucleon that is removed in a nuclear reaction, and the missing momentum in e.g., the
quasi-elastic removal reaction A(e, e’ N) is shared entirely by the remaining (A—1) nucleons,
which remain in a bound state. In other nuclear processes (such as hadron production and
inclusive DIS), the final state will be more complicated than ¢/ + N + (A — 1), and the

removed nucleon may even be destroyed (such as in the case of DIS), but the contribution
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of the mean field to such a reaction will nonetheless include a remnant of (A — 1) nucleons
in a bound, possibly excited state.

On the other hand, it is possible to have configurations where a small number of
nucleons cluster at short distance, and balance each others’ momenta. For instance, there
are configurations where the probed nucleon has a large initial momentum in the nuclear
center of momentum frame, = 250 MeV or so, which is balanced almost entirely by a single
nucleon. Such a configuration is called a short range correlation (SRC), and probing a
nucleon in an SRC will remove not just the probed nucleon, but its correlated partners
from the nucleus as well. This will be explained further in Sec. 2.4.

Since final states with different numbers of removed nucleons occupy far distant re-
gions of phase space, the probabilities for processes which produce these final states will add
incoherently. Accordingly, within the impulse approximation, the distributions describing
scenarios which will result in these incoherently added final states can also be added inco-
herently. In other words, the LCFD can be decomposed into distributions of nucleons within
the mean field (which will produce one removed nucleon) and within j-nucleon correlations

(which will produce j removed nucleons). In equations, we have
Fajalanpr) = fy (pi) + 3 fila@pi) = > f)4lapr),  (241)
j=2 j=1

where f](vl/)A(a, p.1) may be used to denote the mean field part of the LCFD (i.e. the part
that contributes to the one nucleon removal cross section). Since fy/4(e, p1) is normalized
to the number of nucleons of “flavor” N in the nucleus (e.g. f,/a(a, p1) is normalized to
Z), fz(\?/) (@, p1) in general will not be normalized as such; instead, f]gi‘(a,p 1) will be
normalized to the average number of protons in the mean field (j = 1) or in a j-nucleon
SRC (j > 2). Likewise, % ;Eﬁl(% p.) will indicate the probability of a single proton being

in the mean field or a j-nucleon correlation.
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Cut diagram for LCFD

Figure 2.4: Cut diagram for finding the LCFD.

2.3.2 Diagrammatic rules for the LCFD

It is possible to find a set of diagrammatic rules for calculating the LCFD and derive
relations involving it. There are obstacles to using the most straightforward methods such
as the optical theorem, since nucleons are not elementary particles and the vertex factors
involved in the process may contain poles in the complex plane in addition to the poles
contained in the propagators, and since the final state particles will not necessarily all be
nucleons, but will in general contain a bound state of (A—1) or (A—j) nucleons (depending
on how many nucleons are removed in the relevant process).

In light of these concerns, one instead uses a cut diagram, an example of which is
depicted in Fig. 2.4. In the cut diagram, spectator particles are placed on their light cone

energy shells, while the interacting particle has an operator VN(oz, PL;anN,PN1), given by

[0
V(o pisan,pyi) = D ak(p, 0)25(1)(0 —ay)6® (pL — pyi)an(p, o), (2.42)

placed on its internal line.

The creation and annihilation operators satisfy the rules

% (p)aly(p, o) = an(p, o) uf () = SperSnn:-

Essentially, the operator VN(a, pi;an,pn.) fixes the light cone fraction and the transverse
momentum of a probed nucleon to the fixed values o and p,, respectively, and ensures

that the probed nucleon is of the correct “flavor” N. This does not involve a sum over
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all nucleons, however. In Fig. 2.4, for instance, the final state is known to consist of a
single nucleon and a bound state of (A — 1) nucleons. Accordingly, this diagram is used
for calculating ﬁ f](VA/JAF)(a, p1) (where xn is the fraction of nucleons of “flavor” N, i.e.

Xp = % and x, = L52).

2.3.3 The LCFD for the mean field

Using Fig. 2.4, let us calculate the LCFD of the mean field using the rules of light cone

perturbation theory. We have

oN _oN
f(MF (0 py) Z/ dOésd pSJ_ @5 (pA) Do uN+(pN)_uN (pn)
pND(pN)

<Z ”((fﬁi_l)(Ps)ﬁf,Z_l)(ps)) Vi (o, pL;on, PyL)

Os

S N (pa) i (pw)
N SA
— L yau’t (pa)
p]—l\—[D(pN) /%A
—O —Og S 2
> N (PN )G (Ps)Tjate s (Pa) (2.43)
o AN | /2 )3 PAD(py) ’
where
_ m3, + p2 M2, )+ Py,
PAD(py) = M} — =P - D

The squared quantity between the | | in Eq. (2.43) takes roughly the form of a two-body
wave function. However, a two-body light cone wave function is normalized to satisfy the

relation

dand®pn1 |, (MF) 2
/m T/JN/A (an,pN1)| =1, (2.44)
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whereas the normalization of f ](\,J‘//{f)(a, p.1) to x A requires the right-hand side of Eq. (2.43)

to be normalized as well to yyA. In other words, the mean field wave function is given by

o 1 (pN) (A_l)(pS)FN/AuZA (pa)
SN (0 pavy , 2.45
) e e T
and thus the LCFD is related to the wave function in the mean field by
(MF) B 1 (MF) 2
faja (@pr) = xnA—— ¥y, (an, PN1)| - (2.46)

anNCQg

With this, the baryon sum rule and the wave function normalization rule are simultaneously
satisfied.

The mean field contribution to the nuclear wave function falls off rapidly above the
Fermi momentum, which for a typical heavy nucleus is around 250 MeV [20]. Since Z—%\r ~
0.005 < 1, the non-relativistic limit is a valid approximation for these momenta, and
relativistic corrections to a non-relativistic mean field model will at most be on the order
one percent.

Constructing a non-relativistic mean field model requires relating the LCFD to the
non-relativistic wave function. The non-relativistic wave function is different from the

light cone wave function, since it is normalized in terms of different variables. Namely,

2
it is normalized to satisfy fd3p ‘wN/A )‘ = 1, so must be related to the LCFD by

fN/A (o, pl)da = ‘1#1(\],\;? )‘ dp,. In the non-relativistic limit, we have dp, ~ %da, SO

the mean field LCFD is, in the non-relativistic limit:

s TP
Fon (apy) (w%f ( . (2.47)

With Eq. (2.47), it is possible to perform numerical computations for the mean field
contribution to the LCFD, and thus calculate cross sections for incoherent nuclear processes
with one nucleon removed. Existing calculations of the mean field contribution have been

done using Hartree-Fock approximations. For numerical computations, the mean field mo-
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Feynman diagram for hadronic current of mean field

Figure 2.5: Diagram for (X | J7(0) | p4, s4) in the mean field approximation.

mentum distributions calculated for 5°Fe and 2°8Pb by Zverev and Saperstein [21] will be

used in this dissertation.

2.3.4 Nuclear PDF in the mean field

The nuclear PDF within the mean field model of the nucleus can be related to the LCFD

by the following convolution formula:

da T
fi(/AjF (4, Q%) = Z / /d2 J-fN/A a, l)fi(/ijMF) <§7Q2;aap¢). (2.48)

_p7

(6, MF) (x&“ Q% a, pl) is the bound nucleon PDF for a parton with flavor 7.

The function f
The superscript b signifies that the nucleon is bound, which in general may alter its partonic
structure. (See Sec. 2.5 for further discussion about this.) How the partonic structure of a
bound nucleon is modified may depend on how strongly it is bound, which can depend on
the kinematic parameters o and p, which is why they are included as arguments. Here, I
shall derive the convolution formula within the mean field approximation.

First, as before, the formula for WAH' (pa,q) (given in Eq. (2.16)) is used. However, in

evaluating the matrix element (X | J*(0) | pa, sa) of the hadronic current, we characterize

the final hadronic state X as consisting of (1) a (possibly excited) bound state of (A — 1)
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nucleons; (2) the Fock component F of the probed nucleon; (3) the “flavor” N of the probed
nucleon?; and (4) the flavor i of the probed parton.
The diagram for the matrix element is given in Fig. 2.5, and the rules of light cone

perturbation theory give
Sy ud
(10 [ passa) = 7 (e 2R EDEE Hu )| o

Z)\UNN(pJ\é) ; (pN)ﬂ?g_l)(ps)FN/AUZA(PA)

(A Aj o
= 2phedant Z]c{/N} v) (xn, ki, {z, kL }ian, pyvL)

?ﬂz(g/NAos’SA M) (an,pri), (2.49)
where xy = k/ p;\r, and x; = k;r / p;(, are the partons’ light cone momentum fractions with
respect to the nucleon’s forward light cone momentum. It is worth noting that since the
nucleon is in motion, the partonic wave function of the nucleon is given (in the lab frame)
as a function of any and py | in addition to the partons’ momenta.

In addition to the hadronic current matrix element, we must rewrite the four-dimensional
delta function in WAH' (pa,q). It decomposes in terms of light cone momenta as 6(*) (Ap) =
200 (ApT)6M (Ap~)d@ (Ap. ), with the “plus” and transverse components becoming state-

ments of conservation rules within the nucleonic PDF, namely

Ns A Ns
§t=0Wph k=D k| = —=W | 1—any =D = (2.50)
ot =6% | pyi—ki — ijJ_ : (2.51)
j=1

and the “minus” delta function setting the momentum fraction xy in terms of external

observables; namely, in the collinear and massless quark approximations, with the Bjorken

4 Since isospin is conserved in strong nuclear processes, the final states produced by a probed proton and
neutron will be distinct.
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limit taken, we have

AQ? zap} T
— 1 . — — A ey _ 4 2 59
o =rif < (4~ pa) :vNaN> 2(q-pA)ozN5 NN (2:52)

where we have defined x4 = This gives a nuclear hadronic tensor of

AQ*
2(g-pa)”

P
Axn ‘¢§VA/J£)(GN, pNJ_)‘

do
Wit (pa,q) = MquA Z Z{/ —d’py. an(A—ay)

/d:ENd k, + da:jd ki
2:L'N(27T)3 L 22 5 (2m)3

[ |¢i,}'/N(33N7kJ_7{$jaij_}§O¢NapNJ_)|2

227)%6W | 1—ay > 2y | 6@ [pyr —ki =D ki ] }
=1

j=1
d
_MAq pa) Z Z/ o [fN/A)(O‘N’PNi)
fz(/le ( ,Q? aNaPNJ.)] (2.53)

Comparing this to Eq. (2.33), we have the convolution formula

d
fZ/A (24,07 = Z/ a/dz Z/N a Qz;a,pL) fJ(V]/WAF)(a,PL) (2.54)

for the nPDF in the mean field. The lower limit of « in this integration is determined by

the constraint that zy = z4/a < 1.

2.4 Short range correlations

A short-range correlation (SRC) is a high-momentum, short-distance configuration of several
nucleons within a nucleus. These stand in contrast to a mean field configuration, where
each nucleon moves independently under the average influence of the (A —1) other nucleons.
In an SRC, by contrast, the nucleons within the short-distance configuration are strongly
correlated with each other, and, owing to the short distance and the strength of the inter-

nucleon force at short distances, nucleons in a j-nucleon SRC are predominantly influenced
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by each other in their dynamics, with the influence of the (A — j) remaining nucleons

negligible in comparison.

2.4.1 The convolution formula

As discussed in Sec. 2.3.1, processes that involve different numbers of removed nucleons
make contributions to the DIS cross section that are incoherently added. Since DIS from
a short range correlation produces a different number of removed nucleons than mean field
contributions—namely, j removed nucleons for a j-nucleon SRC—the mean field and j-
nucleon SRCs add incoherently. This is encoded at the level of purely nucleonic physics by
the decomposition of the LCFD in Eq. (2.41). A similar relation holds for the nuclear PDF,

namely:

A
fira(wa, Q%) = Fi3 7 (w4, Q1) +ZfZ/A (24,Q%) =Y [)(wa, Q). (2.55)
7=1

=2

The mean field contribution to the nPDF is related to the mean field part of the LCFD
by Eq. (2.54). There is the question of whether a similar relation holds for the j-nucleon
SRC contributions to the nPDF and their contributions to the LCFD. In fact, it will be
demonstrated in this section that the following relation explicitly holds for j = 2 and

4 = 3-nucleon correlations:

f@a Q)= Y / [ eousaepos (2 ekap).  (250)
N=p,n

Here, fi(/l)jé) (“%, Q% a,p l) is the bound nucleon PDF, which differs from the free nucleon
PDF due to immersion of the nucleon in the strongly-interacting nuclear medium. It is
indexed by j since the form of the medium modification is likely to differ for a nucleon
influenced primarily by the mean field and one whose dynamics are primarily influenced by
a small number of correlated partners. Accordingly, the j-nucleon SRC contribution to the
nPDF must be calculated by a separate convolution formula of the form Eq. (2.56) for each

7, and then added, to obtain the total nPDF.
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2.4.2 Motivation and evidence for two-nucleon SRCs

In the 1980s and 1990s a series of proton removal experiments that hinted at 2N SRCs were
performed with hard electron probes. These experiments are summarized in Refs. [22-24].
Lapikas [25] found in an analysis of the 1980s proton removal experiments [22, 23] that
only 60 to 70% of protons appear to occupy the valence orbitals generated by the mean
internucleon potential. By contrast, Hartree-Fock calculations predict 90% occupancy for
these orbitals [25], with the other 10% in orbitals above the Fermi level owing to long-
range correlations. On the other hand, it has been found that calculations which include
appreciable short range correlations induced by a tensor interaction can account for the
missing 20 to 30% of protons. In other words, it was predicted on the basis of spectroscopic
measurements that 20-30% of protons are in two-nucleon short-range correlations.

More recent experiments with high-energy electron and proton probes have more
directly demonstrated the existence of two-nucleon SRCs through triple-coincidence mea-
surements (cf. [26-28]). In these experiments, the probe and a removed proton are detected
and their momenta measured, allowing the missing momentum to be calculated. When the
removed proton is a member of a short-range nucleon pair, the missing momentum will be
almost entirely carried by the proton’s correlated partner, rather than shared by the bulk
of the nucleus. If another nucleon is detected that carries all of the missing momentum,
then a two-nucleon SRC was probed.

In addition to the existence of two-nucleon SRCs, such triple-coincidence experiments
have also studied their properties. In particular, several experiments [26, 27,29, 30] have
demonstrated that the majority (2 90%) of 2N SRCs are proton-neutron pairs. This leads
one to expect that the light cone fraction distribution for such an SRC should follow the high-
momentum LCFD of the deuteron in its functional form. Additionally, several theoretical
and experimental studies (see [30-33]) have found that the pn dominance of 2N SRCs
increases the average momentum of a proton in neutron-rich nuclei, since fewer protons are

present to be paired with neutrons into SRCs.
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Another important property of two-nucleon SRCs has been studied by recent exper-
iments, namely the universality of the high-momentum functional form of the momentum
distribution. The universality is observed in low-Q? quasi-elastic electron scattering exper-

iments, where the ratio
/ 2
R(A, Al) o A U@A(£7Q )

B A O-eA’(:Ean) (257)

is measured, where the comparison nucleus A’ has typically been either 2H or 3He.
The earliest experiments with evidence for two-nucleon correlations in cross section
ratios were performed at SLAC. Frankfurt et al. [34] analyzed a series of electron-nucleus

scattering experiments at SLAC and found that Q2 > 0.9 GeV? and zp > 1.4, the ratio

~

R(A,d) became roughly constant as a function of zp at fixed @2, i.e., this ratio formed a

plateau. In the range 1.4 < xp < 2, Frankfurt et al. defined

204

a2(A)_Zad’

(2.58)

and extracted values of this factor for He, 4He, '2C, 27Al, %Fe, and 7 Au from the SLAC
experiments. While as(A) itself was taken as an experimentally constrained parameter, the
existence of plataeus, as well as the functional form of the ratio R(A,d) as a function of z,
were predictions of [34] derived from their short-range correlation model. In their model,
the light cone distribution of nucleons in a nucleus scales like the light cone distribution of a
deuteron. as(A) can be interpreted in this framework as a probability factor for two-nucleon
SRCs.

Later experiments at Jefferson Lab, in particular a CLAS experiment by Kim Egiyan
et al. [8,35] and a Hall C experiment by Fomin et al. [36], measured electron scattering
cross section ratios for a range of nuclei in the region Q% > 1.4 GeV? and x5 > 1.5. Both
experiments found scaling plateaus, the former in the ratio R(A, 3He) for *He, 12C, and Fe,
and the latter in the ratio R(A,d) for 3He, *He, °Be, '2C, %3Cu, and "7Au. Weinstein et
al. [7] converted the R(A,3He) measurements of CLAS into ag(A) values using a calculated

R(*H,3He).
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Cut diagram for two-nucleon SRC

Figure 2.6: Cut diagram for the LCFD of a two-nucleon SRC.

In summary, there is a large body of evidence for the existence of two-nucleon short
range correlations in nuclei, and a fair amount of experimental constraint on the properties
of 2N SRCs. It is well-known that the majority of two-nucleon SRCs occur in proton-
neutron pairs, and that the functional dependence of the momentum distribution follows
the high-momentum part of the deuteron distribution. Moreover, for a range of nuclei,
the scale factor ag(A) is well-known. These facts will constrain the theoretical analysis of

two-nucleon SRCs to follow.

2.4.3 Light cone fraction distribution for 2N SRCs

The empirical evidence for two-nucleon SRCs described in Sec. 2.4.2 points to a strong
dominance of NN pairs that both share the quantum numbers of the deuteron, i.e., are spin-
one and isospin zero, and share the functional form of the deuteron momentum distribution
at high momentum. Accordingly, the LCFD of the two-nucleon SRC is modeled after the
LCEFD of the deuteron. In particular, the LCFD can be derived using light cone perturbation
theory, applied to the cut diagram in Fig. 2.6. For the cut diagram, the operator V(a, pP1)
given in Eq. (2.42) is placed on one of the internal nucleon lines.

First, the LCFD of the deuteron is derived, since the LCFD of 2N SRCs is modeled
after it. Since the deuteron consists of one proton and one neutron, and is an isospin
zero state, we should have f,/q(a,p1) = fn/a(e,pL), each of these being normalized to

Z = (A—Z) =1. Using this normalization rule, together with the cut diagram of Fig. 2.6,
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we have

- [d nd nl | sy oy >0, Up” ()" (Dp)
fp/d a PJ_ Z/ - p = [ Ug (pd)rdlm <§; unn(p”)unn(pn)> pz_p(ppgi g

<Z a;')(p, U)%é(l)(a - ap)é(z) (PL = PpL)ap(p, U))

Zo'p up” (Pp)p” (pp)
py D(pp)

denufld (pd)] . (259)

The rules for creation and annihilation operators are applied, and the delta functions elim-
inate the integrations with help of the momentum conservation relations «,, + oy, = 2 and

Ppl + Pni = Pal- Additionally, it is noted that

2 2 2 2
my; +p m2 +p

+D(p~ O‘p T (p7 - Qp 2 2 p pL n nl
Py (pp) Y ( —Dp _pn)__2 (Md‘i'PdL— ap/2 - n/2

[Md_ (m%( p = UPmR + [Pps — FPa] )]
vy [Mi

a0,

l\’)l}—‘ [\:Jl»—\

—4(m¥ ++)], (2.60)

where k2 is written as a shorthand for

(ap —1)°m3 + [PpL — gpde_]2
Qapay, '

K =

(2.61)

It should be noted that k = |k|, where k is effectively the internal, relative momentum of the

proton-neutron pair corresponding to the light cone momentum fraction o,. In particular,

o
PL— 5PdL = ki (2.62)
VEZ+FmE ks, L
a=2 Yooy (2.63)

24/k? +m3, \/ K2+ mi
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and inverting these to find k? gives Eq. (2.61). The result of these considerations is

2
E: 3 L " (pp) g™ (pn)T apnig (pa)
I dOZPL p ‘ (2.64)
5 o2 02— ) [V220nP b [MF 4 (md )]

Note that in this case pgy; = 0, but we have left pg; present in these formulas in order to

obtain more general results. The deuteron light cone wave function is given by

T/J(UN,US;Szzv) 1 " " (Dp)un” (pn)FdszZd (Pa)

p/d (an,PNn1L) = NoNCToE %[Mc% i, )] (2.65)

which can be found by comparing to Eq. (2.45) with x, = % = %, so that the factor of

VXN = /1/2 = V2L, This gives us

O' on;s 2
fpale,pL) Z > —— 2 —y Yo (k)| (2.66)
Sd Op,0n
and due to the isospin symmetry, more generally,
1 2
Injala,pr) = Tm|¢N/d(k)| (2.67)

af

It should be noted here that ‘w N/d(k:)‘2 is the square of the light cone deuteron wave
function. This is related to the non-relativistic deuteron wave function |1y g (k)|* through
their respective normalizations. In particular, since the LCFD of the deuteron is normalized
to 1 for either N = p or N = n, and since the non-relativistic wave function is also
normalized to 1,

[ st Tonga W = [ dedh Tonnte 268)

One can show that ‘EZ = a(gfa), and accordingly

[Wnyalk)]” = [onr(k)PEy = [onr(k)*/m2 + k2. (2.69)
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This relationship is useful for performing numerical computations, since several potentials
exist for parameterizing the non-relativistic deuteron wave function.

With the LCFD of the deuteron in hand, it is necessary to relate it now to the LCFD
of two-nucleon SRCs in a nucleus. The observation that the high-momentum part of the
nuclear wave function behaves as a scaled version of the deuteron wave function requires,

at least for large k 2 kr (hence the step function), that one has

fj(\?/)A(%pJ_) = Cn fnya(e, pL)O(k — kF). (2.70)

Since there are two Cy (C), for the proton and C,, for the neutron), there are two indepen-
dent quantities to be found. There are accordingly two constraints that fix their values. The
first comes from experimental studies of the cross section ratio R(z) = 20.4(z)/Aceq(x),
which for 2 1.4 becomes a plateau with a nucleus-specific value as(A). Since the wave
functions of the nucleus and deuteron take the same form at high (> kr) momenta, the fact

that o4 = %ag (A)oeq suggests that (suppressing the step function for brevity)

A
Tyh+ Fah = 52(A) (foya + fnja) = Aaz(A) fyya- (2.71)

The second constraint comes from the dominance of pn pairs in two-nucleon SRCs, and in
fact fixes C,, = C),. If we make an approximation where each 2N SRC is a pn pair, then
every proton found in a two-nucleon SRC has a paired neutron, and vice-versa, so there
must be an equal number of protons and neutrons in 2N SRCs. Since f ](\?/) 4 is normalized
to the number of nucleons of “flavor” N in a two-nucleon SRC, we thus have that f;% and
féz/l‘ are normalized to the same value, and therefore

AGQ(A)
2

f;%(a,pm = féiiq(a,PL) = Inyala, pL)O(k — kr). (2.72)

It is worth noting that the equality of f;% and f£2/24 comes from defining the LCFD
to give the number of baryons of a particular flavor; cf. Eqgs. (2.39,2.40). If instead one

had defined densities normalized to 1, effectively dividing the LCFD we have by Z for f]gi‘
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az(A)
2XN

and (A — Z) for f7(12/24’ then these would instead be unequal, with f ](\? ) = Jny/a in both
cases. This has the consequence that a greater proportion of protons than neutrons have
high (> kr) momentum in neutron-rich nuclei, and for increasingly asymmetric nuclei this
momentum imbalance is greatly enhanced. The reader should refer to Refs. [30-33] for more
information on momentum sharing in asymmetric nuclei.

It is important to note that while arbitrarily high k£ may contribute to the two-nucleon
SRC part of the LCFD, the highest o that can contribute is 2. For a nucleon in the 2N SRC,
the relationship between k and « is determined by Eq. (2.61), in which k grows arbitrarily

large for o arbitrarily close to 2. The a > 2 contributions to the nuclear LCFD can only

come from correlations of more than two nucleons.

2.4.4 Numerical computations of 2N SRC distributions

Numerical computations are presented for the LCFD with and without contributions from
two-nucleon SRCs. For these computations, mean field momentum distributions calculated
by Zverev and Saperstein [21] are used, and the Paris potential is used for the non-relativistic
deuteron wave function [37], in conjunction with Egs. (2.67,2.69) in order to compute the
two-nucleon SRC contribution to the LCFD.

When accounting for two-nucleon SRCs, the values az(*%Fe) = 5.58 (from [8,35]) and
az(?*®®Pb) = 5.6 (a conservative estimate) are used to characterize their strengths. When
two-nucleon SRCs are accounted for, in order that the LCFD for the proton and neutron
be respectively normalized to Z and (A — Z), the mean field contribution must be diluted
by a factor of agN) (A). Tt is found that for ®Fe, 29% of protons and 25% of neutrons are in
two-nucleon SRCs, so dilution factors of agp )(56Fe) = 0.71 and agn)(%Fe) = 0.75 are needed
for the mean field. Using the conservative estimate of two-nucleon SRCs in lead, one finds
32% of protons and 21% of neutrons in 2°®Pb are in two-nucleon SRCs, giving dilution
factors of agp)(zong) = 0.68 and agn)(mst) = 0.79.

Plots of the computations can be seen in Fig. 2.7, where the LCFD per nucleon, with

and without two-nucleon correlations, is presented. One can see that two-nucleon SRCs
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Figure 2.7: The per nucleon light cone fraction distribution fy/4(a), with p, integrated

over.
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Feynman diagram for hadronic current of two-nucleon SRC

Figure 2.8: Diagram for (X | J*(0) | pan, son) given that a two-nucleon SRC was probed.

take away a slightly greater proportion of protons than neutrons from the mean field, and

that 2N SRCs additionally enhance the LCFD in the a 2 1.2 region.

2.4.5 Convolution formula for PDFs of 2N SRCs

The formula for the contribution of two-nucleon short range correlations to the nuclear PDF
is derived here. The result will be a convolution formula, similar in form to the convolution
formula for the mean field contribution to the nPDF (see Eq. (2.54)). Since the mean field
and 2N SRC contributions to the nPDF will involve final states with different numbers of
removed nucleons, their contributions will add incoherently, just like their contributions to
the LCFD.

We proceed by finding the contribution that two-nucleon SRCs make to the nuclear

hadronic tensor, namely

Wy (pa,q) =

I 5 45(4) _
4WMA§/CZX(2W) 8 (pa+q—px)

(pa,sa | JH(0) | X)(X | JF(0) | pa,sa), (2.73)
where for the 2N SRC contribution, the final hadronic state is restricted to one with two
removed nucleons, one of which was destroyed. In particular, since 2N SRCs are dominated

by the isospin-zero dominance hypothesis, there will be one proton and one neutron removed

from the nucleus, and one of these two particles will be deeply probed by the incident virtual
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photon (with the individual contribution of each adding incoherently). The center-of-mass
motion of the pn pair is neglected, so the final hadronic state is characterized in this case
by (1) whether the proton or neutron in the SRC was probed; (2) the flavor i of the probed
parton; and (3) the Fock component F of the probed nucleon. With the SRC center-of-mass
motion and the degrees of freedom of the (A — 2)-nucleon remnant neglected, calculation of
the SRC’s contribution to the nPDF amounts to calculating the internal partonic structure
of the SRC, and multiplying by the probability that a 2N SRC occurs. The diagram for
calculating the matrix element (X | J7(0) | 2N) of the hadronic current in such a case is

given in Fig. 2.8. Since 0.4 = Aaé(A) 0eq in the kinematic domain where 2N SRCs dominate,

Aaz(A)
2

the appropriate probability weight is . This weight is accounted for by introducing

a factor of AQQT(A) into each 2N vertex. Moreover, the threshold constraint ©(k — k)
is introduced, since the short-range interaction is not considered to have occurred in this
model unless the relative two-nucleon momentum passes the Fermi momentum threshold.

Using the diagram in Fig. 2.8 and the rules of light cone perturbation theory, we have

wrMk)ar UG
(X | JH(0) | 2N) = & (K eyt 22 W0 A Tran gy p

FoGe) |
Yoauy (pn)uy (pN) - Aaz(A) s
— u* (ps) O(k — kr)Lppusay (pan)
pj\}'D(pN) 2 PN
=2pheV 2(27T)31/1§}’/{]$j};m)(331v7 ki, {z;,k;i }ian,pn1)
Aa A ON,0s;S
%9("? - k‘F)TZJJ(V/Aé}V ) (an, Py L), (2.74)

where oy = kT /p;(, and z; = k‘;r /p;(, as in the mean field derivation, and the expression
above was found using the two-nucleon bound state wave function given by Eq. (2.65).

The four-dimensional delta function is given by

W pa+q—K = ki —ps—pay | - (2.75)
=1
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Since the “plus” and transverse components of the four-momentum are conserved at each

step, these parts of the delta function are given by

A =
ot = SV [1—any - g 2.76
st N= D (2.76)
ot =09 [py1—ki - ki |, (2.77)
j=1

and the “minus” component is found in the usual approximations (collinear, massless quarks

in the Bjorken limit) to be

AQ? TADY TA
(1) : _ — A 51 _ 4
5 =pho < (q-pa) " N) 2(Q‘pA)aN5 TN oy ) (2.78)

This gives a contribution to the nuclear hadronic tensor of

Aas(A da 1
W;J\?(pAﬂ) = 22( )MA (q-pa) x Z Z{/ ngle N |¢N/2N(04N7PNJ_)|2

)

/dchcﬂkL ot doid?k; )

2
X k ko L
233N(27T)3 233 (27T) [Wz,f/N(ﬂfN, L,{$j7 jJ_}aOéN,pNJ_)‘

2(2m)36W (1 -2y — ixj 6@ [ pyi —ky — ikﬂ ] } (2.79)
j=1 Jj=1
MA q ™) 3: Z Z/ daNd2 PNL [fN/A(O‘NapNJ_)
TN (a Q% aN,le) ] (2.80)
This produces a convolution formula of
fZ/A (z4,Q%) = Z/ d /d2 Z/b]\? Q2;OZ,PL> fj(vz/)A(Oé,PL) (2.81)

for the two-nucleon SRC contribution to the nuclear PDF. Notice that the upper bound
of the alpha integration is @ = 2. Accordingly, x4 < 2 for a parton that originated in a

two-nucleon SRC.
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2.4.6 Motivation and evidence for 3N SRCs

Nucleons with a light cone fraction o > 2 and partons with a momentum fraction z4 > 2
cannot originate from two-nucleon SRCs, so instead must originate within SRCs of three
or more nucleons. Short-range configurations of greater numbers of nucleons will become
increasingly unlikely, so after 2N SRCs the next most significant contributions to the nuclear
LCFD (and thus to the nPDF) will be from three-nucleon correlations. Already, three-
nucleon SRCs have comparatively little evidence demonstrating their existence, and several
experimental studies have conflicting results.

Three- and more-nucleon correlations were proposed as a possibility by Frankfurt and
Strikman [9], who stipulated an exponential decay of the nuclear light cone density with
« > 2, with the parametrization based on a fit of p + A — p + X data with 400 GeV
protons [38]. The ratio R(A,*He) was predicted by this model to monotonically increase
at xg > 2.

A contrasting model was proposed by Vary [39], called the quark cluster model, where
the regions 1 < zp < 2, 2 < xp < 3, etc., were dominated by six-quark, nine-quark, etc.
clusters, respectively. The form of the partonic distributions (and thus of the structure
functions) should scale with respect to nuclear mass number, and the ratio R(4,*He) should
form a series of rising plateaus—i.e., a staircase.

The first experimental data for cross sections at xp > 2 came from SLAC in the late
1980s [40,41]. Donal Day et al. measured the cross section ratio R(°*°Fe,*He), finding it
to agree with the prediction of Frankfurt and Strikman [9,42]: it did not show a staircase
behavior, with only a 2N SRC plateau present in the region 1.4 < zp < 2.

Egiyan et al. reported measurements of electron scattering cross sections from CLAS
at Jefferson Lab [8] extending into the zp > 2 region, and did find a second, three-nucleon

plateau was present in the ratio R(A,3He). Several values of a3(A), defined as

_3JeA

as(A) xp > 2.25, (2.82)

A Oe3He
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were extracted from the data, namely ag(*He) = 2.33 £0.12+£0.19, a3(*2C) = 3.05+0.14 &
0.21, and a3(°°Fe) = 4.38 4 0.19 + 0.33 [8].

Another Jefferson Lab experiment at Hall C [36] also measured the ratio R(“He, 3He)
for xp > 2, but in contrast to the CLAS experiment did not find a three-nucleon SRC
plateau. A note by Higinbotham and Hen [43] suggests that the finding of the CLAS
experiment may have been the result of bin migration, due to the bin size for the xp > 2
being smaller than the energy resolution allowed by CLAS.

The current status of three-nucleon SRCs is, therefore, ambiguous. It is not clear that
experiments which have probed xp > 2 have been performed at high enough momentum
transfer that universality should be expected to set in. It is also not clear whether a staircase
behavior in the cross section ratio R(A,3He) (as predicted by Vary [39]) should be observed,
or instead a monotonic increase (as predicted by Frankfurt and Strikman [9]).

In light of this ambiguity, the possibility of three-nucleon SRCs is explored here within
a collinear framework, where the three-nucleon correlations are stipulated to occur via a
sequence of two-nucleon interactions at short range. This model expands upon on a previous
model by Frankfurt and Strikman [9], but is developed further. Moreover, this updated
model of three-nucleon SRCs incorporates the latest data about two-nucleon SRCs in the
description of the two-nucleon short-range interaction, in particular the pn dominance of

two-nucleon pairs.

2.4.7 Light cone fraction distribution for 3N SRCs

Unlike the two-nucleon SRC, the LCFD for a three-nucleon SRC cannot be modeled after
the LCFD of an A = 3 nucleus such as He. The spin and isospin of the 3N SRC are not
known, and moreover the SRC will only behave like a particular short-range configuration
that makes up a small part of the total A = 3 nuclear LCFD (which will also have a mean
field and a 2N SRC contribution). However, a LCFD of the particular 3N configuration,
which we call f3n(a,p.), is still defined and calculated using a cut diagram and light cone
perturbation theory rules; all that is needed is a model for the generation of the 3N SRC

and a normalization rule.
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Cut diagrams for three-nucleon SRC

V 1%
o 5 pi 1 o ; pi 1
- - > P 2 > > > —
> > 3 > > 3
(a) ppn topology if p is probed. (b) pnn topology is p is probed.

Figure 2.9: Cut diagrams for calculating the short-range 3N LCFD.

There are two mechanisms which could potentially generate a three-nucleon SRC.
The first is a sequence of two short-range two-nucleon interactions, and the second is an
irreducible three-body interaction. The second mechanism results in a very high removal
energy contribution to the nuclear spectral function [44], and since the LCFD involves an
integral over removal energies, the contribution of this mechanism to the LCFD will be
small. Accordingly, irreducible three-body interactions are neglected as the 3N SRC is
modeled as arising from a sequence of two-body interactions. Such a model was originally
developed in [9], but will be developed further here, in particular by accounting for the pn
dominance for short-range two-nucleon interactions to predict a relationship between ag(A)
and ag(A).

For definiteness, we will suppose that the nucleon probed within the 3N SRC is a
proton, but the argument that follows is identical to that for a probed neutron if one
simply performs the transposition p <> n. Owing to the pn dominance of the two-nucleon
interactions at short distances, the 3N SRC will occur as a ppn or a pnn configuration. In
particular, there are two diagrams describing how a 3N SRC can be generated, depicted in
Fig. 2.9: Fig. 2.9a describes how a fast (o > 2) proton can arise from a ppn configuration,
and Fig. 2.9b describes how a fast proton can arise from a pnn configuration.

It will be shown that the functional forms of the LCFD contribution from each diagram
in Fig. 2.9 are identical, aside from some a priori unknown overall constants. Accordingly,
these constants can be factored out and combined, and then absorbed into one overall nor-

malization constant. A normalization rule is imposed on the LCFD for the 3N configuration,
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namely

3
[ o [ oL avtap) <1 (2.83)
0

It should be noted that in a sense this normalization rule is somewhat artificial. The short
range configuration described by fsy(a,py) is only significant for large a (or large p, ),
but the normalization rule involves integration over small o as well. However, Eq. (2.83) is
a formal rather than a physical normalization rule. fsy (o, p.) is itself a formal quantity
that should be related to the physical LCFD of a three-nucleon SRC part of a particular
nucleus. The relationship between fsy (o, p) and f ](\‘;’/) (o, p1) is determined by two main
constraints: (1) the vertex for a short-range two-nucleon interaction should contain a factor
of \/Aay(A)/2, since Aag(A)/2 is the probability weight for each two-nucleon interaction
occurring, and (2) each short-range interaction should occur at an internal (relative) k > kp.

Formally, we write

f](\?/)A(a7 p1) = A{az(A)}? fan (@, pL)Osn, (2.84)

where as(A) is squared because \/M will appear four times in any diagram, and O3y
symbolically indicates that the momentum threshold constraint has been imposed on each
interacting pair of nucleons. Internal momenta are functions of parameters that are inte-
grated over, so Osy does not signify a function that simply multiplies fsy(c,p1). The
factors of 1/v/2 associated with each short-range pn vertex, as well as one factor of A, are
absorbed into the definition of fsn(a,p.).

It should be noted that Eq. (2.84) is inexact, since it does not consider isospin effects.
There will be corrections on the order of 1/A owing to isospin-dependent surface effects and
the combinatorics of selecting multiple nucleons, but these can be neglected for large nuclei,
and are neglected here.

Before proceeding to calculate the LCFD contributions from each topology in Fig. 2.9,
the notation to be used and an approximation scheme will be established. Prior to the short-
range two-nucleon interactions, all three nucleons in the configuration will be assumed to
be collinear, with equal forward momentum. These initial four-momenta will be denoted &;,

with £ = piy/3, ki = 3m%/piy, and k; 1 = 0. Their (scaled) momentum fractions will
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be denoted 5; = 3/<;;r / pgN = 1, and their helicities will be denoted p;. Final state momenta
(in the middle of the cut diagram) will be denoted p;; momentum fractions will be denoted
o = 3p2 /pgN; and helicities will be denoted o;. Intermediate states will use p, o, and o

with primes.

ppn topology

Applying the rules for light cone perturbation theory gives

dp3 d’pa1 dpg d’ps. | _ _
A 2 3 P1 P2 pP3
{a2( )} f3N a,pl) pl Em pS/ 2])2 27‘r 2]?3 (27‘r) Uy, (Hl)un (Hg)up (K3)

) o) 55
< ACL2 (12) (Zuaz p2 )) Z01 il;,l()(p)li? (pl)

<Z a;l(p, 0’)%5(1)(04 — 041)5(2) (pL — le_)ap(pv U))

o

>, up (p1)ip (p1) < AGQ(A)P(LQ)) Sy (0 (p))

piD(py) 2 ™ Py D(py )
< Aazz(A)P@ 3)> uzl(m)uﬁg(@)uzs(ﬁg)]. (2.85)

The intermediate state denominators D(p}, ) and D(p; ) are examined first. For the first of

these, we have

D(py ) = (k] + Ky +K3) — (k] +pPy +p3)

2 2 2 2 2
mN my  my+Pp3y My +p3;

=—0 +— - — ) (2.86)
Ky Ky Py’ rs
where we used the fact that p),, = —psL in the collinear approximation. We define a total
momentum of the (2,3) pair as
Pas =Dy + D3 = Ky + K3, (2.87)
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and two relative light cone fractions

Py
=22 =2-a3 (2.88)

Pas

+

V3 = 2p—_?; =a3 (2.89)
Pa3

for the (scaled by 2) fraction of the pair’s forward light cone momentum carried by each
nucleon. Naturally, these add to v} + v3 = 2, and it is worth noting that 0 < a3 < 2 is
related to the ranges 0 < ’yé < 2 and 0 < 3 < 2; the constraint on ag comes from the
fact that, within the short-range configuration depicted in Fig. 2.9a, nucleon 3 only gets a
kick from a short range interaction with nucleon 2, so can carry at most the total forward
momentum of these two nucleons.

Now, within the collinear approximation where 3 /p3; = K3 /P33 = 1/2, we have

2

D(p) = 1 (m¥ L my +p3  my +p3
2 + /
paz \1/2  1/2 V2 V3
1 2 2
S <4m§V 4 [MD . (2.90)
Das Y273

The factor D(p4 ) is accompanied by p5 in the calculation of Eq. (2.85); multiplied together,

they give
I+ I— 1 2 m?\/ + p%J_ P
Py D(py ) = 725 dmy — 4 | —F——=| | = 7, Das, (2.91)

where Das is part of the denominator of a two-nucleon wave function (see Eq. (2.65)), if
we define a two-body relative light cone momentum (in analogy with Eq. (2.61)) for the

nucleon pair (2,3) as

(= 1*m} +p3,  (1—oas)’m} +p5,

kg = =
Y573 a3(2 — az)

(2.92)
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For the other intermediate state denominator, one has

D(py) = (k) + Ky +k3) — (py +D5 +p3)

oMy (my+pi | mi [P+ psi]? | omy +p3
=9 - T + T + T , (2.93)
P3N Py D2 D3
where we have used the fact that pa; = —(p11 + P31) in the collinear approximation. We

introduce now the total forward light cone momentum of the nucleon pair (1,2)

Pl =pf +p5 =K1 +15, (2.94)

as well as relative light cone fractions for members of the pair:

Y4 —9 o
P12 3—0&3
2 — a1 — Q3

(2.95)

= 2.96

Using these in the denominator factor D(p; ) and multiplying it by pf gives

+ 2 2 2 2 2 2
. mJp my +p my +p my + [P11 + P3.]
pt2r) = A2 (o - ) |y, R

2 p;’_N 043/3 71/2 72/2
2 il 2
71 2 1 > 2 3 5 ] my + [le_ + 7p3J_]
=—< |dmy -3 |a3+——2 ) my — —p -4
2 { [ N < a3 Moapt Y172
=1 (m2y — 4 [md + k%)) (2.97)
=3 12 N 12) > .
where m%z is the invariant mass squared of the (1,2) pair, given by
apt,  pt ) <p+ >
2 2 12 12 2 12
m12:WN<——— —pP3 | t1
Pin P ry
3—« 3—« p+
2 3 3 2 P3N
= 9 _ _ Z3N
" < 3 3 > P
1 3
=10 -3 — X — —p3
[ (Oés + a3>} my s P31
= 4m3 — A. (2.98)
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Here,

1 3
A@ =3 [a3 +—— 2} m3; + —p2, >0 (2.99)
a3 a3

is the virtuality of the two-nucleon pair (1,2) in the intermediate state. It decreases the
invariant mass of the two-body state. For small transverse momenta and ag ~ 1, one
has m?, ~ 4m?\,, which would allow Eq. (2.97) to be interpreted as the denominator of a

two-nucleon wave function, with a relative light cone momentum of

2
12 (1 —1)°m3% + [p1e + Lpsi]
12 Y172
2001 1 2 2 a 2
(3—a3)? | \3=as my + \P1L + 3245, P3L

= . 2.100
4 011(3 — 1 — 013) ( )

It is still possible to interpret Eq. (2.97) the denominator of a two-nucleon wave function
even at moderately large A although to do so would require k3 > A 5o that the
difference between 4m?3; — 4(m%; + k35 and m2, — 4(m% + ki,), which is A, is small relative
to the momentum scale at which the wave function is evaluated. This smallness of A/k%,
would result in a small (and ideally negligible) error in the application of the 2N wave
function. Within the domain where this calculation applies, namely the generation of 3N
SRCs, one imposes the threshold condition k15 > kp, which will guarantee k1o to be large
enough for this interpretation of Eq. (2.97) to be valid. For smaller k12 < kp which do
however appear in the normalization rule of Eq. (2.83), we simply neglect A(®), since to do
so is necessary for the construction of a two-nucleon wave function, and since fsy (o, py) is
a formal definition for which the negligence of A is valid in the physically relevant domain.

With the results of these calculations applied to Eq. (2.85), and with off-diagonal

(0h # of)) terms neglected because of their relative smallness, we have

2 2
fé?v)(a,m)z/dagd p3¢{ & } [an (kr2)|* [han (kas) |

aranag (117
da3d2p3l 3 — a3 2 3 -
B k kaz)|” - 2.101
/ 1003 2(2 _ ag) W@N( 12)‘ ”tng( 23)’ ( 0 )
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The factor in the curly brackets { } and its effect on the normalization of fsn (o, p3y)

will be discussed following the derivation of fé?\),(oz, p1).

pnn topology

The rules of light cone perturbation theory are applied to the diagram in Fig. 2.9b, giving

dp3 d®pa1 dpg d®ps. | _ _ _
Aaz(A) Y fN(a,pL) E / . up' (k1)up? (k2)up? (K3)
! Pl p2:P3 2p2 (2m)3 2p3 (2m)* | "

A4 1 o S gt (05) 3 (94)
(v ) (Z (P )> WD)
A 1 o o0 4 ()T (p1)
(v ) (Z (pa) )> pi D7)
<Z a;g(p, 0)%5(1)(04 - 041)5(2) (PL — P11)ay(p, U))
204 upt (p1)y (p1) < AGQ(A)F(LQ)) P upt (0h)ay" (p))

i D(py) 2 "Dy
< AazZ(A)Fa 3)> uzl(m)uﬁg(@)ufls(,%)] . (2.102)

We proceed by calculating the intermediate state denominators. Firstly, we have

D(py ) = (k) + 8y +r3) = (D) + Ky +p3) = (k) +r3)—(Py) +13)

2 2 2 2

_(my | my\  (mi+p3 mi +P3 2103

=\ Tt e ¥ : (2.103)
il k3 Py D3

To proceed, we now define relative momentum fractions for nucleons within the short-range
interaction. A superscript (b) is used to indicate that these fractions are defined for the
topology in Fig. 2.9b, and these fractions are compared to quantities calculated for the

topology of Fig. 2.9a (here indicated with a superscript (a)):

I Y (2.104)

AP =2P8 — gy =4, (2.105)
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With these momentum fractions, we have
/ / 7 2 m?\/ + sz_ 7 2 2 ®))?
PEDL—) = 2 amd, — 4TI RL ) = 1 <4mN 4 [mN + <k13> D . (2.106)
1 73
where

/(b)

o\ (n —DPm%+p3 (L—a3)®my+p3 ()2
(kl?)) - ryi(b)/}éb) — 043(2 — 043) - (k23 > . (2107)

In other words, the factor p'1+D(p'1_) in this topology is exactly equal to the factor p'jD(p'{)

in the other topology. As for the other intermediate state factor,
D(py) = (k) + Ky +r3) — (1 +p3 +135) (2.108)
is the same in both topologies. Consequently, we have fé?\),(oz, pL) = fé}l\; (a,p1).

Formula and normalization of f3y

The LCFD for a short-range three-nucleon cluster is given by fsy(a,p1) = fé?\;(oz, pL) =

£, py), which is

dazd®ps .. 3—az
acz(3—a—a3) [2(2—a3)

2
f3N(a,p¢)=/ } [on (k12)[* 2w (kas)|” (2.109)

where k12 and ko3 are defined as in the Fig. 2.9a topology, namely by Egs. (2.92,2.100). This
equation is found numerically to satisfy the normalization condition of Eq. (2.83). While
we cannot prove that this normalization condition is satisfied analytically, we can show that

its satisfaction is close to exact. Consider the integral

Isy = /fsN(Oé,PL)dOZd2PL, (2.110)
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which is evaluated using the change of variables

2 «
"= ki, =p1 + P31
3—as 3—a3
Yo =2— a3 ko3| = —p31,

which has a Jacobian

dad’py dasd®psy  dyid*kyg) dyhd®kosy
« ag Y1 22—~

Also note several additional factors transform as

1 1 2
3—a—a3 1+4+9,2—-m
3—a3 147

22—a3) 2957

so that

k 2 1 / k 2
I3y = /d’Yld2k12LM/d’}éd2k23L{ +’Y2} |than (Kas)|

Y1(2 =) 27y (2—)
1=\ [an(ke3))?
= 1+/d’y’d2k l{ } , 2.111
S WYV (A Gy (2.110)

where the normalization rule for the light cone two-nucleon wave function was used. Exact

!

1—,
275

normalization of fsy(«,p.) fails by the average value of { } within a short-range two-

nucleon state, which is a small relativistic factor. Numerically, this correction is found to

be 0.0028, which is negligible.

The factor a3z(A)

The factor ag(A) is defined in analogy to ag(A) for electron-nucleus scattering reactions,

namely

ag(A) = = 2 2.25 <1 <3, (2.112)
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supposing that this cross section ratio levels out into a plateau as Refs. [8,39] suggest. The
plateau, if it exists, is present by virtue of the universality of 3N SRCs in various nuclei; in
other words, the high light cone fraction (2 < o < 3) part of the nuclear LCFD imitates
the high-o part of the *He nuclear LCFD. The formula for the 3N SRC contribution to
the LCFD, given by combining Eqs. (2.84,2.109), does not explicitly contain any factors of

as(A), but instead contains factors of as(A). In particular,

dasd’ps1 { 3—a3
2

2
fh(ps) = A} [ b oGP Toan G

aaz(3—a—asz) | 2(2 — a3)
(2.113)
Universality of the 3N SRC part of the LCFD entails
3as(A
19 0p ) + 0 0p) = 2D (10 (0p) + D (apn)), (2114)

which in turn gives us

2
as(A) = (a‘;??fﬁi)) . (2.115)

Eq. (2.115) allows for the values of the scaling plateaus in R(A,3He) at z > 2.25
to be calculated using the known values of ag(A). These values have been calculated and
are presented in Table 2.1, where they are compared to the ag(A) values extracted from
a CLAS experiment at Jefferson Lab [8]. There is a systematic discrepancy between the
theoretical and experimental ag(A) values, with the former being consistently larger than
the latter. This may partly be due to the theoretical calculation not accounting for surface
effects, isospin asymmetry, or the combinatorics of selecting multiple nucleons—the last of
which is expected to be especially pertinent for small nuclei such as *He and *He. However,
these effects are expected to be small in large nuclei such as *°Fe where the discrepancy
persists.

Another possible explanation for the discrepancy is that the CLAS experiment did not

observe genuine three-nucleon SRC plateaus. A later Jefferson Lab experiment at Hall C [36]
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A Theoretical | Experimental [8]

3He 1 1

‘He | 2.9440.18 2.33+0.13

9Be | 347+0.25 —

12 | 5.16 +£0.36 3.18 +0.24

2TA1 | 6.37 + 1.46 —

%Fe | 6.86 4 1.03 4.63 £0.33

63Cu | 6.16 +0.53 —

OTAw | 5.97 +0.54 —

Table 2.1: Values of az(A) determined using Eq. (2.115) and the weighted averages of exper-
imental as(A) values from Refs. [8,34-36]. These are compared to the ag(A) values reported
by CLAS [8]. There is a systematic discrepancy between theoretical and experimental val-
ues, which could be due either to experimental issues (cf. e.g., [45] for instance) or to an
incomplete theoretical description (such as isospin and selection combinatorics effects not
being accounted for).
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did not observe the three-nucleon plateau, and it has been reported that the plateaus seen
by CLAS may have been an artifact of bin migration due to low energy resolution [45].

Ultimately, the status of three-nucleon SRCs and the value of a3(A) remain ambiguous.

2.4.8 Numerical computations of 3N SRC distributions

In section 2.4.4, numerical computations of the two-nucleon SRC contribution to the LCFD
of %Fe and 2°*Pb were presented. Here, three-nucleon SRCs are also accounted for. We
use the model described above to account for three-nucleon correlations. Numerically, we
find that three-nucleon SRCs are expected to constitute about 6-7% of the nuclear LCFD.
Accordingly, the dilution factors for the mean field contribution to the LCFD change as
such: For iron, agp) (°%Fe) = 0.64 and agn)(%Fe) = 0.68; while for lead, agp) (28Pb) = 0.62
and a{" (208Pb) = 0.73.

In Fig. 2.10, plots of the numerical estimates are presented for f,/4(a) (with p
integrated over). Since the three-nucleon SRC contribution is quite small compared to even
two-nucleon SRCs, log-scaled versions of the plots are also presented. In the log-scaled
plots, one can see the 3N SRCs already contribute significantly around o ~ 1.6-1.7, but
are alone responsible for the survival of the LCFD beyond a > 2 (as two-nucleon SRCs
are kinematically forbidden from contributing to o > 2 when center-of-mass motion is
neglected). In the non-log-scaled plots, however, one can see that the three-nucleon SRCs
“take away” nucleons from the mean field, in particular from « ~ 1, where the LCFD is

suppressed compared to the case when only the mean field and 2N SRCs contribute.

2.4.9 nPDF for 3N SRCs

The contribution to the nuclear PDF coming from 3N SRCs is now calculated. In this case,
the final state is characterized by (1) the isospin of the destroyed nucleon (p or n), (2) the
isospins of the other two removed nucleons (e.g., pn or nn if the destroyed nucleon was
p), (3) the flavor of the probed parton, and (4) the Fock component F of the destroyed
nucleon. Recall that the per nucleon LCFD for a characteristic short-range three-nucleon

configuration, fsy(a, p.y), was normalized to 1 and that different topologies for producing
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Plot of LCFD with 3N SRCs
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Figure 2.10: The per nucleon light cone fraction distribution f,/4(«), with p integrated
over.
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Feynman diagram for hadronic current of three-nucleon SRC

K1
K9

K3

Figure 2.11: Diagram for the current (X | J*(0) | 3N).

a 3N SRC (which have different removed nucleon content) produced the same functional
form. The weight factors of \/W present at each two-nucleon vertex are overall
probability factors for short-range two-nucleon interactions to occur, and accordingly allow
one to calculate the 3N SRC contribution to the LCFD or to the nPDF using a single
diagram. In principle, since either topology can produce a 3N SRC, so each diagram should
be weighted by a probability factor (the factors adding to 1); however, the fact that both
topologies have the same dependence on external kinematics means only one diagram needs
to be calculated in practice. Thus, we do not need to perform a sum over topologies for the
3N SRC contribution to the nuclear PDF.

Additionally, for concreteness, we will suppose that the probed nucleon was a proton;
the total 3N SRC contribution to the nuclear hadronic tensor, W1y, is found by adding an
otherwise identical term with the transposition (p <> n) performed.

With this in mind, and continuing to use the same notion as before, the matrix element

for the hadronic current is given by (X | J7(0) | 3N), the diagram for which is depicted in
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Fig. 2.11. Using the rules of light cone perturbation theory, the diagram evaluates to

(X [ TH(0) | 3N) = (K )eiy

(k)| Ty
I A R ey

) Do, un’ (Dh)un” (ph)

p5 D(p5)

oy up (k) (k) ﬁ Dy > o, Upt(P1)Ug (p1)

. Aas(A
uy? (p2)uy’ (p3) < a22( )F(l L0 (ks — kr)

( ACL22(A) F(2 3)@(1{723 kF)) upl (/ﬂ)uPZ(Iig)uP‘i(lis)

2€i]{7+ (VAN Bo1) ,
= :EN’7175 Z {¢i,]:/p1 1 (ﬂfNakJ_,{:Ej,kjj_};pl)Aaz(A)Q(Qﬂ)

/
01,04

¢ (01,02) (’yl, klgl)@(/ﬂg kF) (02703)(727 k23l)@(k23 - kF)}

Since there are two sums (over o; and o%) at the amplitude level, the square of this matrix
element that will include off-diagonal interference terms. As before, we neglect these as
small in comparison to the diagonal terms, and accordingly move the o7 and o} sums
outside the square.

The delta function that appears in W;]\f (pa,q) is

Wl pa+taq—K = ki—pr—ps| =20675,, (2.116)
j=1
where
Ns A Ns
ot =00 pf =k =Dk | =00 [ 1—an =) (2.117)
N (6% A =1
5. =0% [prL —ki — Zkﬂ (2.118)
j=1

by virtue of conservation of the 4+ and transverse components of momentum. The “minus”

delta function is given, in the collinear, massless quark approximation, by

+

- + + + + + ’ ( ' )
Pa Pa a:NapA/A Y2) by
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which in the Bjorken limit becomes

+
- _ _TAPA (1) _ra 2.12

Consequently, one has

Wi\ (pa,q) = MAq o) xAZe > / Zip, {A{az(A)}2

) N=p,n

/ dasd®ps ( <2(32—_O§>3)> an (F12) 2 ©(k1s — ki)

aa3z(3 —a— as)

o (ka3)|* O(kas — kF)) }
deyd?k, [de;dk;1] ) zA 3 o(1) S
{/2xN(27T)3 {233 @5 | ° (xN N E) 20m) 0T | 1 —an = ;wﬂ

5@ | pp — ki — ijJ_ |7 /v (@, Ko {xjakji}§p|2 H
=1

- MA q pA Ze Z / [ z(/b]\?) <%4’Q2504,PJ_> f](\?/)A(OZ,pJ_)],

% N=p,n

(2.121)

where the two expressions in the big curly brackets { } are the 3N SRC part of the LCFD,

and the bound nucleon PDF. Therefore, we have

fha, @) = > / do‘/d2 Z/N ,Q2;a,m) fﬁ/)A(a,pl)]. (2.122)

N=p,n

2.4.10 Concluding remarks

In this section, the existing experimental evidence for two- and three-nucleon short range
correlations was reviewed, and information extracted from experiment was used in con-
structing a theoretical model of SRCs. The experimental status of three-nucleon SRCs is
ambiguous, but a model for 3N SRCs was constructed based on the hypothesis that they

arise from a sequence of short-range two-nucleon interactions, using the latest experimental
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phenomenology of two-nucleon SRCs. Light cone fraction distributions were constructed
for both the two- and three-nucleon SRC contributions to the nuclear LCFD, and convolu-
tion formulas were derived for the SRC contributions to the nuclear PDF. The convolution
formula for the PDF of a j-nucleon correlation takes the same form as the formula for the

mean field (with j = 1), namely that in Eq. (2.56).

2.5 Medium modifcations

The convolution formula of Eq. (2.56) allows for the nPDF contribution from processes
with j removed nucleons to be calculated, provided that one has the light cone fraction
distribution (LCFD) f](vj/)A(a, p. ) and the bound nucleon PDF fl.(/b]’\;) (%‘, Q% «a, pl). In the
previous section, the theoretical details necessary to construct the LCFD were developed,
and numerical computations were performed. Now, we shall explore the issue of medium

modifications, and determine how the bound nucleon PDF is to be calculated.

2.5.1 The unmodified PDF

The most straightforward, if naive, approach is to assume the bound nucleon PDF is equal

to the free nucleon PDF, i.e.,
fi/N ( a ,Q a‘%PL) = fin ( o ,Q > (2.123)

To do as much ignores that the fact that the nucleon is immersed in a strongly-interacting
medium which can reasonably be expected to modify its dynamical properties. However,
in parallel with all nPDF calculations that do account for medium modifications, the naive
“no modifications” model of Eq. (2.123) shall be also be used as a point of comparison.
To begin, one can compare the no modifications model to experiment immediately,
together with the LCFD developed previously and an experimental parametrization of the

free nucleon PDF, in order to assess the importance of medium modifications. In particular,
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we compare the ratio R(A,d), given by

2 O-GA(:Ev Q2)
~ = 2 ($7Q2) 2.125
i E(,Q?) (2129)
One can use the relation
(z,Q%) = ZleZ z,Q?) (2.126)

to calculate Fh(x, Q%) from PDFSs, or else use this relation to write a convolution formula

for Fy(x, Q%) by placing it into Eq. (2.56). One finds that

X
=3 Y [ o [ o sae 0 (A Q). 220

j=1N=pn”7®4

where the superscript (N; b, j) for the nucleonic structure function denotes that the nucleon
is bound and in a j-nucleon correlation (or the mean field in the case j = 1).

As it is, Eq. (2.127) is general; it can be simplified for the no modification model.
In the absence of medium modifications, the PDF (and thus the structure function F)
for a nucleon will not be different for a nucleon in the mean field and a nucleon in a j-
nucleon correlation; these would only be different due to the nucleon experiencing different

dynamical influences. Thus, without medium modifications, Eq. (2.127) factorizes to

T
Py (24,Q%) = > / da/ 2p 1 fayal, pL)Fy )(FA,Q2;C¥,P¢>, (2.128)

N=p,n~ T4

where the nuclear LCFD is decomposed as in Eq. (2.41).

In order to demonstrate the necessity of accounting for medium modifications, we
use Eq. (2.128) to calculate the nuclear structure function FQ(A) (r4,Q?%) and the deuteron
structure function F, (d )(:17 4,Q%), using an empirical parametrization of the free nucleon
structure function given by Bodek et al. [46-48]. The values of R(A,d) obtained from this

parametrization is compared to experimental data from SLAC [4,49] for °°Fe in Fig. 2.12.
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Plot of EMC ratio with no medium modifications

1.20

1.20

“““““ Mean field « Mean field
LS .. 42N SRCs LS .. 42N SRCs
Lol| — +3N SRCs Lol — +3N SRCs

1.05¢

Renmc

1.00

Renmc

0.95F

l g 105}
l 1 2 100

1 095}

H i 0.90}

0.85F

0.90F

% Efﬁ%

0.85} ? i ﬁ

0.80. . - - - 0.80. - - - -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

x T

(a) EMC ratio for 56Fe (b) EMC ratio for 20%Pb

Figure 2.12: The EMC ratio at Q> = 10 GeV?, calculated using the Bodek-Ritche
parametrization of the free nucleon PDF [46-48] (no medium modifications present). Data
are from SLAC experiments: Stars (blue) are from [4]; circles (red) are from [49]. No
EMC ratio data currently exist for 2°°Pb.

Additionally, the EMC ratio expected for 2Pb in the convolution model without medium
modifications is also presented in this figure.

As can be seen in Fig. 2.12, the experimental values of R(A,d) fall well below the
theoretical calculations. This demonstrates the necessity of accounting for medium modifi-

cations in calculating the nuclear PDF.

2.5.2 The EMC effect

The discrepancy between the no modifications model for the nuclear PDF and actual exper-
imental results, as seen in Fig. 2.12, is known as the EMC effect, named after the Furopean
Muon Collaboration. The effect was first seen in 1983, when the EMC measured the ra-
tio for muon scattering from iron and deuterium, expecting the ratio to be about 1 (with
deviations at high = owing to Fermi smearing) [1,50]. The effect has been confirmed and
repeatedly measured by many other groups, such as by a Rochester-SLAC-MIT collabora-
tion [51,52], SLAC [4,49], BCDMS [53,54], the EMC [55,56], the NMC [57-60], HERA [61],
and Jefferson Lab [62,63].
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The dip in the ratio Regnmc and its shape are consistent throughout nuclei, and the
strength of the EMC effect is typically characterized by the slope in the region 0.35 <
x < 0.7 [62]. This strength tends to increase with A, but roughly saturates at large A.
Moreover, the EMC slope is roughly proportional to the local density of the nucleus being
considered [62], already suggesting that the EMC effect is likely to be due to dynamics in
the nuclear medium. Additionally, several theoretical works by Miller and Smith [64, 65]
rigorously demonstrate that the dip in Rrmc in the region 0.35 < x < 0.7 cannot be
accounted for by nucleonic motion alone, meaning that modifications of the quark and
gluon degrees of freedom of the bound nucleons do indeed need to be accounted for.

There is a consensus that the EMC effect is due to medium modification, but not about
how medium modification should be accounted for. A large number of differing theoretical
models exist, due to different assumptions made about the nature of medium modification
effects; for reviews of the EMC effect, cf. [5,6,66]. Several authors [67—69] have argued that
the strength of the EMC effect for a bound nucleon should be proportional to the first-order
approximation (in p?/m?) of the bound nucleon’s kinetic energy, or more precisely to the
off-shellness of the bound nucleon. Accordingly, higher-momentum nucleons are expected
to be more highly-modified than lower-momentum nucleons, and short range correlations
in particular are expected to be especially highly modified.

Recently, Weinstein et al. [7] noted a correlation between the strength of the EMC
effect (as characterized by the slope of the EMC ratio in the region 0.35 < z < 0.7) and
the strength of two-nucleon SRCs (as characterized by aa(A)). There appears to be a
direct linear correlation between these quantities, and Weinstein et al. [7] have used this
to make predictions for as(A) for several nuclei. This correlation does lend credence to the

expectation that short range correlations are highly modified by the nuclear medium.
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Correctly defining z 4

Data from DIS experiments meant to measure the EMC ratio tend to plot the ratio

FQ(A) (zB, QQ)/Féd) (rp,Q?) against the kinematic Bjorken scaling variable,

2
rg = @

— 2.129
T (2.129)

where my is the mass of a free nucleon. However, this g is not the scaling variable that
enters into the dynamics of QCD, including the convolution formulas of Eqgs. (2.56,2.127).
Instead, the correct dynamical momentum fraction is given by

AQ?

A= S (2.130)

which, for fixed values of Q? and v, gives different values for different nuclei. To find
a structure function ratio that reflects nuclear dynamics, and not kinematic effects, one
should evaluate FQ(A) (r4,Q?% and F2(d) (r4,Q%) at the same values of z and Q?, and to
have x4 = x4 one would need to perform the measurement with different lab-frame energy
transfers v for the deuteron and nuclear target.

However, in practice, experimental analyses are best done by using consistent binning
for directly measured kinematic quantities such as the final electron energy E’ and the
electron scattering angle 6 for both the nuclear and deuteron targets, in order to cancel out
acceptance corrections. Accordingly, the ratio is most easily measured by using the same
xp value for both the nuclear and deuteron structure functions, so that x4 # x 4.

This means the ratio Rpnmc(zp, Q?) contains kinematic effects in addition to dynam-
ical effects. The deuteron is a loosely-bound system, meaning x4 differs only slightly from
xp, whereas a heavy nucleus with a large binding energy per nucleon will have its x4 value
shifted from xp by a greater amount. Thus the ratio Rpmc(2 s, Q?) compares the structure
functions of the deuteron and the heavy nucleus at different enough momentum fractions

that a deviation from the “no modification” model plot in Fig. 2.12 can be expected.
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Plot of EMC ratio with z shifted
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Figure 2.13: The EMC ratio at Q> = 10 GeV?, calculated using the Bodek-Ritche
parametrization of the free nucleon PDF [46-48] (no medium modifications present). 2N
and 3N SRCs are accounted for in this calculation. Data are from SLAC experiments: Stars
(blue) are from [4]; circles (red) are from [49].

The convolution formula for the nuclear PDF, in order to make the PDF a function
of zp, needs to be slightly modified. The nucleonic PDF requires x4/« as its argument,

and z4 = %n—j’a:]g, so

Amyzp

My

A A
ohi da ; N Amyz
fi/hAft(xff’Qz) = Z Z / /d2pJ_f](\?/)A(a’pJ_)fi(/bj’\]7) (ﬁa@z;a,Iu) .
Jj=1 N=p,n
(2.131)

It has been observed by several authors [70,71] that presenting the EMC ratio as a
function of xp (so that x4 # x4) instead of a function of x4 = x4 introduces an artificial

dip in the ratio for xp 2 0.5, partially explaining the EMC effect. This explanation is

only partial, however; as can be seen in Fig. 2.13, where Remc(zp, Q%) is compared to
ReEM(T 474, Q?) as calculated within this work’s LCFD model, the “shifted” ratio still falls

far above the experimental data for the ratio. A dynamical account of medium modifications

is still required.
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The color screening model

In this dissertation, dynamical medium modifications are accounted for using the color
screening model, which was first introduced by Frankfurt and Strikman [42,67].

The color screening model is developed by considering that a nucleon does not have
a sharply-determined “size.” Its wave function is spread over a large number of possible
configurations, where the quarks and gluons making up the nucleon are distributed in
different ways. These include average-sized configuration (ASCs) where the radius of the
nucleon is close to its mean value, but they also include point-like configurations (PLCs)
where the partons making up the nucleon are compressed into a significantly smaller volume
than average.

Since the nucleon is color-neutral, any strong interactions that occur between nucleons
are due to higher-order moments (dipole, quadrupole, etc.), all of which become suppressed
when the distance between color-charged constituents is decreased. Accordingly, PLCs
interact more weakly than ASCs do. Since these configurations interact differently, their
modification due to immersion in the nuclear medium should differ as well. In particular,
the nucleon will tend to be in configurations that are more likely to bring the bound system
into a lower-energy state, meaning that PLCs are expected to be suppressed for bound
nucleons.

The change in probability has been estimated using non-relativistic perturbation the-
ory by Frankfurt and Strikman [42,67]. In particular, since the PLC contribution to the
nucleonic PDF is expected to dominate when = 2> 0.6, the PDF should be suppressed by a

factor 6£f)(k2, xy), which depends on the nucleon momentum (or off-shellness) k? as

7) (12 > - - ) =mn  — A
8D (K2, x> 0.6) T z D (2.132)

where the superscript j denotes whether the nucleon is moving in the mean field (j = 1) or
is in a j-nucleon SRC. Additionally, eg) is the mean binding energy per nucleon and AEX)

denotes the excitation energy of the nucleon in the nuclear medium.
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For zny < 0.45, it is supposed that no medium modification occurs, and for 0.45 <

xn < 0.6, 5g)(k2,:17]v) is interpolated linearly:

IN — 0.45

64(k%,045 < zy < 0.6) =1
A( TN ) + 015

{6a(k* zy 2 0.6) — 1}. (2.133)

This neglects the enhancement of the bound nucleon PDF at small z, which can be seen in
the data in Fig. 2.12, and which is implied by the baryon charge sum rule. However, the
enhancement in this region owes to different dynamics than those at play at moderate and
large z, and accordingly is beyond the scope of this dissertation. For a review of nuclear
effects at low x, however, see Ref. [72].

The nucleon excitation energy AEX) is a dynamical parameter depending on local
medium effects, in particular on the spin and isospin configurations of the interacting nu-
cleons. Accordingly, it differs between a nucleon in the mean field and a nucleon in an SRC,
which is a large part of why the mean field and j-nucleon SRCs are modified differently.
For a nucleon in the mean field, the characteristic excitation energy is expected to be in the
range 300-500 MeV, namely between the excitation energies of a A and an N* resonance.
The best fit to data occurs when AES) ~ 500 MeV, corresponding to the N* resonance.
However, for the deuteron, as well as for a nucleon in a two-nucleon SRC, the lowest ex-
cited state is expected to be a AA configuration, giving AE; = AEEf) ~ 600 MeV. Since
the three-nucleon SRC is generated through a sequence of two-nucleon SRCs, we also take

A — 600 MeV.

The binding energy in the mean field ES) is taken to simply be the empirically-known
binding energy per nucleon. For two- and three-nucleon correlations, the binding energy is
neglected, since it is small compared to the kinetic energy of a nucleon in an SRC, which
will dominate z(722),

Lastly, the momentum k depends on whether the nucleon is in the mean field or a

short range correlation. It corresponds to the light cone momentum of the bound nucleon

relative to the center of mass of either the nucleus (7 = 1) or with respect to the j-nucleon
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cluster. In particular,

k:?zl = (a —1)*m% +p? (2.134)
(a —1)2m3, + p?
kj_g = G _J(Vl) L (2.135)
(a —1)2m3, + p?
ki_g =2 o3 _JL) L (2.136)

The j = 1 and j = 3 cases are approximations, and the j = 2 case is exact. In particular,
the 7 = 1 case is the non-relativistic approximation, and the j = 3 case assumes the relative
momentum between the spectators in the 3N SRC is small.

In effect, with these values for the parameters in mind, the contribution to the bound

nucleon PDF of processes that involve j removed nucleons is

L0 (@, Q% onpL) = fipn (2n, Q%) 89 (K (0, pL), 2n) - (2.137)

If the artificial shift in = due to comparing nuclear and deuteron PDFs at a fixed zp is to
be accounted for, then xy should be taken to be ’%\?—1%; otherwise, the argument should
be zy = =4,

The color screening model adequtely accounts for the EMC effect in *Fe, as can be
seen in Fig. 2.14. It should be noted that this model has been developed to explain the
EMC effect within a restricted range of @2, namely the region 2 < Q% < 200 GeV?, where
the EMC effect has so far been experimentally explored. To account for the EMC effect at

higher Q?, it is necessary to consider the evolution equation in Q? for nuclear PDFs. This

will be done in the following section.

2.6 Evolution of nuclear PDF's

In principle, the convolution formula Eq. (2.56) is valid at any Q2 high enough that the
impulse approximation can be applied. However, the bound nucleon PDFs are not known
at high Q2. Their form at low Q? can be parametrized using phenomenological models of

the EMC effect in order to account for medium modification, but there is a limited amount
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Plot of EMC ratio using the color screening model
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Figure 2.14: The EMC ratio at Q> = 10 GeV?, calculated using the Bodek-Ritche
parametrization for the free nucleon PDF [46-48], with and without medium modifica-
tions accounted for by the color screening effect. 2N and 3N SRCs are accounted for in this
calculation. Data are from SLAC experiments: Stars (blue) are from [4]; circles (red) are
from [49].

of empirical data for the EMC effect at high Q2. Experiments done at CERN in the 1980s
measured the eA to ed cross section ratio at @2 up to 200 GeV?, but with large errors on
both Q2 and the cross section ratio. At higher 2, such as those accessible at the LHC
(going to 10* GeV? and beyond), the extent of medium modifications (as well as their x
dependence) is unknown, and accordingly a simple application of the convolution formula
is insufficient to find the nuclear PDF.

However, the nuclear PDFs at high Q2 can be found from the low-Q? PDFs using
DGLAP evolution [12-14]. In general, the DGLAP evolution equation describes the @2

dependence of a hadron’s PDF through an integro-differential equation of the form

fin(,Q%)  (Q?) Ly z
_ P (=) finly, Q). 2.138
8log(Q2) o z]:/x y i (y) fj/h(y Q ) ( )
Conceptually, the equation has the following interpretation: as one increases the momentum
resolution scale with which the hadron is probed, one looks “inside” partons; the low-Q?
partons are in a sense composite objects that are made up of high-Q? partons, and by

increasing the resolution scale one sees deeper into the structure of the hadron and is able
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to see more partons5.

Conversely, a parton of flavor i that is seen at high Q2 has some
probability of having been found inside a low-Q? parton of flavor j, with the splitting
function P;j(z) characterizing this probability.

The DGLAP evolution formula of Eq. (2.138) needs to be modified slightly for nuclei,
since x now ranges up to A instead of 1. A simple guess would be that the upper limit of

the integral should be A instead of 1, but this can be shown rigorously. Eq. (2.138) applies

for the true momentum fraction %, and substituting this for = in Eq. (2.138) gives

Ofija(z4, Q%) a(Q?) /1 dy

TA )
dlog(Q?) 2w A Y — T (A_y> fija(Ay, Q),

where the functional dependence of the nuclear PDF on its argument is scaled by A since the
nuclear PDF conventionally takes A times the (true) momentum fraction as its argument.

Defining y4 = Ay, one then has

o i , 2 2
fija(xa,Q%) (@ )Z/ dyApZ <z_j> Fija(ya, Q). (2.139)
gooea

0log(Q?) o YA

Since this section concerns nuclear PDFs in particular, the subscript A will henceforth be
omitted and it shall be understood that x and y are scaled momentum fractions.
For the sake of practical computations, it is often convenient to convert Eq. (2.139)

with a change of variables. One uses z = %, in terms of which

Ofija(x,Q?)
8{§g(Q2 - o Z/ —Pu )fja (z QZ). (2.140)

The convenience of this formulation comes from the fact that the splitting functions Pj;(2)
are actually distributions, and are defined in terms of how an integral of P;;(z) times a test

function is evaluated. This will be described in depth in the next section.

5 This interpretation is consistent with the modern view of the renormalization group, in which a quantum
field theory at low momentum resolution scales is an effective field theory which integrates out unknown
degrees of freedom [73].
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2.6.1 Leading order splitting functions

At leading order, the splitting functions P;;(z) were found by several authors [12-14] to be
(with 4, j # 0):

Pij(2) = 04jPyq(2) = Cr [% - 25(1)(1 —~ z)] (2.141)
Pi(2) = Pyg(2) = T [2* + (1 — 2)?] (2.142)
Py(a) = Po) = 0 [FEE=] (2.143)
Poo(2) = Pag(z) =2Ca [(1 jz)+ . ; - Z)}
+ <11€A_+RNJC> M1 = 2). (2.144)
Here, Cp = S! = 4, C4 = N. = 3, and Ty = } are Casimir invariants of QCD.

The quantity N; denotes the number of active quark flavors. In particular, the splitting
functions given above were derived in a massless quark approximation: the quark that is
struck by a hard probe, as well as a parent quark which split into the probed quark, is
assumed to be massless in comparison to the hard interaction scale Q2. Quarks for which
mg > Q? are “switched off,” and are considered inactive. Essentially, N ¢ is the number of
quark flavors for which Q2 is greater than the quark mass squared. In this scheme, quarks
may be “switched on” if Q2 passes the square of the quark mass, so care must be taken in
how this is dealt with; a quark mass prescription will be described in Sec. 2.6.2.

There are two distributions in the definitions of the splitting functions: the first is
the familiar Dirac delta distribution, and the other is the “plus” distribution ﬁ which
was defined by Altarelli and Parisi as follows [14]: let f(z) be a test function for which
(1 —2)"Y(f(2) — f(1)) is integrable over the domain [0,1]. Then one defines:

G _ IR - f0),
[ 2 [ e 165

Note that the lower integration limit in this definition is 0, while the lower integration limit

in the DGLAP equation (2.140) is x/A. However, the definition of Eq. (2.145) is sufficient
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to prescribe how the plus distribution times a test function will integrate with any lower

limit. In particular, notice that

[ e [ e [t ot
» (1—2) Z)+ -z

/fzi f(l) 0 1—2
/x 1—2 /f? f + f(1)log(1 — ). (2.146)

For a lower integration limit of %, one needs to substitute x + % here, including in the

logarithm.

2.6.2 Heavy quark scheme

Most of the formulas used in perturbative QCD, including the splitting functions Pj;(2) in
the DGLAP evolution equation, and the dependence of the running coupling strenth a/(Q?)
on Q?, are calculated in a massless quark approximation. In this approximation, the quarks
that participate in a reaction are assumed to be massless, which is justified by the hard
momentum transfer scaled Q? being much greater than mg. This is always justified for the
lightest three quarks, since the domain at which pQCD can be applied always involves Q2
much greater than the squares of the up, down, and strange quark masses. However, pQCD
can be applied (including in the present work) at Q? as low as a few GeV2. The mass of
the next-heaviest quark, the charm quark, is 1.29 GeV [3], meaning charm cannot always
be treated as massless.

Additionally, when mg > 2, the momentum transfer is insufficient to create a heavy
quark in the final state, and the (renormalized) heavy quark loop diagrams which contribute
to the running of a(Q?) are suppressed by powers of g—§ Accordingly, quarks that are heavy
compared to Q? are considered to be “inactive,” and their small contributions to the running

of the coupling strength and to DGLAP evolution, are neglected.

2

2 1s comparable to (Q)? is in principle more complicated, but to

The regime where m

a fair approximation, one can apply a scheme where the massless quark approximation is
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used at all Q?, but each quark flavor f is “switched on” when Q? reaches some threshold
value ch. The condition that a(Q?) be continuous across the thresholds imposes, at leading
order, that Q? = m% [10]. Accordingly, the scheme that shall be used in this work is that
given by Collins and Tung [10] in which a quark flavor is considered inactive for Q2 < m?
and active for Q% > m?c. Ny is the number of active quarks so, e.g., for Q? < (1.29 GeV)?,
Ny = 3, while for (1.29 GeV)? < Q* < (4.5 GeV)? (the mass of the bottom quark in the
MS scheme), Ny = 4.

The quark mass prescription of [10] also has the parameter Aqcp appearing in the
expression for the running coupling strength a(Q?) as a function of N ¢. This is required
by continuity of the coupling strength across the heavy quark thresholds. The values given

by the 2014 Particle Data Group [3] are:

A = (90.6 £ 3.4) MeV

AGE Y = (214 £ 7) MeV

MG Y = (207 £ 8) MeV

MG Y = (340 £ 8) MeV
in the MS renormalization scheme.

2.6.3 Next-to-leading order corrections

The next-to-leading order splitting functions have a considerably more complicated form
than the leading order splitting functions. They were first derived in Refs. [74,75], but can
also be found in Chapter 4 of [76] and the appendix of [77]. Just as with the leading order
splitting functions, there are contributions from delta and plus distributions that must be
properly accounted for.

The most significant challenge posed by NLO splitting functions is computational. At
next-to-leading order, the splitting functions P4, for i # j are non-zero; it is, for instance,

possible to find an s quark inside a d quark because, at NLO, a d quark can radiate a gluon
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that splits into an s§ pair. Thus, the integro-differential DGLAP equations become highly
coupled.

It is, however, possible to decouple the DGLAP equations by using appropriate (singlet
and non-singlet) mixtures of quarks and anti-quarks, thus significantly reducing computa-
tion time. In particular, I employed Eqs. (4.97,4.98,4.99) of Ref. [76] in my code, evolved the
singlet and non-singlet mixtures according to the computational algorithm given in Sec. 2.6.4
below, and then inverted these equations to obtain the evolved “physical” nPDFs.

It will be shown in the following section that NLO evolution makes a negligible cor-
rection to LO evolution within the kinematic regime that this dissertation is concerned
with. It is for this reason that NLO is not described in depth here. NLO calculations were

performed in this work only to demonstrate their negligibility in the domain of interest.

2.6.4 Computational algorithm

A computational algorithm was written for applying the DGLAP equations (2.140) to pa-
rameterizations of nuclear PDFs. The algorithm essentially takes a collection of functions
fi/ A(:E,Q?ni) representing the nuclear PDFs (for a set of flavors i) as functions of = at a
given Q2 value, as well as the initial Q? value and the target Q2 value to which the PDFs
should be evolved. The algorithm returns a collection of new functions f;/(z, Q?-m) of x at
the final Q? value. The user may decide whether evolution is to be done at leading order
or next-to-leading order.

The algorithm works as follows: first, an array of (N 4 1) discrete x values {x,|n =
0,...,N} is created, and a grid of PDFs defined at these discrete x values is constructed.
The limiting values are chosen as xg = Tyin (Which is a parameter that can be chosen by
the user, but is set to 107® by default) and zny = A. From the PDF grid, arrays for the
singlet and non-singlet linear combinations of PDF's described in Sec. 2.6.3 are constructed,
since their evolution can be performed much faster than for the “physical” PDFs.

The DGLAP equations (2.140) are then discretized. Special care must be taken when
discretizing the splitting functions, since they are distributions. In general, a splitting

function is a sum of three terms: an ordinary function, a Dirac delta distribution, and a
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“plus” distribution:

P(z) = Py(2) + Ps6M (1 — 2) + ELION (2.147)
(I—2)+

Since the distributions are defined by how they integrate when multiplied by a test function,

one should write out:

/: %p(z)f (ijz) _ /: %PN(z)f (f,Q2> + Py f(x, Q%)

jA z /A
+/1 %P-I-(z)f (%7@2) _P+(1)f($’Q2)dZ
:c/A 1—=z2
+ Py (1) f(z,Q?)log (1 - %) . (2.148)

Several of these terms can be directly evaluated, while the others require numerical inte-
gration. In particular, the grid of z values over which the integration is done is chosen to
be identical to the x integration values, and a trapezoidal integration algorithm is applied,

so, for instance,

/A R n=1 n
N PN(Zn—l)f < x ,Q2> ] (20 — 2n_1). (2.149)
Zn—1 Zn—1

While trapezoidal integration may seem crude, it was shown by Miyama and Kumano [77]
that with a strategically-chosen mesh of = values based on the known functional behavior of
the PDF's, trapezoidal integration produces an excellent approximation. The scheme chosen
by Miyama and Kumano was to space = values logarithmically, in light of the well-known
f(z) ~ 1 behavior of the PDFs at small 2. While the 1 asymptotic form works well for
x < 0.1, it does not describe the behavior of PDFs at larger x. Accordingly, the mesh of

discrete x values used in the computational algorithm of the present work is different.
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x mesh and interpolation algorithm

To construct the mesh of discrete x values used in numerically solving the DGLAP equations,
the domain [Zmyin, 4] (Or [Zmin, 7] if only contributions of up to j-nucleon SRCs to the nPDF
are considered) was partitioned into three regions. Based on the different approximate
functional behavior of PDFs in these regions, the x values were spaced so that the PDF
would be evaluated more frequently in regions where it undergoes the most rapid change.
Firstly, in the region zni, < « < 0.1, the discrete x values chosen to be in the x array were
spaced logarithmically, with a greater density of z values closer to xin, in light of the %
asymptotic form at low z. Secondly, in the region 0.1 < z < 0.8, since the PDF does not
vary rapidly, = values were spaced uniformly. Lastly, in the region 0.8 < x < A, since the
PDF changes more rapidly at larger = (with an asymptotic form of (A — )P for some power
p), the discrete = values chosen for the x array were spaced logarithmically, with greater
density towards = = A.

In formulas, the points making up the x mesh are chosen as follows:

X, "W/
Ty, = Tmin (x—> : 0<n<|N/3] (2.150)
n—|N/3]
= — —_— : <n< .
= (X2 — X7) 3[N/3] + X IN/3] <n<2[N/3] (2.151)
A\ (N=2[N/3]=n)/(N=2|N/3])
Zn = A+ Xs — Xy (7) 2|N/3| <n< N (2.152)
2

where X7 = 0.1 and Xy = 0.8 define the boundaries of the partitions, and where | N/3] is
the floor function of N/3, i.e., the largest integer that is less than or equal to N/3.

In addition to the placement of discrete x values on the x mesh, the approximate
asymptotic forms of the PDFs are used for defining an interpolation of f;,4(z, Q?). This is

a necessary ingredient for the computational algorithm, as the -~ which the PDF takes as

an argument in Eq. (2.149) will not in general lie on the mesh. In the following, suppose
T, < x < xp, with z, and zp being neighboring points in the x mesh.

In the x < 0.1 region, the approximate asymptotic form is f(x) ~ % However, with

such an approximation, one has zpf(xp) — 2o f(2q) ~ 0, and zf(x) is known not to be
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constant for actual PDFs. Instead, = f(z) appears to be a slowly-varying function of log(x),
as can be seen in PDF parameterizations for the proton extracted from experimental data.
Accordingly, xf(z) is interpolated as a function that is approximately linear in log(z),

making the interpolation formula in the x < 0.1 region:

log (/)

log (x/x4)
Tog (2a/2) xp f(Tp) —F =~

rf(x) =xaf(xa) b log (zp/24)

(2.153)

In the 0.1 < z < 0.8 region, linear interpolation is used, since the PDF does not vary

greatly:

o) = (E22) s+ (2222 f(an (2.154)

Tq — Tp Tp — Tq
Lastly, in the 0.8 < x region, the interpolation used is based on the f(z) ~ (A — x)P

asymtptotic form. One has

tog ((23)) — Tog (7)) = loss (1~ ) ~tog (1= %) ~ - (y — ),

i.e., the logarithm of the PDF is approximately linear in the z ~ A region. Accordingly,

geometric interpolation is used for 0.8 < x:

T — xp T — T,

g (7)) = (222 Yiog () + (222 Jiou (). (259

LTg — Tp Th — Tg

Evolving Q?

The discretization of the integral in Eq. (2.140) has been described above; all that remains
is to discuss the discretization of the derivative with respect to log(Q?). While sophisti-
cated schemes for numerically approximating the solutions of differential equations, such
as the fourth-order Runge-Kutta method, are well-known, one can also apply the “crude”

approximation
af(ﬂf, Q2) ~ f(:Ev Qg) B f(x7 QZ)
9log(Q?)  log(Qp) —log(Q2) ’

(2.156)
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given Qg /Q?% =~ 1. If the given condition holds, then the full discretization of the DGLAP
formula of Eq. (2.140) is

fi/A(:En)Qb) fz/A(xTh

Z{ f]/A xn7Q2)

J

+ P (1) f7(n, Q) log ( -

A
N [ p) (V)
(Zl _Zl—l) PZ] ( ) (1nter In 2 })Z] (Zl_l) (intor.) Tn 9
+ 2 Z;L fJ/A 2 7Qa + 211 f]/A Zl_17Qa
N (+)
1 2] — Z1-1 Pij (Zl) (inter.) 2 9
= < [T AT (5 9) - R0 e QR)
(+)
— P (zi21)
2l — Zl—1 ij 1-1) ,(inter.) Tn 42 (+) . )
L p— T <zl_1’Q“> P (W) fa (wn,Qa)] )} (2.157)

where the superscript (inter.) signifies that the interpolation scheme described in Sec. 2.6.4
should be used to find the value of the PDF at e.g. Z&. As written, Eq. (2.157) can be used
to numerically evolve a PDF over a small Q? range.

For a Qﬁn > le, one should partition the domain of Q? values between the initial
and final values into a mesh {Q2,Q?,... ,Q?V[} for which Q2 = Q2. and QM = Qﬁn,
for which Q? a1/ Q2 ~ 1 for all m. Then, evolution from Q2 to Q2, 41 can be numerically
performed using Eq. (2.157), and one can evolve a PDF from le to Qﬁn by applying

Eq. (2.157) M times, once for each interval in the Q% mesh.

Convergence of evolution for mesh sizes

The computational algorithm for numerically solving the DGLAP equation Eq. (2.140)
through the discretization Eq. (2.157) has been fully described What remains is to choose
the sizes of the z and Q? arrays in order to both optimize computation time and to produce
accurate results.

The DGLAP equation was numerically solved for different values of two parame-
ters: N, the number of intervals on the x mesh; and an 11 /@2, the geometric spacing

between subsequent points in the @2 mesh. The discretized DGLAP equation (2.157) was
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Plot of evolution computation with different z meshes
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Figure 2.15: Comparison of evolution for different x mesh sizes for a given Q2 11 J Q2.
Initial Q2 is 10 GeV?, and final is 10* GeV?2. Evolution is NLO.

numerically evaluated by evolving the CT10 parametrization of the proton PDF [78] from

2.=10 GeV? to Q%m = 10* GeV? at next-to-leading order, using four different values of

both N and Q%H_I/Q?n. The N values used were 20, 40, 80, and 160. The Q?nH/Q?n values
used were 5, 2, 1.4, and 1.2.

In Fig. 2.15, the results of numerical evolution of the proton PDF for different values

of N at fixed @2, ,/QZ, can be seen. It can be observed in this figure that the accuracy of

the fit saturates around N = 160, so an z mesh with 160 intervals is sufficient for accurate

solution of the DGLAP equation. In Fig. 2.16, the results of numerically evolving the proton

PDF at different Q2,,;/Q?2, values and a fixed N can be seen, and it can be observed that
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Plot of evolution computation with different log(Q?) step sizes
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Figure 2.16: Comparison of evolution for different Q2,,;/Q2 values with a fixed x mesh
size. Initial Q? is 10 GeV?, and final is 10* GeV?2. Evolution is NLO.

the results converge for Q2 41/ Q?, ~ 1.2, which is a sufficiently small geometric spacing

between discrete Q2 values. Accordingly, the values N = 160 and Q2, 41/ Q?, = 1.2 are used

in the remainder of this dissertation for the evolution of nuclear PDF's.

2.6.5 Results of evolving nuclear PDF's

The nuclear PDFs obtained via the convolution formula (2.56) are obtained at Q? =
10 GeV?. Now that the numerical DGLAP evolution algorithm has been developed, it
can be used to evolve these nuclear PDFs to the higher Q2 characteristic of high-energy

experiments such as those at the EIC and LHC.
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Comparison plot of LO and NLO evolution

450 u " 4.0 . .
oo\ Original PDF || o Original PDF
--- LO evolution 35| =-. L0 evolution
350¢ — NLO evolution | 3.0t — NLO evolution
e
>~ 2.0}
=
=g ld
<2
1.0
0.5
05 —1 —3 —2 —T 0 1 0'8 ‘ ‘ ‘ ‘
107 10 107 10 10 10 10 .0 0.2 0.4 0.6 0.8 1.0
xT xT
(a) (b)

Figure 2.17: Comparison of LO and NLO evolution of nuclear PDFs for *Fe. fi,, =
Zu(z) + %d(:n). 2.=10 GeV? and Q3 = 10* GeVZ2. 2N and 3N SRCs are taken into

account, and mediumirﬁlodiﬁcations are not.

Firstly, it should be emphasized that the scope of this dissertation is focused on
moderate to large Bjorken z values, namely x 4 > 0.2 where the dominant effects are medium
modification and nucleonic motion. Because of this, leading order splitting functions are
sufficient; next-to-leading order corrections are mainly significant at x < 0.01. The relative
significance of NLO corrections to DGLAP evolution are shown for unmodified nuclear
PDFs in Fig. 2.17. It can be seen that the leading order is sufficient in the x4 range of
interest.

The evolution of medium modifications was also studied. The approach taken here is

to define a ratio of the medium-modified nuclear PDF to the unmodified nuclear PDF, viz.

£ (@, Q)
et (@, Q2)

d. 2
RV (2,Q%) = . (2.158)
In Fig. 2.18, this ratio is plotted for two values of Q2. The difference in these curves
demonstrates the extent to which medium modifications themselves evolve. If medium
modifications did not evolve, then the convolution formula (2.56) could be applied with the
same medium modification model at any Q2, together with an empirical parametrization of

the free nucleon PDF obtained at this Q2. Since the ratio Rgﬁd')(:ﬂ, Q?) does change with
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Plot of evolution of medium modifications
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Figure 2.18: Ru/A

(z,Q?) for 5%Fe, at two values of Q2.

Q?, we instead to apply DGLAP evolution to obtain high-Q? nuclear PDFs. It should be
noted, however, that the evolution of medium modifications is a small effect. Nonetheless,
for the sake of completeness, evolution will be used to connect the low-Q? region (where

the form of the EMC effect is well-known) and the high-Q? region.

Evolution trajectories

DGLAP evolution describes how high-Q? partons are found within low-Q? partons. As
one increases the momentum resolution scale with which a hadron is probed, the higher-Q?
parent parton radiates away part of its forward momentum, so in general the evolved PDF
is greater in the low-z and smaller in the high-z region, as can be seen for instance in
Figs. 2.15, 2.16, and 2.17.

The fact that high-x partons migrate to the lower-z region with evolution has potential
significance for high-Q? experiments. The empirically unconstrained high-x region can
affect the evolution of PDF's in the moderate-to-low-z region. A high-z parton at e.g. Q% ~

10 GeV? can become a moderate- or low-z parton at e.g. @ ~ 10 GeV?2.
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Conversely, at moderate- or low-z parton at Q? ~ 10* GeV? may have originated
from a higher-z parton at Q? ~ 10 GeV?2. Evolution trajectories [72] quantitatively describe
such a possibility. An evolution trajectory is a path through xz-Q? parameter space that
describes how much of a high-Q? PDF at low z originated from the evolution of higher-z,
lower-Q? partons, as opposed to having primordially been present. It is defined first by

choosing an initial high z¢ and low Q3 at which the trajectory starts, and a cut-off PDF

fiya(z, Q% 20, Q3) given at Q* = Q3 by
fiya(z, Q% 20, Q) = fi/a(z,Q5)O(x — x0), (2.159)

i.e., by cutting off the PDF at < x. For Q% > @32, one obtains ﬁ/A(:E,Q2;:E0,Qg) by
applying DGLAP evolution. While the cut-off PDF is initially zero at = < xg, it will be
non-zero at these low z after evolution, since the x > xy partons radiate away forward
momentum when they evolve. Conversely, any partons with = < xg in the evolved cut-off
PDF came entirely from evolution. With the cut-off PDF defined as in Eq. (2.159), one

then defines a point 2’ < zg, Q2/ > Qg as being on the evolution trajectory if
7 12! 2 1 12!
fi/A(:EvQ ;x())QO) = §fz/A($7Q )7

i.e., a point in z-Q? space is on the evolution trajectory when exactly half of the PDF
at that point comes from evolution. Evolution trajectories, defined as such, allow one to
determine how significant the contributions of higher-z partons are to the evolution of PDFs
at lower z, and accordingly to determine whether precise knowledge of the high-z region of
PDF's is necessary to predict the moderate- or low-z form of PDFs in different experimental
scenarios.

Evolution trajectories were plotted in Fig. 2.19 to determine the importance of the
high-z region of nuclear PDFs—especially the x > 1 region—to the form of PDFs at low

and moderate x values. As can be seen, in the low-z region, a significant portion of the
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Plot of evolution trajectories
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Figure 2.19: Evolution trajectories for Fe. 2N and 3N SRCs are taken into account, and
medium modifications are not. Evolution is leading order.

PDFs are due to evolution®, but in the moderate- and high-z regions, most of the partons
are “primordially” present, rather than being due to the radiation of higher-z partons. The
evolution trajectory which starts at o = 1 and Q3 = 10 GeV? does not even reach 2’ = 0.9

by the time Q2/ = 10* GeV2. Accordingly, precise knowledge of the x > 1 region of nuclear

PDFs is not necessary to describe the moderate-z region at high Q2.
2.6.6 Summary

In this section, the evolution of nuclear PDFs obtained at low Q2 ~ 10 GeV? was described.
The necessity of applying DGLAP evolution to determine the high-Q? nuclear PDF's, rather
than using a convolution approach directly, was demonstrated. A computational algorithm
for numerically solving the DGLAP equations was elucidated, and the results of applying
this algorithm to nuclear PDFs containing short range correlations and medium modifica-
tions were given. With high-Q? nuclear PDFs now obtained, they can be used to describe

high-energy scattering reactions, as will be described in the following section.

6 In fact, since the evolution was performed at leading order, at for z < 0.01 NLO contributions are
significant, the trajectories will be more extreme in this region with NLO corrections.
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2.7 Dijet production in proton-nucleus collisions

The majority of experiments probing the existence and properties of multi-nucleon short
range correlations (SRCs), as well as medium modification via the EMC effect, occur at low
Q? where quasi-elastic contributions are significant. At z > 1 especially, where the cross
section is due almost entirely SRCs, quasi-elastic contributions at low @2 completely domi-
nate over inelastic contributions that would allow the nuclear parton distribution functions
(nPDFs) to be directly probed. It is possible to study nuclear PDFs at low Q? by using a
model of quasi-elastic scattering and subtracting off the quasi-elastic contribution, but this
procedure is highly model-dependent. Moreover, even when the inelastic cross section is
obtained in this fashion, it will contain higher-twist and target mass effects which become
significant at low Q2. Target mass effects are theoretically well-understood within the con-
text of the operator product expansion [79,80] but their framing in the quark-parton model
is problematic, and the exact procedure is debated (see [80] for a review of such efforts).
Higher-twist effects are less understood, and are often phenomenologically fit to data.

It would be a more ideal state of affairs to study SRCs and the EMC effect at large Q?
where these concerns become negligible. Large Q2 at 0.5 < x4 < 3 in electron-scattering

experiments is difficult to achieve, since

A
W? - M3 = Q? <— — 1> : (2.160)
TA

meaning that a large center-of-mass energy needs to be achieved in order to probe such
kinematics. For instance, to study z4 ~ 1 for %Fe at Q2 = 100 GeV?, one needs center-of-
mass energies exceeding 240 GeV, which is not realistically achievable for an electron beam
incident on a fixed target.

The most feasible way to attain high Q?, and thus to probe the deep structure of nuclei
and study nuclear PDFs, is to attain high center-of-mass energy, which can be accomplished
using beam collision experiments. The proposed Electron Ion Collider (EIC) is one method

of doing this. Another method, which can be accomplished using currently available devices,
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is proton-nucleus collisions. This section of the dissertation is concerned with the second
method. In particular, I demonstrate that nuclear PDFs can be studied using inclusive
dijet production in proton-nucleus collisions, and investigate whether information about
the EMC effect and SRCs can be extracted from this reaction. Special focus is given to

p-29%8Pb collisions at the kinematics of the Large Hadron Collider (LHC).

2.7.1 Formalism

The idea of using proton-nucleus collisions to study nuclear PDFs depends on an important
theoretical assumption which has not been rigorously proven [81], but has nonetheless been
found to be an invaluable guiding principle for hadronic collision experiments: namely,
that the hadron-hadron cross section factorizes in terms of universal parton distribution
functions, in the same way that deep inelastic scattering and Drell-Yan processes are known
to factorize [81].

In particular, the factorization formula for a hadron-hadron collision (between two

hadrons hy and hg) is postulated to be [76]

max max

Th Th .
Oy =3 /0 Y, /0 © Qi fo (s Q) Fy iy (s @263 (5,1, 0:QP), (2.161)
i

where ¢ and j are flavors of partons within the hadrons, and ;;(3, £, Q?) is a hard partonic
cross section (with § ete. being parton-level Mandelstam variables) that can be calculated
using perturbative QCD. The Q2 dependence of this cross section comes from the running
of the QCD coupling strength aQCD(Qz).

The dijet production reaction in particular can be stated as
p+ A — dijet + X, (2.162)

where the kinematics of the two outgoing jets are fully determined. At the leading order
(LO) in pQCD, the contributing QCD processes are two-parton to two-parton reactions of

the form ij — kl, where 4, j, k,l are parton flavors. The specific reactions allowed and their
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Feynman diagram for pA — dijet + X
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Figure 2.20: Diagram of p + A — dijet + X within the convolution formalism.

parton-level cross sections are given in Sec. 2.7.1. Since the subprocesses that contribute to
the dijet cross section at LO are all two-body scattering reactions, it is possible to extract
the light cone fractions x, and x4 of the initial partons from measured jet kinematics, as
will be shown in Sec. 2.7.1. Since this procedure depends on being able to treat the reaction
as occurring through a two-body scattering subprocess, and this depends on the leading

order approximation, the use of leading order is justified in Sec. 2.7.1.

Jet kinematics

The analysis is done in the collider rest frame, since this is the frame in which detector
specifications such as resolution and acceptance are best known. The proton is considered
to move in the 4z direction and the nucleus in the —z direction. Both of these have energies
far exceeding their masses, allowing their masses to be neglected; thus the only non-zero
components of p, and p4 are p;; and p,. The energy per proton for both initial hadrons
is a fixed quantity Ey, which was given by Fy = 4 TeV for the LHC prior to its shutdown,
and will reach a maximum value of Ey = 7 TeV in its current run. Accordingly, p;; =2Ey

and p = 2ZEy. Computations are performed with both of these energy values.
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The total center-of-mass energy squared is given by the Mandelstam variable s,4 =

p; P4, but results from proton-nucleus collision experiments are typically given in terms of

the average center-of-mass energy per nucleon, s?\‘,’Jg\;, where s?\‘,’}g\,‘ = spa/A. For a 208pp

nucleus and Ey = 4 TeV, s?\;}g\, ~ 5.02 TeV, while for Fy = 7 TeV with the same nucleus,
avg.

syn ~ 8.8 TeV. In what follows, formulas will be stated in terms of s?\‘,’}g\,‘ rather than

Ey or sp4, since this is conventional. In particular, it should be noted that

A av,
Py = 7 SNy (2.163)
Py =\ AZs\R (2.164)

It should also be noted that while \/% is a fixed quantity given Ey and a particular
nucleus, \/syy is variable since it depends on the momentum of whichever nucleon within
the nucleus participates in the dijet production reaction.

At leading order, the pA collision results in an interaction between two partons, one
each from the proton and the nucleus. Their respective four-momenta are labeled p; and
p2. Within the collinear framework, the partons have zero transverse momentum and are

massless, and each move collinearly with their parent hadron, meaning

p1 = (pi,0;0) = (z,p™,0;0) (2.165)
= (0,p3;0) = (0, %p;m) : (2.166)

where the light cone momentum fractions are given by

(2.167)

/Z
\/Szavv}gv
A
wa = Ap2 V7 . (2.168)
2\ N}gv

T4 is given in terms of the “minus” component of the four-momenta involved rather than

the plus component, since pjg = 0 and p is large. Essentially, for the nucleus one should
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interpret pjg as the “energy” and p, as the “forward momentum,” which amounts to ex-
changing + and — components of all four-vectors in the light cone treatment of the nucleus.
Accordingly, we define a = A% in this case.

The parton momentum fractions, besides kinematics of the initial state, depend on pf
and p, . These can both be obtained from four-momentum conservation. In particular, the
two jets produced in the reaction (2.162) are generated at leading order by the fragmentation
of the two final state partons, which are ascribed four-momenta p3 and p4. In particular, p3

is the momentum of a jet in the central or proton-beam direction, while p4 is the momentum

of a jet in the nucleus-beam direction. Four-momentum conservation gives

P1+ P2 = p3+ P4 (2.169)
P =p3 +p;f (2.170)
Dy =DP3 + Dy - (2.171)

What remains is to characterize pét/ 4+ Jet kinematics can be expressed in terms of two

quantities: the the transverse momentum pr of the jet, and the rapidity y, given by

1 pt
=—1 — . 2.172
v=zloe () (2172)

This relation can be inverted to give

+
P e (2.173)
p
Given that the jet has a mass m, one has
pTp —ph =m? (2.174)
2,2
£ M Pr (2.175)
p$
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which can be used to eliminate either of p* from Eq. (2.173). Defining the transverse mass

mp = \/m? + pZ, one has

p =mpe. (2.176)

In practice, one typically has experimental access not to the rapidity y and transverse

momentum pr, but to the pseudo-rapidity n and transverse energy Er, given by

n = —logtan(6/2) (2.177)

Er = Esiné, (2.178)

with 6 being the angle between the beam direction and the jet, which is directly measured.
Moreover, it is Ep rather than pr which is measured by hadron calorimeters. However, in

the limit that the jet mass goes to zero, we clearly have Er = pr, and

1 D+ D, 1 1+ cosf
y=glog (p_p) 5 0g<1_6089> og (cot(0/2)) =n (2.179)

Since, at leading order, the jets in the considered reaction are generated by fragmenting
partons, and the partons are massless, the jet masses can be taken to zero and the relations
Er = pr and y = 1 can be used. Accordingly, p* can be given in terms of quantities
directly measured in a collision experiment, namely the angle of the jet with respect to the

beam, and the energy measured by a hadron calorimeter. The relation is
pt = pre™ = Erpcot(0/2) = E cos(6/2). (2.180)

Quantities in what follows will be given in terms of pr and 7, since these are the conventional

quantities in terms of which collider experiment results are given. Since the initial partons

are collinear with the beams, p3; = —p41 = pr, so we have p;)t/ 4= pre/4 and thus
pf =pr (e+773 + e+774) (2.181)
py =pr(e™+e ™). (2.182)
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Putting this result into Eqgs. (2.167,2.168), we obtain

+773 + e+774) (2.183)

/Z
\/ S?VVzgv

/A
A= avg.
\/ SNN

e He™M). (2.184)

The primary objective here is to look at large x4, either in the region z4 2 0.6
or x4 > 1, so that the EMC effect or SRCs can respectively be studied at the high Q?
characterizing LHC kinematics. Eq. (2.184) suggests three conditions be looked at for
maximizing z4:
1. Large pr.
2. Small or negative ns.
3. Small or negative 7y.
In order to distinguish the jets from their parent hadron of origin, and in order to allow for
easier detection of one of the jets, the best configuration to look at involves one forward jet
and one central jet, i.e. one jet should be confined to |n| < 2.5, and the other to 3 < |n| < 5.
We take n3 to be the pseudo-rapidity of the central jet, and 74 to be the forward jet. To
satisfy the condition that both pseudo-rapidities be “small or negative,” one should look
for jets with —5 < n4 < —3. This corresponds to a jet that is forward in the direction of
the nucleus beam.
Another important kinematic quantity is the Q? of the reaction, which doubles as a
factorization scale used in the PDFs, and the renormalization scale used in the running of
the QCD coupling strength. The choice of Q? that minimizes NLO contributions is —t,

which is given by
—i=—(p1 —p3)* =2(p1 -ps) = p{py = pp (L +e ™M) = pi, (2.185)

with the last step holding due to the highly negative value of 1. (This approximation may

be inadequate, on the other hand, for processes involving two central jets, or for two jets
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that are collinear in the same direction.) Therefore, we take Q? = p2T as the factorization
and renormalization scales.
Dijet cross section

For reaction (2.162), the factorization formula of Eq. (2.161) becomes

1 A
OpA = Z/o dxp/o dz A fi/p(@p, D7) fi/4(T A, DT)Gij—s i (2.186)

ijjk

In terms of differential cross sections, this means leaving out the integration. The parton-

level differential cross section is given by

1 [ Mijoul?
p1-p2) 1+ 6k

d>ps d3pa
2F3 (21 ) 2E4(21)3

Tk = 1 (2m)* 6™ (p1 +p2 — ps — pa) (2.187)

where M;;_,j; is the invariant Feynman amplitude for the ¢j — kl process, and the factor
of 1+ 6y, is a statistical factor to prevent double-counting when the two final-state partons
are the same flavor.

The delta function in Eq. (2.187) can be rewritten

200 (pf — p3 — p)0M 0y — p3 — p1)0P (P31 + Par),

the transverse component of which can be integrated out using the p4| integration. The

remaining components are equal to

+ Lt — =
24 5 <xp _ M) 5O <x L Aw> _
DpPa Pp DPa

These can be integrated out by the z, and x4 integrations in Eq. (2.186), giving

1 24 1 9 9 !Mij—mzlz dps. dps- , o
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TpT A

Next, one can use dn = dp./E and 2(p; - p2) = %5 p;'pz to obtain

. 2) f. 2 g 2
ot = Z 1 < A ) fz/p(xpypT) fj/A(':UA7pT) |Mzg—>kl| dps. dp4zdp§«, (2.189)

e 167 p;,'pz Tp TA 1+, E3 Ey

. avg.
and using the average center-of-mass energy per nucleon, /sy, we have

o > U fuplap ) Fiyal@a, p7) (Mol (2.190)
167 ‘ |

dnsdnadp? Y (swn)? Tp T 14 0

Hard subprocesses and justification for LO

At leading order, an exhaustive list of partonic processes that can contribute to dijet pro-
duction in hadron collisions, along with their squared Feynman amplitudes, is given by
Combridge [82]. Each process involves partons of flavors i and j originating from the pro-
ton and the nucleus, respectively, and partons of flavors k£ and [ that fragment into the
observed jets. The partons can be either a quark, an anti-quark, or a gluon, but the pro-
cesses that can occur are limited by flavor conservation.

At next-to-leading order (NLO), a dijet can be associated with either two or three
partons in the final state. This can occur if two of the partons are roughly collinear,
having very small differences in their rapidities and azimuthal angles; in particular, if An?+
A¢? < R?, where R is the cone radius used for defining jets, then the two partons will
constitute a single jet. It is necessary to account for jets with finite radius in performing
NLO calculations, since three-parton dijets are needed to cancel infrared divergences in the
two-parton to two-parton Feynman amplitudes at NLO [83]. However, this would spoil
the kinematic relations Eqgs. (2.183,2.184) that allow the light cone fractions of the initial
partons to be determined with jet observables.

Accordingly, it is necessary to verify the adequacy of the leading order approximation.
This can be done by performing a leading order calculation of the reaction (2.162) in the
case A =1, i.e. for dijet production in a pp collision. The result of the calculation can then

be compared to experiment. In Fig. 2.21, a calculation of the two-fold differential cross
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Plot of LO calculation for pp — dijet against experimental data
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Figure 2.21: Comparison of leading-order (LO) calculation of the two-fold differential cross
section using Eq. (2.196) to experimental data from ATLAS [84]. Proton PDF used is
CT10 [78].

section d?c/dm jsd|y*| (calculated below) to experimental data from ATLAS [84] is given.
The tight correspondence between LO theory and data justifies the use of the leading order
in the pA collision calculation.

The ATLAS data are given in terms of the rapidity y, but at leading order, where
the jets are massless, y = 7, so these will be used interchangeably here. Let us now define
the rapidity of the dijet as a whole 77 and the relative rapidity of the jets n*, which is the
rapidity of either jet in the dijet center-of-mass frame, which are used by the ATLAS data

instead of 13 and 7n4. They are given by

N3+ M4
2
*_773_774

n = 5

7= (2.191)

(2.192)

The Jacobian for transforming between the jet rapidities and these new rapidities is dnzdny =

2dndn*. Additionally, the ATLAS data are given in terms of the dijet mass m s, which is

97



given by

m3; = (ps+ pa)” = 4p7 cosh®(n") (2.193)

myy = 2pr cosh(n®). (2.194)
The overall Jacobian for the transformation from (13,74, p%) to (7,1*,m,s) is given by

2p
dpipnsdns = - T

—_— ndn* 2.195

and the two-fold differential cross section with respect to n* and m ;s is found by integrating

over 7. Thus,

2d%0 4pr / d3o
— dfj————— 2.196
dmysdy ~ cosh(ye) | " dnsdnadp?. ( )

where the three-fold cross section is given in Eq. (2.190).

2.7.2 The nuclear PDF

In order to calculate the cross section as given in Eq. (2.190), one needs the proton and
nuclear PDFs. One can use a phenomenological parametrization of the proton PDF; here,
the CT10 parametrization [78] is used. The nuclear PDF, especially for x4 > 1, must be
determined theoretically, although the same CT10 parametrization is used as an input as
the “free proton PDF.” One similarly obtains a “free neutron PDF” by using the same phe-
nomenological parametrization, but transposing the « and % with the d and d distributions,
respectively.

The nuclear PDF can be obtained from a nucleon PDF by using the decomposition
into mean field and SRC contributions, Eq. (2.55), and finding each contribution with the
convolution formula Eq. (2.56) (which also holds for the mean field if we take j = 1 to
signify it). However, Eq. (2.56) takes the bound nucleon PDF, rather than the free nucleon
PDF, as its input. The modified PDF can be obtained from the free PDF by using a model
of medium modification, as described in Sec. 2.5. Since the models of medium modification

that currently exist are made to account for low-Q? data, one must apply the modification
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at these low Q?, and then evolve the nuclear PDF that is obtained to high Q? using DGLAP
evolution (which is described in Sec. 2.6). At last, this nuclear PDF can be used in Eq. (2.190
to obtain a differential cross section.

Several of these steps are model-dependent, so different models of the nuclear PDF
will be employed in the numerical estimates of this dissertation. The models will all follow
the light cone convolution formalism that we have developed, but selectively account for
specific phenomena within the formalism in order to gauge their relative significance. In
particular, the nuclear PDF will be found (1) with and without two- and three-nucleon
SRCs present, and (2) with and without medium modifications accounted for by the color
screening model of the EMC effect. I will additionally compare these results to a calculation
using a model by Frankfurt and Strikman [9]” in order to compare my predictions to those
of a different model of nuclear dynamics.

With these caveats in mind, we can now proceed to estimate the dijet production

cross section, as will be done in the next subsection.

2.7.3 Numerical estimates

Here, I present numerical estimates for the cross section of dijet production in proton-nucleus
collisions. The nucleus considered here is 2°8Pb, which is used in nucleus beam experiments
at the Large Hadron Collider. Particular focus is placed on superfast partons, namely
partons with x4 > 1, a condition which can be checked using measurable jet kinematics
and calculating x4 via Eq. (2.184). It is necessary to elaborate on the kinematics considered
in light of this.

After elaborating on kinematics, numerical estimates of the three-fold differential cross
section (cf. Eq. (2.190)) will be presented for several models of the nuclear PDF, and for
beam energies of 4 and 7 TeV per proton. Afterwards, numerical estimates of partially and
fully integrated cross sections will be given for a variety of nPDF models, and estimates of

expected yields for x4 bins will be presented.

"See Eq. (5.11) of [9].
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Kinematics considered

Large x4 is a primary goal of this study, and accordingly kinematics which tend to maximize
x4 are considered. As discussed above, this is accomplished by considering (1) large pr,
(2) small n3, and (3) highly negative ny. The latter two conditions mean that the jet
originating from the proton will be a central jet, and the jet originating from the nucleus

will be a forward jet. The particular rapidity ranges considered are

—2.5<n3 <25 (2.197)

3 < —my <5. (2.198)

There are two reasons for using a central jet from the proton rather than a backwards jet,
even though Eq. (2.184) tells us that a highly negative 3 would increase x 4. First, there is
a larger cross section for production of central than backwards jets. Second, it is easier to
detect central jets. On the other hand, once one of the detected jets is fixed to be a central
jet, the other must be highly forward in the nucleus beam direction in order for x4 to be
large. This is demonstrated graphically in Fig. 2.22.

The range of transverse jet momenta considered is broadly 40 GeV to 300 GeV. The
cross section falls very rapidly with pp, but the larger Ey (and thus \/%) gets, the larger
pr will have to be while keeping 13 and 74 fixed to maintain a given x 4. Two values of Ejy
are considered in these estimates: Fy = 4 TeV, corresponding to @ = 5.02 TeV, and
FEy =7 TeV, corresponding to \/% = 8.8 TeV.

Three-fold differential cross section

The three-fold differential cross section can be calculated using Eq. (2.190). As discussed
above, a collection of different models of the nuclear PDF are considered in carrying out
the calculation. In particular, we estimate the three-fold dijet cross section by using the

convolution formalism for the nPDF developed in this chapter. In all the models considered,
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Plot of dependence of 4 on 7y
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Figure 2.22: Dependence of x4 on the rapidity 74 of the parton from nucleus, for several

transverse jet momenta. 13 = 0 and 4/ s?\‘,’}g\,‘ = 5.02 TeV in this plot.

the nuclear PDF decomposes into mean field and SRC parts according to Eq. (2.55), and
each contribution to the nPDF follows the convolution formula Eq. (2.56).

First, we consider the models of the mean field and SRC LCFD developed in this
chapter, but estimate the dijet cross section in the absence of any medium modifications.
This allows us to gauge the relative importance of the mean field versus SRC contributions.
In Fig. 2.23, the cross section (sans medium modifications) is plotted for three cases: a
purely mean field model of the nPDF, a model that includes 2N SRCs in addition, and a
model that includes 2N and 3N correlations. Fig. 2.23a shows the result of this computation
with a beam energy per proton of 4 TeV, and Fig. 2.23b for a beam energy of 7 TeV per
proton.

In Fig. 2.23, the cross section has only been plotted within the range 3 < —ny < 5,
which limits the range of possible x 4 values, although in a pp-dependent way (see Eq. (2.184)
for the dependence). In particular, the range of x 4 values allowed will be proportional to pr,

since the lower and upper limits (corresponding to —ny = 3 and —ny = 5, respectively) are
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Plots of pA — dijet + X cross section without medium modifications
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Figure 2.23: Three-fold differential dijet cross section, in the absence of medium modifica-
tions.

both proportional to pp. This is why the fixed-pp curves are plotted for limited segments
of x4, and why these segments are smaller at smaller pp.

The most significant takeaway from Fig. 2.23 is that starting already at z4 ~ 1, and
for x4 > 1, the differential dijet cross section is dominated by contributions from two-
and three-nucleon short range correlations. Accordingly, if one restricts their attention to
kinematics for which z4 = 1, the effects of short range nuclear phenomena will certainly be
visible in the dijet production reaction.

Next, we account for nuclear medium modifications using the color screening model,
and compare the three-fold differential cross section calculated with medium modification to
the prior calculation done without medium effects. This allows us to gauge the importance
of medium modifications to the dijet cross section. Both two- and three-nucleon correlations
are accounted for in this calculation. The result of the computations can be seen in Fig. 2.24.
The color screening effect results in an expected suppression of the differential cross section
that becomes significant at larger x4, but which still leaves the differential cross section

larger than what would result from an unmodified mean field.
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Plots of pA — dijet + X cross section
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Figure 2.24: Three-fold differential dijet cross section, with two- and three-nucleon SRCs
accounted for.
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in the color screening model
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Plots of pA — dijet + X cross section compared to FS81 model
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Figure 2.25: Three-fold differential dijet cross section, with medium modifications accounted
for by the color screening model.
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Lastly, we compare the three-fold cross section calculated using the LCFD of this
dissertation to the LCFD of the FS81 model®. The FS81 model contains a degenerate
Fermi gas model of the mean field, an explicit model of two-nucleon correlations based on the
light cone density of the deuteron, and an exponential fall off for the light cone distribution
at high o which implicitly includes correlations between three, four, and more nucleons.
Since this model accounts for two-nucleon explicitly, as well as three- and more-nucleon
correlations implicitly, I compare its predictions for the diject cross section to the predictions
of this work’s LCFD. This comparison can be seen in Fig. 2.25. Most significantly, the
FS81 prediction tracks the 2N+3N prediction a little while longer than it does the 2N-only
prediction, but then diverges from both predictions and remains high, likely owing to the
implicit inclusion of many-nucleon correlations. In particular, the FS81 prediction follows

a straight line on the logarithmically-scaled plot, characteristic of exponential decay.

Partially and fully integrated cross sections

The three-fold differential cross section for reaction (2.162) becomes quite small at kine-
matics corresponding to x4 > 1, so it may be effective to integrate over pseudo-rapidities
13 and 74 in order to obtain a one-fold differential cross section, do/dpy. Statistics may be
too low to resolve a three-fold differential cross section, but by counting events over a range
of rapidities, there may be enough events to resolve SRCs in the dijet cross section.

The ranges integrated over are as follows: 73 is the rapidity of a central jet, so the
range —2.5 < n3 < 2.5 is used; and 7, is the rapidity of a forward jet in the nucleus beam

direction, meaning —5 < 1y < —3. The one-fold differential cross section is thus

2prdio
d d 2.199
de / s / M nsdnadp?. dnsdnadp?” ( )

This integration will include superfast (x4 > 1) nuclear partons, but it will also involves
partons with 4 < 1. However, one can define a one-fold differential cross section for

x4 > 1 events, since whether x4 > 1 can be determined through measurable jet kinematics

8See Eq. (5.11) of [9].
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Plots of pA — dijet + X cross section without medium modifications
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Figure 2.26: One-fold dijet differential cross section, without medium modifications ac-
counted for.

via Eq. (2.184. One simply has to count all the events in the considered pseudo-rapidity

ranges, and select for events corresponding to x4 > 1, namely

do(za > 1) /2- /—3 2prdio
—s - d Oz —1). 2.200
dpr 9 13 Ay ———— dzdis de (74 ) ( )

By comparing the one-fold differential cross sections of Eqgs. (2.199,2.200), one can see the
range of pr where the cross section is dominated by superfast partons. In particular, if
the cross section is nearly identical for both calculations in some pr range, it means that
pr range is dominated by superfast partons, and thus extremely sensitive to short-range
nuclear phenomena.

Just as with the three-fold differential cross section, we proceed by comparing the
contributions made to the one-fold differential cross section by different nuclear and partonic
phenomena. We begin by gauging the relative significance of the mean field and two- and
three-nucleon SRCs by comparing cross sections results that selectively account for just
the mean field, or 2N and 3N correlations in addition, and for the time being neglect
contributions from medium modification effects. The result of this calculation can be seen

in Fig. 2.26.

105



Plots of pA — dijet + X cross section using the color screening model
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Figure 2.27: One-fold dijet differential cross section, with two- and three-nucleon SRCs
accounted for.

As would be expected, the cross section is for the most part dominated by partons
with £4 < 1. For most of the pr range considered, excluding x4 < 1 events results in
the differential cross section decreasing by several orders of magnitude. However, the gap
between the total differential cross section and the superfast-partons-only cross section
decreases with increasing pr, eventually becoming zero. At pr ~ 150 GeV for the Ey =
4 TeV cross section, or pp =~ 260 GeV for the Fy = 7 TeV cross section, x4 > 1 events make
up almost all of the one-fold differential cross section. Accordingly, one can study superfast
partons by specifically looking for jets above these transverse momenta.

Next, we gauge the importance of medium modification effects by again calculating
the one-fold differential cross section, but now accounting for medium modifications via the
color screening model. Two- and three-nucleon correlations, because they are significant in
the high-pr region, are accounted for. The result of this calculation is compared against the
previous unmodified calculation in Fig. 2.27. As in the case of the three-fold cross section,
medium modifications suppress the differential cross section, and this occurs primarily at
large pp. It is worth noting that at smaller pr, there is comparatively little suppression of
the total differential cross section, but the one-fold cross section for z4 > 1 events is heavily

suppressed even at small pp.
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| Unmodified | Modified (no SRCs) | Modified (SRCs) | FS81 (modified)

\/5NG = 5.02 TeV (Ey = 4 TeV)

All 4 7.4 ub 6.4 ub 6.6 ub 6.5 ub
0.6 <za<0.7 0.93 ub 0.67 ub 0.74 ub 0.72 ub
0.7<x4<08 0.37 ub 0.23 ub 0.26 ub 0.26 ub
0.8 <x4<09 0.12 ub 0.06 ub 0.08 ub 0.08 ub
09<za<l1 37 nb 12 nb 20 nb 21 nb
1<zy 14 nb 2.0 nb 6.2 nb 6.8 nb
\SNE =88 TeV (Ey =7 TeV)
All 4 58 ub 55 pb 55 ub 56 ub
0.6 <xa<0.7 1.7 pb 1.2 ub 1.3 pb 1.3 ub
0.7<x4<038 0.60 ub 0.37 ub 0.43 ub 0.42 ub
0.8 <x4<09 0.20 ub 0.11 ub 0.13 ub 0.13 ub
09<zaxl1 59 nb 20 nb 33 nb 34 nb
1<xy 21 nb 3.0 nb 9.3 nb 10 nb

Table 2.2: Estimates of integrated cross sections, for different bins of z4. Calculations
include two- and three-nucleon SRCs (except where otherwise stated).

In addition to one-fold differential cross sections, one can compute the fully integrated
cross section. Moreover, one can impose threshold constraints such as z4 > 1, or on the
other hand Tpmin < 4 < Tmax for some Xy and xmax. For instance, we may ask how
much of the cross section comes from nuclear partons with 0.6 < x < 0.7, in order to see
whether medium modifications or short range correlations, for instance, have a big influence
on partons in this region.

In Table 2.2 I present a table of integrated cross sections in x 4 bins, as well as fully
integrated cross sections with all x4 accounted for. Four models are considered in order to
gauge the relative importance of SRCs and medium modifications. First, the cross section
is calculated with the full LCFD, including short range correlations, but without medium
modification effects. Second, the cross section is calculated with medium modifications
but not SRCs accounted for. Third, modifications and SRCs are both accounted for: this
column is in effect the prediction of this dissertation. This prediction is compared to a
similar prediction made using the FS81 model for the nuclear light cone density, which has

been used with nuclear medium modifications accounted for.
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As can be seen in Table 2.2, medium modifications suppress the expected cross section,
especially at high x 4; at x4 > 1, the cross section decreases by as much as a factor of 2. This
is consistent with the expectations that (1) the EMC effect increases with the off-shellness
of the bound nucleon (which itself increases with the nucleon’s momentum), and (2) the
EMC effect is felt most strongly by nucleons in short range correlations. In particular, the
x4 > 1 region is dominated by short range correlations, and this is where the EMC effect
most strongly suppresses the cross section.

There is lastly the question of whether these cross sections can expected to be realis-
tically measurable in light of the luminosities that the LHC is capable of. The integrated
luminosity for the one-month lead-proton collision run in 2013 was 35.5 nb~! at CMS; this
will be used as the reference luminosity for yield estimates. For a beam energy per proton
of Eg = 4 TeV, there are about 200 expected x4 > 1 dijet events, while for Ey = 7 TeV,
about 326 x4 > 1 events are expected to occur. Both of these numbers are fairly small, so
when experimental resolution is taken into account, it may not be feasible to see evidence
of superfast quarks at the LHC. On the other hand, one can still use dijet production in
lead-proton collisions to study medium modifications of nuclei. x4 > 0.6 is the classical
region of the EMC effect, and as many as 39000 events for Fy = 4 TeV, or 69000 events for
Eg = 7 TeV, can be expected. This makes the reaction under investigation an extremely

promising avenue for future studies of the EMC effect at very high Q2.

2.7.4 Conclusions concerning dijet production

In this section, dijet production in proton-nucleus collisions was investigated as a means
of studying nuclear QCD. In particular, the effects of short-range nuclear structure in the
form of both short-range nuclear correlations and medium modifications of bound nucleons
on the reaction cross section were investigated, and both phenomena were found to be
significant in the production rates for dijets with one central and one forward (in the nucleus
beam direction) jet. The effects were most pronounced when pr was large, namely around
150 GeV for a beam energy per proton of 4 TeV, or 250 GeV for a beam energy per proton

of 7 TeV. It is ambiguous whether superfast quarks in the nucleus (i.e., with 4 > 1) can be
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realistically be expected to be resolved, but around 200 or 326 (for beam energy per proton
of 4 TeV or 7 TeV, respectively) events corresponding to x4 can be expected. On the other
hand, dijet production in proton-nucleus collisions is an extremely promising avenue for new
studies of the EMC effect at high Q? = p2T, since the expected yields in the region z4 > 0.6
are significant (39000 or 69000 events for Ey = 4 TeV or Ey = 7 TeV, respectively).

2.8 Summary

In this chapter, inclusive reactions were explored as a means of probing nuclear structure.
The exploration focused on two particular aspects of nuclear structure: firstly, whether
inclusive reactions could be used to indicate the presence of short range correlations be-
tween the nucleons composing the nucleus, thereby elucidating the conventional, hadronic
structure of the nucleus; and secondly, whether inclusive reactions could study medium
modifications of the bound nucleons making up the nucleus at a QCD level.

In order to explore these possibilities, a formalism for constructing nuclear parton
distribution functions was derived. Nucleonic motion, including motion within short range
correlations, is accounted for using a light cone fraction distribution (LCFD), the construc-
tion of which is made in analogy to the PDF of a hadron. The LCFD of two-nucleon
correlations was made to account for the latest phenomenology of 2N SRCs, and a LCFD
for three-nucleon correlations was developed based on the hypothesis that 3N SRCs arise
from a sequence of short-range two-nucleon interactions.

This formalism was applied, together with a model for medium modifications and a
modified DGLAP evolution equation, to make predictions for dijet production cross sections
in proton-nucleus collisions at the LHC. It was found that the presence of short range cor-
relations, as well as of medium modifications, made distinct predictions from the mean field
and no-modifications models for the high transverse momentum cross section. Therefore,
we conclude that inclusive reactions, particularly dijet production in p-A collisions, are a

viable means of studying nuclear structure.
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CHAPTER 3

Exclusive reactions

Exclusive reactions are preferred to inclusive reactions when studying the specific mecha-
nisms responsible for the production of particular hadrons, and when performing searches
for new particles, resonances, and bound states. For example, one may study the produc-
tion mechanism for a vector meson by looking for final states exclusively containing such a
vector meson and the target. Likewise, if it is possible to create a beam of vector mesons,
one could use an exclusive reaction of the form V 4+p — V + p to study both the interaction
mechanism between the meson V' and the proton, and the possibility of any meson-baryon
bound states that these particles form.

Realistically, experiments with heavy quarkonium (e.g., J/1) beams are not possible,
owing to the short lifetimes of the particles. However, it is with such short-lived particles
that the idea of the nucleus as a micro-laboratory can be utilized. J/v can, for instance,
be produced by a photon incident on a nucleon target. If such a photo-produced J/v then
scatters from another nearby nucleon, information about the J/¢-nucleon interaction could
be extracted. Within a nucleus, both a nucleonic target for photoproduction and a nearby
nucleonic target for J/1 scattering are present.

In this chapter, vector meson production from a deuteron target will be explored as
a possible venue for studying meson-nucleon interactions. The deuteron target is chosen
for its relative simplicity as a nucleus, and for the fact that it is a loosely-bound system.
In particular, the reaction v +d — V + p + n, i.e., incoherent vector meson production,
accompanied by breakup of the target will be studied. This reaction is chosen because a
variety of recent experimental and theoretical studies have demonstrated the presence of a

rescattering peak due to final state interactions (FSIs), cf. [85-92].

3.1 General formalism

In order to theoretically describe incoherent vector meson production from the deuteron,

several prerequisites need to be addressed. One of these is the form of the sub-reaction
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(e..g, photoproduction from a constituent nucleon, meson scattering from the spectator)
amplitudes, which shall be addressed in Sec. 3.1.1. Another is the establishment of a
kinematic regime where the contributions of these sub-reactions to the overall cross section
can be unambiguously isolated. This regime is the eikonal regime, as a great deal of recent
experimental and theoretical work has establish, cf. [87,89-96]. The generalized eikonal
approximation (GEA) is briefly discussed in Sec. 3.1.2. Lastly, it is necessary to give the
form of the relativistic deuteron wave function in such a regime, where energies may be too
low for the light cone formalism to apply. The virtual nucleon approximation (VNA) for
the deuteron wave function is used, which is discussed in Sec. 3.1.3.

After these prerequisites are addressed, the formalism for the reaction v+d — V+p+n
is developed at length in Sec. 3.2. Subsequently, the formalism is applied to investigates of
¢(1020) production in Sec. 3.3, and J/v production in Sec. 3.4.

3.1.1 The diffractive scattering amplitude

The optical theorem is a vital relationship for parameterizing the scattering amplitudes in
phenomenological descriptions. It relates the total cross section for a collision between two
incident particles, A and B, to the imaginary part of the forward scattering amplitude. It
is a consequence of the unitarity of the S-matrix [97] and the form it takes for the Feynman
amplitude M is:

)

EUtOt' = Im(./\/(“), (31)

where ® = (2E4)(2Ep)|va — vp| is the flux of the initial state, which can also be written

® = (2E4)(2ER)|va — vB] (3.2)
= 4/ (pa - pp)? — mAm} (3.3)
= Vs = (ma —mp)s — (ma + mp)? (3.4

= 4y/s]pil. (3.5)

In the last equation, p; denotes the initial momentum in the center-of-mass frame.
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For diffractive scattering applications, it is useful to utilize a scattering amplitude

f(s,t) normalized so that, for forward scattering,
Im (f(s,t=0)) = oor.(s). (3.6)
From Eq. (3.1), it can be seen that
P
M(s,t) = Ef(s,t). (3.7)

The amplitude f(s,t) is called the diffractive scattering amplitude. It can be related for a

two-particle to two-particle process AB — CD to the one-fold differential cross section ‘Zl—‘;
by:
do _ |f(s,t)]
—_— = 3.8
dt 167 (38)

This makes relating the diffractive scattering amplitude to measured differential cross sec-
tions especially straightforward, thus further simplifying their parametrization and usage.

The diffractive scattering amplitude f(s,t) is especially useful for scenarios where
|t| < s, where its parametrization has a simple form [98,99]:

f@Jﬁaﬂ@u+M@wm(§§%+9§%§, (3.9)

where A, B, C, and « are real-valued functions of s. The factors of % are present in the
exponent of Eq. (3.9) because, when Eq. (3.8) is used, one obtains a parametrization of the

differential cross section in the form

7 _ AP0 0GP oy o, (3.10)

The approximation C(s) = 0 is commonly used, often because the precision and ¢ range

of experimental data available don’t allow for an accurate extraction of C' [98]. Often,

experimental data for the diffractive regime do, however, match Eq. (3.10) with C' = 0.
do

Since experimental values for 7 are often plotted with a log-scaled y-axis against —t, the
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parameter B(s) (for a given value of s) appears in plots as the downward slope of the data
points. Accordingly, B(s) is called the slope factor for the reaction being measured.

This form of the diffractive scattering amplitude is largely justified by experimental
data, but there is some theoretical foundation for the form of Eq. (3.9) found within Regge
theory; cf. Ref. [99] for further information.

The parameter «(s) can in principle be calculated using dispersion theory [99]. How-
ever, in this dissertation, estimates will be taken from experimental measurements.

In the special case that a reaction of the form AB — AB is being parametrized,
A(s) = oot.(s) in Egs. (3.9,3.10). For other cases, such as photoproduction of vector
mesons, models exist for predicting the form of A(s), often with the help of experimental
parameters. Specific models for meson photoproduction shall be discussed in the following

sections.

3.1.2 The generalized eikonal approximation

The generalized eikonal approximation (GEA) is a method of calculating amplitudes for
multiple scatterings from a nuclear target using an effective Feynman diagram approach.
It was developed early on by Gribov [100] and Bertocchi [101], and later expanded by
other authors [85, 86,95, 102] as a generalization of an earlier non-relativistic model by
Glauber [103] that treated the constituent nucleons as stationary targets. The eikonal
approximation, by contrast, conserves all four components of the total four-momentum,
and accounts for relativistic kinematics, making it well-suited for high-energy processes.
Achievement of the eikonal regime establishes several vital features that are necessary
to the present investigation. Firstly, it allows resolution of the deuteron target into two
constituent nucleons [90,101], one of which is directly struck by the incident probe. Secondly,
it allows interactions which occur after this initial probing of the struck nucleon—that is,
final state interactions—to be described as cleanly-separated rescatterings that occur in
sequence, each between two of the particles that appear in the final state [85,86,95,102].
Thirdly, it allows for intermediate-state particles (other than the struck nucleon prior to

its being probed) to be treated as real, on-mass-shell particles [101]. Lastly, in the eikonal
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regime, there is a reduction theorem, due to Sargsian [86], which states that the same two
particles will not rescatter from one-another more than once.

In the case of deuteron disintegration, these properties of the eikonal regime allow for
the virtual nucleon approximation (VNA) of the deuteron wave function to be used [90,101],
and for the vector meson production amplitude to be fully given by diagrams involving no
more than two rescatterings. Moreover, the placement of intermediate particles on their
mass shells permits use of completeness relations for the numerators of intermediate-state
propagators, allowing for intermediate states to be given by Dirac spinors, polarization vec-
tors, etc. that are absorbed into on-shell sub-reaction amplitudes. It is this specific feature
of the generalized eikonal approximation which is pertinent to the present investigation,
since it means that the on-shell VN — VN amplitude appears in the amplitude for V'
rescattering diagrams.

Establishment of the eikonal regime in the present reaction requires momentum trans-
fer at the yN — vN vertex on the order of —¢ > 1 GeV2. This occurs when just one of
the nucleons in deuteron disintegration emerges with a momentum > 1 GeV. This necessity
shall be kept in mind when the v+ d — V + p + n reaction is investigated in the following

section.

3.1.3 Deuteron wave function in the virtual nucleon approximation

It is necessary to give a relativistic description of the deuteron wave function to describe
exclusive reactions at kinematics relevant to high-precision fixed target experiments, such
as those at Jefferson Lab. For this reason, we use the virtual nucleon approximation (VNA)
for describing the deuteron wave function.

The VNA treats the deuteron as consisting of a proton and a neutron, neglecting
higher Fock components. Accordingly, its domain of applicability extends up to about
700 MeV Fermi momentum [90]. It applies in situations where the generalized eikonal
approximation can be used, so that one of the two nucleons is struck by the internal probe,
with the other as a spectator. The VNA functions by placing the spectator on its positive-

energy mass shell. In the plane wave impulse approximation (PWIA), where the spectator
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already emerges from the deuteron on its mass shell, this placement is exact. For corrections
to the PWTA involving final state interactions, the VNA proceeds by evaluating the integral

over the zeroth component of the spectator’s four-momentum (the off-shell energy) as

(3.11)

/°° dpo  flpo)  _ f(Eon)
oo (2m)i P2 — m2 + e 2Eq,
where E,, = \/m is the on-shell energy of the particle, and f(pg) represents other
po-dependent functions present within the Feynman amplitude M.

Since the spectator nucleon is placed on its positive-energy mass shell, the complete-
ness relation p +m = ), u*(p)@ (p) is exact for this nucleon, and can be applied to the
numerator of its propagator. For the virtual nucleon, this completeness relation may be
used as an approximation, and will be used as an approximation in this work, but calcu-
lations exist where the off-shell contributions to p + m are also accounted for in specific
interactions (cf. [90] for an example in electrodisintegration of the deuteron).

The VNA deuteron wave function is given by [90]

Z_L{‘ (k)a)\z (_k)rdpnx)\d

V2E)2(2r)3 My (2Ey — M)’

where Xﬁ is the polarization vector of the deuteron, Iy, is the deuteron-to-nucleons tran-

(A1, A2:Aa)
PR (k) = (3.12)

sition vertex (due to Blankenbecler and Cook, cf. [104]), and k = P52 is the internal,
relative momentum of the nucleons.
Alternatively, if the struck nucleon momentum is labeled p; and the spectator mo-

mentum po, then the VNA wave function can be written

SO 220) <p1 - P2> _ a7 (p1) @2 (p2)Tapn X ™ (3.13)
VNA 2 (2E2)2(27)3(m3, — p?)

It is the form of Eq. (3.13) that is most helpful for reading the deuteron wave function from

Feynman diagram calculations. The equivalence of Egs. (3.12,3.12) can be seen by noting

m?\, — p% = m?\f — (pd — p2)2 = Q(pd 'pg) — Mg = Md(2E2 — Md). (3.14)
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The normalization of the VNA deuteron wave function is [90]:

2(My — E
/d3k ‘zﬁ%\}’[f“d (dek) ~ 1. (3.15)

A1,A2

For the sake of numerical calculations, since the non-relativistic deuteron wave function is

normalized to 1, the relationship

(A1,A2;Aq) . M (A1,2309)
Piowam ) (k) = Ww i (k) (3.16)
is used, with a numerical parametrization given for w(AI’AQ’Ad)(k). In this work, the Paris

potential is used in parameterizing the non-relativistic deuteron wave function [37].

3.2 Formalism for vector meson production with deuteron breakup

Vector meson photoproduction from a deuteron target is an especially promising avenue for
investigating nuclear QCD, with a view to the nucleus as a micro-laboratory. In particular,
the breakup reaction

y+d—=V+p+n (3.17)

is investigated as a means of studying vector meson-nucleon interactions. This reaction can
serve as a substitute for elastic vector meson scattering, e.g. VN — V N, in the absence of
vector meson beams. This is accomplished by a “rescattering” contribution to the reaction
(3.17), viz. the vector meson is photo-produced from one of the deuteron’s constituent
nucleons, and then subsequently scatters from the other nucleon. Characteristics of the
meson-nucleon interaction can be investigated by measuring the deviation of the deuteron
breakup cross section from the plane wave impulse approximation (PWIA). This will be

explained in more depth below.
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Geometry of vd — Vpn

Figure 3.1: Geometry of the reaction yd — Vpn.

3.2.1 Kinematics and validity of eikonal approximation

The four-momenta of the deuteron, photon, vector meson, (final-state) proton, (final-state)
neutron are respectively denoted pg = (Eq,Pd), ¢ = (0,9), pv = (Ev,pv), pp = (Ep, Pp),
and p, = (Fp,Pprn). The initial four-momenta of the proton and neutron while they’re inside
the deuteron are denoted with a prime symbol, i.e. they are p;, and p;,. The four-momentum

transfer to the deuteron is defined as

I=(lp,]) = (g0 — Ev,qa—pv), (3.18)

with the invariant momentum transfer being ¢t = [2. The direction of outgoing particles
will be characterized by the angle they make with respect to the vector momentum transfer
1, i.e. Ox; for any final-state particle X. The angle 6,; characterizing the direction of the
final-state neutron, for instance, is illustrated in Fig. 3.1.

This reaction will be considered in the lab frame, where the deuteron is at rest, so
pd = (Mg, 0). Kinematics where the proton emerges with a large momentum (|p,| > 1 GeV)
and the neutron emerges with a small momentum will in particular be considered. Within
the plane wave impulse approximation, this means that the proton was almost certainly
struck by the incident photon, since the probability of the spectator having a momentum
> 1 GeV in the deuteron rest frame is vanishingly small. These kinematics also establish

the eikonal regime.
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The goal of using the reaction (3.17) to study the meson-nucleon interaction can
only be accomplished if it is possible to cleanly separate vertices for the photoproduction
(i.e., YN — VN) and meson-nucleon scattering (VN — VN) reactions. This can be
accomplished within the generalized eikonal approximation (GEA) [87, 89-96], which is
justified when the final momenta of the rescattered hadrons are on the order of a GeV or
above.

A major advantage of the eikonal approximation is that the pole values of propagators
in rescattering amplitudes can be taken, i.e. the intermediate-state hadrons can be taken
to be on their mass shells. This allows rescattering vertices for meson-nucleon or proton-
neutron scattering to be expressed through the amplitudes for real pn or VN scattering. In
the former case, well-known parameterizations of the proton-neutron scattering amplitude
can be used to make the problem more tractable. In the latter case, it is the scattering
amplitude for meson-nucleon scattering that is to be investigated, so being able to express
the cross section for reaction (3.17) in terms of this quantity is necessary.

The validity of the eikonal regime for reaction (3.17) is established by concentrating
on kinematics where the subprocess YN — V N has large momentum transfer, and where
exactly one of the nucleons emerges with a large momentum 2> 1 GeV. Within the plane wave
impulse approximation, this nucleon was the one upon which the vector meson was photo-
produced. One has to show, for a choice of kinematics, that the condition |p,| 2 1 GeV.

There are five independent kinematic parameters in this reaction: there are 12 com-
ponents of four-momentum for the three final-state particles, together with 4 constraints
from four-momentum conservation and 3 more constraints from the mass shell condition.
We consider the coplanar case for simplicity; this fixes two of the five parameters. For
the remaining three, we fix the magnitude of the final neutron momentum |p,|, the angle
0,; between the neutron and the momentum transfer 1, and the invariant four-momentum
transfer ¢ = [2.

Experimentally, the neutron is the least likely particle to be detected; however, for
the sake of theoretical analysis, this is the most useful particle to fix the momentum of. If

the proton was struck, then the neutron was the spectator, and accordingly the neutron
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momentum is opposite and equal to the initial proton momentum in the plane wave impulse
approximation (PWIA).
The remaining kinematic parameters can be determined from the givens as follows.

First, |1] can be found by taking the four-momentum conservation formula,

Pd+4q=Dp+t Pn+Ppv

Pd+1=pp+ pn,

and then isolating the p, term on one side and squaring, using pg = m?\,l to eliminate

explicit p, dependence. This gives

(pa+1—pn)> =0

M? +t +m3 + 2F4lo — 2E4E,, — 210 B, + 2p,, -1 = m3

(2E,, — 2E4)lo = 2|pa||l| cos Oy + (t + M3 — 2E4E,,).

This is an equation of the form

aE = 2blp| — ¢, (3.19)
a=2E, — 2E, (3.20)
b=2|E,]|cos b, (3.21)
c=t+ M? - 2E,4E,,. (3.22)

To solve Eq. (3.19), both sides are squared, and the result is rearranged into a quadratic

equation.

a*(t + |p|?) = 4b*|p|* — 4bc|p| + ¢

(a® — 4b*)|p|* + dbc|p| + (a*t — ) =0, (3.23)

1 We take mp X My = Mp.
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Solutions of Eq. (3.23) with positive |p| are physically valid, and up to two may exist. A
closed form of the solution will not shed conceptual light on the kinematics, but one can
use Eq. (3.23), together with Egs. (3.20,3.21,3.22), to compute [1|. With this, one also has
lo=Vt+12, By = qo—lo, and Oy 4 from

P=q’+p} —2q-pv =q + By —mi — 2q0\/ EZ — mi cos Oy, (3.24)

thus giving all components of the four-vector py. One also has [ = ¢ — py as a result, and

can determine cos ¢,, from the angle addition formula
€08 Opq = €08 Oy €08 Oy + sin 0,5 cos Oy cos(Pni — dqi)- (3.25)

In order to understand the ¢ terms in the coplanar case, one must define the orientation
of the reaction plane. If the reaction plane is called the xz-plane, and the photon beam
direction the z-axis, then we define the x direction to be the direction in which the vector
meson travels. With this definition, ¢y, = 0. For any other particle, ¢ x, = 0 means the
particle is moving in the positive x direction (i.e., the same direction as the vector meson),
and ¢y, = m means it is moving in the negative x direction. The equation | = ¢ — py
will naturally produce ¢;; = 7, and we take ¢,; = 0. With 60,4, one now has p,, and the
remaining proton momentum can be determined through momentum conservation.

Now that all kinematic parameters can be determined, we can investigate the values
of py, 0,1, and ¢t for which both the GEA, and the neglect of PWIA from the neutron can be
justified. In Fig. 3.2, the dependence of the proton and vector meson momentum on these
parameters is given for ¢(1020) and JW¥. For J/4, at the threshold value (as calculated for a
stationary proton target) of —t = 2.23 GeV?, the approximation is justified at high spectator
momenta. For ¢(1020), even at fairly high values of the invariant momentum transfer
(e.g. —t = 1.2 GeV?), one must be careful when considering high spectator momenta; at
pr, = 600 MeV and small 6,,;, one cannot distinguish between the spectator and the struck

nucleon at the PWIA level.
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Angular distribution of final state momenta
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Figure 3.2: Dependence of the final-state momenta of the proton and vector meson on
the momenta and direction of the recoil neutron. Dashed (red), dotted (blue), and solid
(black) curves correspond to neutron momenta of 200, 400, and 600 MeV. (a) ¢(1020), with
go =5 GeV and t = —1.2 GeV2. (b) J/1, with gy = 10 GeV and t = —2.23 GeV?2.

3.2.2 Calculation of the amplitude and cross section

For the exclusive reaction (3.17), the cross section element is given by

do = M(%)%“) (¢ +Pd— PV — Pp — Pn)
4(q - pa)

dpy  dp,  dpn
2By (2)° 2B, (21) 2B, (27)3’

(3.26)

where initial polarizations are averaged over and final polarizations summed over; i.e. the
unpolarized case is considered. In the GEA framework, the matrix element M is expanded
in terms of the number of hadronic rescatterings. By the reduction theorem of Ref. [86],
the any pair of hadrons is vanishingly unlikely to interact more than once, so the expansion

can be made in up to two rescatterings, viz.

M= Mo+ Mq+ Mo, (3.27)

where Mg, M1, and My are the PWIA and single- and double-rescattering amplitudes,

respectively. These amplitudes shall be calculated in detail below.
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Since the neutron is difficult to detect, its presence in the final state will likely be in-
ferred from missing mass, while the proton and vector meson will be detected. Accordingly,
we integrate out the neutron momentum in Eq. (3.26). This gives:

|M|2 2 ) dng dspp

do = 2(sq — Mg) (2m)0((pa +q —pv — pp)2 —Mmy (2Ey)(27)? (2E,)(27)*

(3.28)

The remaining delta function is eliminated by integrating over the magnitude of the proton

momentum. This gives us

do [MP 1 1 v (3.20)
BpvdQy,  2(sq — M2) (27)5 8EvEpEy |pp - (vp — Vi) '

where the outgoing velocities are given by the relativistic relation v = %.

Plane wave impulse approximation

In the plane wave impulse approximation (PWIA), the reaction (3.17) is assumed to proceed
by the photoproduction of the vector meson V from a single nucleon within the deuteron.
The particles participating in the reaction are treated as plane waves, and final state in-
teractions between the hadrons are neglected. This is represented pictorially in Fig. 3.3.
The invariant matrix element Mg can be calculated using effective Feynman diagram rules

(cf. [86]), which give:

)\V}\I,)\n;)\—y)\d)

M A

_ _ A
= —a (pp)u)‘" (pn)¢TuV (pV)Fﬁ:?\/_n/]\fe;[Y (9)
}7); +mn

I A, 3.30
p;?—ﬂﬁv—l—ie dpnXq (pd) ( )

Here, T4y, and I‘:?V _, vy are the covariant interaction vertices for the transitions d — pn
and YN — V N. The spin wave functions of the deuteron, nucleons, photon and vector
meson are denoted xg, u, €,, and ¢,, respectively. The spin degree of freedom of each
particle is identified by a superscript.

Since we are working within the virtual nucleon approximation (VNA), only the

positive-energy pole is taken for the bound nucleon propagator. Moreover, the approxi-
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Feynman diagram for PWIA contribution to vd — Vpn

Figure 3.3: Effective Feynman diagram for the PWIA contribution to reaction (3.17).

mation completeness relation p; +my &Y, X, u’\;(p;,)ﬂ)‘;’(p;,) is used, although the four-
momentum of the bound proton is off-shell and defined through momentum conservation,
ie. p;, = pg — pn- This enables us to use the VNA deuteron wave function of Eq. (3.12),

allowing us to gather the terms

N A A
w* (p,) i (Pn) TapnX )" (Pa)
P —my 2(2m)32E,

()‘d§>\;7)\n)

T/Jd (pn) = -

(3.31)

together. Additionally, we use the invariant matrix element for vector meson photoproduc-
tion from the struck nucleon,
(Av Api Ay ML) Y A \

M.YN_:;/]\}{ P (sny* 5 t«/N*) =u’r (pp)¢TyV (pV)FfYL?V_)VNG,u(Q)u P (p;))7 (332)
where sy« and t, v+ are the Mandelstam variables at the YN — V' N vertex. Note that this
photoproduction amplitude is half-off-shell (i.e. the initial proton is off-shell), but we use
an on-shell spinor for the bound proton, accounting for off-shell effects only kinematically.
Earlier estimates [90] demonstrated this to be a valid approximation to be valid when
Py

< 1 and s < 1, both of which are satisfied for the kinematics considered.

With these caveats in mind, using the yN — V N amplitude and the VNA deuteron

[Pyl
V-t

wave function give the invariant PWIA amplitude, when inserted into Eq. (3.30), as

. Av Api Ay A AN An
M(()AVAPA ) = V 2(27T)32EHZME/J\‘//—:JVJ\}/ p)(st*vtvN*)\I’fi o )(p")' (3.33)
Ap
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Single rescattering correction

In the GEA framework, there are up to four single rescattering diagrams to consider. These
are depicted in Fig. 3.4. The processes can be separated into two groups: one where the
proton receives its large momentum at the photoproduction vertex (Figs. 3.4a,3.4b) and one
where photoproduction occurs from the neutron, but the proton receives a large momentum
transfer due to the VN — VN rescattering (Figs. 3.4¢,3.4d).

Feynman diagram for single rescattering contributions to vd — Vpn

pv ,],) v

Pp Pn

Figure 3.4: Effective Feynman diagrams for the single rescattering contributions to reaction
(3.17).

The rescattering contributions will appreciably contribute to M only when one of the
hadronic vertices is hard and the other soft; two hard vertices will produce a negligible
scattering amplitude, since in the eikonal regime the t-dependence for scattering goes as
e A one-hard, one-soft scenario can be realized for the first three diagrams easily: for
Figs. 3.4a,3.4b, the hard vertex is the photoproduction vertex, and the soft the rescattering
vertex, while for Fig. 3.4c, the hard vertex is the rescattering vertex and the soft the

photoproduction vertex. For Fig. 3.4d, however, both vertices need to be hard in order to

produce high momenta for both the proton and the vector meson in the final state.
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In principle, a one-hard, one-soft scenario can be realized for Fig. 3.4d via a charge
interchange reaction, but this contribution will be negligible at the high s, in the present
scenario. Ref. [90] contains a detailed discussion of final state interactions, including the
charge interchange reaction, for d(e,e’ N)N, and discusses the domain in which this contri-
bution is kinematically significant.

Due to the antisymmetry of the deuteron wave function, the diagrams of Figs. 3.4a,3.4c
enter with opposite signs. However, the contribution of Fig. 3.4c will be suppressed for
near-threshold production of heavy vector mesons, such as J/1, since the large —ty,,. will
make the photoproduction vertex hard, producing a two-hard-vertices scenario. However,
at high energies, and for light vector mesons, the contributions of Figs. 3.4a,3.4c will largely
cancel, entirely canceling in the limit of very high energies. Accordingly, sensitivity of
reaction (3.17) to the meson-nucleon scattering vertex will only be possible to see in the
near-threshold limit.

Since the diagram of Fig. 3.4d is negligible, the Feynman amplitudes for Figs. 3.4(a-
c) will be calculated. These diagrams are calculated using effective Feynman rules. The

contributions of these diagrams to M are denoted My,, M7, and M., and are in full:

4,/ /
AV ApAnidy A A An A d’p n Gu,(py)
Mgav P 7 d) = —u p(Pp)U (pn)¢7rv (pV)/ (27_‘_)22[ €/N_>VN (pb)QV_pm“g/ —|—Z€

/
- \, pp +my p; +my
YN—VNEn (

A
AT Y (334
4 l/+m
v ApAnidy,Aa) A “An A d”pp Py N
Mlb ! ! =-u p(pp)u (pn) Wv(pv)/ (27T)4Z|: Im—ﬂm(pg)g _m%\[ 4 e

/
7’; +my » \ pp +my

. € .
(pl,)? — m3; + ie TNV NEH (p;,)2 —m3; + i€

: d'p| G
AV A Ani Ay A _ An 7 vpl\P
Mgcv ? A —uA”(Pp)uA (Pn)@rv(Pv)/ L [Ff/N—WN( p( V)

Pdpnxgd:| (335)

(2m)4i pl)? — mi + e
]5/ +my }é/ +my
| AT n TapnX 4|, 3.36
ﬁ/N—)VNeﬂ (p;))Q . m?\[ + e (pél)Q _ m?\[ + e d;lde ( )

where G, (pv) = g — Pv,upv/ m%/ is the numerator of the propagator of the intermediate

vector meson. The notation for the momentum of intermediate states is given in Fig. 3.4.
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From here, the derivations follow the prescriptions of the virtual nucleon approxi-
mation. First, the spectator nucleon to the photoproduction subreaction is placed on its
mass shell by taking only the positive-energy pole in the integration over the intermediate

spectator energy, viz.

dp’® n 2
/ o = i (3.37)
pp/n—mN+Ze 2Ep/n

where EI’) n = = +, /mN + pp n Since this integration places the spectator on its mass

shell, the completeness relation p; /n +my = Yy

p/n

we/m (p;/n)ﬂA;/n (p;)/n) is exact for
the intermediate spectator (within the VNA prescription). For the other intermediate-
state nucleon, the completeness relation remains an approximation, but the approximation
is used as it is reasonable within the high-momentum transfer, high-energy regime, as
discussed above. In particular, introducing this approximate completeness relation for the
off-shell nucleon propagator (but leaving the numerator of the vector meson propagator
alone for now) allows the VNA deuteron wave function to be introduced into the invariant

amplitudes, giving:

2m)?

3

AV Ap Amidy s _ . d’p,

MES AN o) (p)oX (o) Y [
NN

GVP(pV) uv Ay
T i e ()

[ 2 E’ F@WN —VN

()‘ )‘n ;)\d)

(00, (p;ﬂ (3.38)

MO () (b)Y (py) [

p//_'_mN )\
Ny
()2 —m3, + ie ANoVNEL' U ”(pp)‘l’

AV ApAnidy A _ A
MOTAAXA) (b 7 () (py) /

d*p!, [ 2(27)3
n—pn
(27)3 2p PP

M| @0

d3 pp 2(277) Ppw
(271')3 2E/ VN—-VN

GVP (pV) uv

Ay (\
u p(pp)( / )2 _m + e ny—>VN€,u u (pn)qj

ApiAd)

n?

(p;))] . (3.40)

The plus sign in Eq. (3.40) comes from the antisymmetry of the deuteron wave function

under a p-n swap, i.e., must have the opposite sign of Eq. (3.38).
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There is a remaining propagator denominator (i.e., factor of the form p? — m? + ie) in
each amplitude: from the vector meson propagator in My, and Mj., and from the proton
propagator in M. In each case, the four-momentum transferred at the rescattering vertex
is introduced as K = p,, — p/,, and the propagator is rewritten in terms of K.

For the propagator in M1,, we find

(Py)? —mi, +ie = (pv + pn — D)2 —mi +ie = (py + K)? — mi, +ic

= 2pV,z (Ala - K, + ie) s (3.41)

where

K? 4+ 2KoEy —2K | - pyv

Ay, =
“ 2pV,z

(3.42)

To proceed with the integration, a key feature of eikonal scattering is used: the rescattering

amplitude is soft and dominated by small-angle scattering, i.e. K2 < Ki, meaning that

Ky and K? are approximately equal to their K, = 0 values. Additionally, %%(1: ~ z% < 1,

so we may take A1, to be independent of K, in the eikonal regime. Ultimately, this has
the effect of linearizing the propagator denominator: the term 2py . (A, — K, + i€) in
Eq. (3.41) is now linear in K,. Additionally, the integration over p/, in Eq. (3.38) can be
rewritten as an integration over K, the z-component of which can be integrated using the

identity

/% - —mf(A)JFP/LIdZZ, (3.43)

where the symbol P indicates that the Cauchy principal value of the integral is to be taken.

In applying the decomposition of Eq. (3.43) to Mi,, we are separating M, into
on-shell and off-shell parts. The condition A;, = K, imposed by the delta function in
the decomposition corresponds to the on-mass-shell condition for the intermediate vector
meson, since it this equality occurs when (p@v)2 = m%,. This term in the composition shall
henceforth be called the pole term, with the other being called the principal value term.
Because the pole term corresponds to the intermediate vector meson being on its mass shell,

the completeness relation G,,(p},) = ZAQ/ qb,,()‘,‘/)(p@)qb;()‘,‘/)(p@) can be used for the pole
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term contribution to My,. With this relation in use, spin wave functions can be gathered

into invariant amplitudes for the YN — VN and VN — V N subprocesses, giving

M()\Vy)\py)\m)\m)\d) _ Z /d2KJ- 2(271-)3./\/1()\‘/7)‘”;)‘/\/’)‘;1)
dpv,

la,pole (2#)2 2F! VN—-VN (SVN7 tvn)

EEVEBVIB Y
BYSY

(A§/7)‘P;>"‘/7)‘;;) (A;n)"ln,f)‘d)(

MONSVN T (syne tyne ) ¥y Pnz — A1a;PnL — K1) (3.44)

for the pole term. Here, as in the PWIA amplitude, the invariant amplitudes appearing on
the right-hand side are functions of the Mandelstam variables for their respective transitions.
For the other two rescattering amplitudes, similar decompositions of the remaining

propagators are possible. For My, we have

(p))? = m% +ie = (pp + pn — p},)* — Mm% +ie = (pp + K)* — m¥ +ic

= 2pp,z (Alb -K,+ iE) s (3.45)
where
K? +2KE, — 2K -
Ay =~ PRy = 2R Py (3.46)
2pp,2
giving a pole part of the amplitude equal to
AV ApAnidgAg) G dK L[ [2(27)%  OpAnsdgAn)
= t
M1b7pole Dy Nt / (27T)2 ZE;L Mpn—>pn (Spny pn)
pr\priin
Ay M A N PYABYASY
M(W\‘,’_){/N” p)(SvN*vth*)‘Iff(i P (= Dy Pr — K1) (347)

For M., we have

(p@—)2—m%/+ie: (q+p;—pn)2—m%,+ie: (q—K)2—m%/+z'e
= 2qo (K, — Ay + i€), (3.48)
where
2 _K2
Ay =V + Ko, (3.49)
2q0
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giving a pole part of the amplitude equal to

2 )
v ApdnidyAa) d KL 21)% | O ApiAy )
Mlc,pole - Z 2E/ MVN_>VN (SVN7 tVN)
AL

Mo AniAy, AL N
Miﬁvﬁ )<sz*,t7N*>w§ P ps + Aoy Pt + K1) (3.50)
For the principal value (PV) parts of each amplitude, the notation is simplified by
introducing half-off-shell amplitudes for the VN — V N and pn — pn subprocesses, allowing

us to write the following:

WV ApAnidyAg) d? KJ_ /dKz 2(21)3 (A AnALAL) o
Miopy 2pvz EA:A/ o 2F" M venovn T (svens tven)
(MpsAniAa)
(N ApiAg ML) 4 (Pn,z — D1a, Pn, L — K1)
MR ZUNT (38, by ) =1 K AL (3.51)
z
M()‘VvAp7)‘n?>\w7)‘d) 1 deLP dK, 2(2m)3 ()\p)\n,)\;’kﬁl)( foen)
16,PV T 2, @r2 ) 2ox [\ T2, o
N AN,
(ApsAnsAa)
AV A AN, v,r P,z — A1y, —Pn,L + K1
M'(y]\‘f/*—pﬂ/]\; p)(S'YN*at'YN*) 4 ( n’;( Ay “ ) (3.52)
2
AvApsAn iAo Ag) d KJ_ dK 2(21)3 | (W ApAAL)
Mgc}\f " = Z / / 27: 2 My N (sven, tyn)
)\’ AL
()‘ru)‘;;;)\d)
(N AnsAs ML) v (=Pn,> + Ate, Pn, . — K1)
MONIUN™ (s by ) =2 I’{‘;_ Alcc “ . (3.53)

The notation V* and p* signify that these particles are off-shell in their intermediate states.
The amplitudes are estimated numerically by simply using the on-shell counter-parts for
the subreaction amplitudes, but using off-shell kinematics in the computation. In any case,
it is important to note that the approach of using reaction (3.17) to study the on-shell
meson-nucleon scattering amplitude can only be used if the PV parts of the rescattering

amplitudes are neglected.
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Double rescattering correction

Lastly, in the GEA framework, there are up to four double rescattering diagrams to consider.
These are depicted in Fig. 3.5.

Like with the single rescattering diagrams, these are split into two categories. Firstly,
Figs. 3.5a,3.5b correspond to processes with hard meson photoproduction from the proton,
followed by two rescatterings of the hadrons in the final state. They differ only in that
in Fig. 3.5a, the meson-proton rescattering occurs before the proton-neutron rescattering,
while the opposite occurs in Fig. 3.5b. These diagrams will make a significant contribution
to the overall matrix element M only when the two rescattering vertices are soft.

On the other hand, Figs. 3.5¢,3.5d are essentially copies of Figs. 3.5a,,3.5b respec-
tively, but with the proton and neutron swapped. Since the kinematic situation under
consideration corresponds to a fast proton and a slow neutron in the final state, one of the
scattering vertices involving the proton must be a hard sub-reaction. In particular, in order
that the neutron end up slow in the final state, the proton-meson rescattering in particular
must be hard. In order to achieve a scenario where this is the only hard vertex (as two
or more hard vertices will suppress the amplitude considerably), the vector meson must
be light, or the energies considered high. Therefore, for photoproduction of heavy vector
mesons as threshold kinematics, Fig. 3.5¢ is suppressed. However, for light vector mesons or
high photon energies, Fig. 3.5¢ will be appreciable, and will largely cancel Fig. 3.5a in the
high energy limit. This is due, just as in the single-rescattering case, to the antisymmetry
of the deuteron wave function under a proton-neutron swap. On the other hand, Fig. 3.5d
is suppressed at all energy scales. Since there is a slow proton-neutron pair, the relative
momentum of which is integrated over, the application of a closure relation is warranted
as an approximation, meaning Fig. 3.5d does not make any appreciable contribution to
the invariant amplitude beyond the contribution that Fig. 3.4d makes, which is already
negligible.

The derivation follows the steps of the GEA, as before. Firstly, the full amplitude is

written out using effective Feynman diagram rules. Secondly, the energy of the spectator
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Feynman diagram for double rescattering contributions to vd — Vpn

p!L

Pp

q

Pp

/ /!

pp P
(c)

Figure 3.5: Effective Feynman diagrams for the double rescattering contributions to reaction
(3.17).

p'n

nucleon is integrated over, and the positive energy pole is taken. This allows completeness
relations to be used for the intermediate states of the spectator, and at the same time,
an approximate completeness relation is used for the struck nucleon, allowing terms to be
gathered into the VNA deuteron wave function. The remaining propagator is decomposed
into pole and principal value parts, as in Eq. (3.43), after the propagator is (approximately)
linearized through a change of variables. Due to the fact that already My <« My, and
principal value parts of integrals are suppressed relative th the pole parts, only the pole
terms for the double rescattering amplitudes will be considered here. Lastly, completeness
relations are used for the remaining intermediate states, justified by the fact that the pole
terms place these states on their mass shells, and the remaining terms are gathered into

subprocess amplitudes.
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First, using the effective Feynman rules for Fig. 3.5a, we have

AV ApAnidyA _ . d'p), d'p),
M( ViAp vAd) _ _uAp(p ) " (Pn)®r )‘v(pv)/ (27T)4i/(27T) Lpnspn

Zﬁg +mpy p’é +mpy
WpP — i+ ic () — i, + i

/ /
F*yN—)VNEH (q) 5 3

o Gov(Py)
VNN G e

Caon X |, 3.54
(p})% — m3 + i€ (pl,)? — m3 + ie dpnX } (3.54)

where the momenta are as notated in the figure. Next, integration over p/? and p/? is used
to put the neutron on its positive-energy mass shell, and exact completeness relations are

subsequently used for the intermediate neutron states. This gives:

3
()‘V7>‘Pv)‘nv>‘ )‘d) _ —\ * A d p ]. 1
M M) g (b, )i (pa) 6 (p) }j!/’ L/ >[2E;2Eg

A/ A//
i
et SO ) oy Gy (81)
pn—p n n (pg)2_m?v+i€ VN—)VN(p/V)2_m%/+Z~€
/
Ay ﬁp +mn —)\’
r T 3.95
(pn) ’YN—)VNEH (q) (p;))g — m?v T e (pn) dan ( )

Next, the approximate completeness relation p;—km N D\ u’\%(p;)a)‘;(p;) is used for the
P

struck proton, so terms can be gathered into the VNA deuteron wave function. This gives

3 // 3
()‘V7>\py)\m>\’w)\d) _ —An *>\V 2(27’() 1
M, = - P(Pp)u™ (Pn)9x"Y (PV) § / / 27)3 [ 2B 2E"

)\/ )\/ )\//
Z
L pnspn ™ (i) (p)y) Pptmn e Gov(Py)
pn—pn n n (pg)g . m?\f iy VN—=VN (pQ/)2 _ m%/ + de

Y A N (ApsAniAd)
w M (pr )TNy ven (Qu'e (p) Ty

)| (3.56)

Next, the integration variable is changed, with the purpose of allowing the remaining prop-

agator denominators to be linearlized. We define

K = Pn — p;; (3'57)

K' = pll —p,. (3.58)
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For the remaining proton propagator (i.e., the one not absorbed into the VNA wave func-

tion),

(pl’n')2 —mA +ie = (pp+pn—p;;)2 —mA +ie = (pp—l—K)2 — mA + e
= K? 4+ 2E,Ko—p,- K| —pp.K, +ic
= 2pp,2(A2q — K + ic), (3.59)

where we have
N K2+2EPKO—2pp'KJ_

Aoy = 3.60
a 2pp7z ( )
For the vector meson propagator,
(Py)* —mi +ie = (pv +pj — pj)° —miy +ie = (py + K')* —mi, + ie

= (K")? +2Bv K} — pv - K| — py.K. +ic

= 2pV,Z( /2a - Ké + ’L'E), (361)
where in this case

K2 + 2By K — 2py - K’
p, = B+ 2B K, —2py K (3.62)

2pV,z
Just as in the single rescattering case, these are (approximately) linearizations of the prop-

agator denominators, because Agg has a weak dependence on K 5/)

, 1.e. a nearly zero deriva-
tive. Thus we may evaluate Agg when K él) is zero, and then set K él) = Agg for the pole
part of the decomposition (3.43). As discussed above, the principal value parts of both

denominators are neglected as small compared to an already small correction, so the pole

values are used for both propagators. This justifies use of completeness relations for the
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remaining propagator numerators, giving

MOV dnidida) _ 1 T /deJ_ / ’K', [ 2(27)3 1
4pp,szz AN )\//)\//)\/ ) 2E;L 2E;{

p‘n\p'n
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_\ A A N

@ (py)dp" (PV)TEN v nen (@u™? (py)
(ApsAniAd)

Yy (Pnz = Doq — Adyi Py, — Ko — Kl)} . (3.63)

Finally, terms are gathered into sub-reaction amplitudes, giving

MV AoAnidrda) _ 1 / d*K / K’ [ 2(27r)3
Apppv S (2m)2 ] (2m)? 2L
2E MO (0, )
MUY All)(pv,pii;p%z,p%)MiANV;A;JAvM (0 1l 9 )
WD () Agy — Ay b — K — Kl)] . (3.64)

Next, Fig. 3.5b is evaluated. The effective Feynman rules give

2m)4i ) (2m)%i
P, +my G (V) P,
()2 = miy +ie (py)? — mi, +ie " (pf)?
/ /
A ﬁ +my +my
Fzﬁj\f—ﬂ/Nqﬂ (q) / 2p 2 ; / an 2 ;
W,)2 — %, +ic (W) — 3, + e

4,1 4,11
AV Ap Amidy s _ A A d’p d’p
Mébv ! A = _U’)\p (pp)uA (pn)(b* V(pV)/ vy / vy |:F€/7TN—>VN

2 .
— my + €

rdpnxkd} , (3.65)

where the momenta are as depicted in Fig. 3.5b. From here, integration over p/? and p!?
places the neutron on its mass shell in its intermediate states, which also allows application
of the completeness relation. An approximate completeness relation is also used for the
struck proton, so terms can be absorbed into the deuteron VNA wave function. The two

remaining propagator denominators—for the proton (with four-momentum pg) and the
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vector meson—are dealt with, as before, by (approximately) linearizing the denominator.

The following intermediate four-momenta are defined:

K:pn_p;;

!/ /! /
K =p, —p,.
For the intermediate vector meson state, this gives us

(By)? = mi +ie = (pv + K)* —mi, +ie
= K*+2KoEy — 2K.py,. — 2K | - pv,| + ie

= 2pv,.(Agpy — K + ic),

where

K2+2KOEV—2KJ_'pV7J_

Agp =
2pV,z

For the intermediate proton state, we have

()? — m¥% +ie = (pp + K')* — m3 + ie
= (K')? + 2K\ E, — 2K.p, . — 2K, - p, 1 +ic

= 2pp72( /2b - K; + ie)v

where

() 2KLE, ~ 2K by
2 2Py,

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

The Delta terms are evaluated when K él) = 0, since they are approximately independent

of K §’). With the denominators effectively linearized, the propagators are decomposed into

pole and principal value parts, the latter of which are neglected as comparatively small. The

pole parts put the intermediate particles on their mass shells, and accordingly completeness

135



relations are used. Finally, terms are gathered into sub-reaction amplitudes. The result of

applying all these operations is

MOV AN A 1 / P’K /dQK’ [ 2(2m)3
2 - 2 2 /
4pp :DV.2 et (2m) (2m) 2E!
1 AV Aps Xy, A

opn’ 'VN=VN (pv,prPQ/apg)
n

(ApsAniAg,AL) (N A A, AL)
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v, ’ (Pn,z — Dop — Aby; Ppy 1 — K — Kl)} . (3.72)

Lastly, Fig. 3.5¢ is evaluated. The effective Feynman rules give

) d4! din!
)\ 7)‘ 7)\7lx)‘ 7)\ 7)\ 7)\’” *)\ p p
M o) )67 v [ [ S r
/!
pp MmN px +my pT Gpl/ (pQ/)
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P, +mn P+ my
| N P n T Ad}, 3.73
YN—=V N} (q) (p;/n)g — m?\[ + ic (pél)2 _ m?\[ +je d;lmX ( )

where the four-momenta are as depicted in Fig. 3.5c. The integration is over p;, rather
than p/,, due to the proton being the spectator to the photon-nucleon interaction in this
diagram. The energy integrations performed for this diagram are over p;O and p”°, which
put the proton in the pre-photoproduction intermediate state and the neutron in the post-
photoproduction intermediate state on their mass shells. With these hadrons on their
mass shells, exact completeness relations can be used. An approximate completeness rela-
tion is additionally used for the struck neutron, so terms can be absorbed into the VNA
deuteron wave function. It is important to note that for this diagram, a minus sign will
be picked up, due to the proton-neutron swap relative to Fig. 3.5a. Next, the remain-

ing intermediate hadron propagators—the proton state after meson-proton rescattering,

with four-momentum pg and the vector meson—can be approximately linearized by using
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a change of momentum variables. We define

K:pn_pg

The denominator for the remaining proton propagator is

(pg)2—m?v—|—ie: (pp + K)? —m3% + ic

= K? +2KoE, — 2Kzp,. — 2K, - pp | + ie

= 2pp,z(Alc - K, + iE),

where

Ay =
¢ 2Dp.»

The denominator for the intermediate vector meson propagator is

(p}y)? —mi +ie = (¢ + K')> —mi +ie

= (K" + Ko — oK. — m¥ + ie

= 2%( ,10 - K, —l—’L'E),

where

, (K')? —m%/
BT g
lc 2q0 + 0

K2+2K0EP—KJ_'pp’J_

(3.74)

(3.75)

(3.76)

(3.77)

(3.78)

(3.79)

As above, Ag/) is approximately independent of K é”, and accordingly can be evaluated

C

when K = 0, thus linearizing the denominators. Eq. (3.43) is then used to decompose

each propagator into a pole and PV part, the latter of which is neglected as small. Finally,

for the pole part, the mass shell relations are valid, making completeness relations exact;
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these are used, and terms are gathered into sub-reaction amplitudes, and we have

MOV A AnidyAa) _ Z/ ’K /dQK'[ 2(2)3
% 4QOpp, ) ZE;)

spins
1 (ApsAns ALY
T57 —— My Zpn " (Pps P Pl D)

AV, A5A5A%) in.o1 AV ApsAAL) 1 gy /
MVN—)VN (pV7pp)pV7pp)M—yN—)VN (pv,pmpwpn)

)\/

A/
WA (4 gy + Ay —pa + K+ KU] . (3.80)

Considerations for numerical estimates

In the following two sections, the formalism developed here will be applied to diffractive
photoproduction of ¢(1020) and J/1 accompanied by deuteron breakup. Before proceeding
to specific applications of the formalism, however, some considerations should be explored
regarding how numerical estimates should be performed and presented.

To begin, while the formulas derived for Mg, M1,, etc. are presented in terms of sub-
reaction amplitudes such as M, y_yn and so on, it is most useful to parametrize reactions
in terms of the diffractive scattering amplitude f(s,t). After Eq. (3.7), we write

MGEAGIAN (5,1) = @AB QAB (O ApAaAB) (o ) (3.81)
where ® 4p is as given in Egs. (3.2-3.5). The diffractive amplitude is useful in particular
because it is normalized so that Im(f(s,0)) = otot.. Thus, for the special case A = C and
B = D, we can, assuming helicity conservation, parametrize the diffractive amplitude in

the form

. b(s
FEEER D 5.0) = o)+ alolexp (Z50) duetipn, (352

For the case of the pn — pn sub-reaction, existing data is used to parametrize the
diffractive scattering amplitude. Values for oyt (s), a(s), and b(s) are extracted from SAID
data [105] for low energies and from Particle Data Group data [106] at high energies, with

the region between connected by a cubic spline.
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For the case of the VN — V N sub-reaction, since the vector meson-nucleon interac-
tion is the object of study in this work, the parametrization of Eq. (3.82) is used in numerical
computations with varied values of the slope factor by y and the total cross section a%})}v in
order to study the sensitivity of the overall vd — Vpn cross section on these parameters.

Finally, for the YN — V N sub-reaction, existing parameterizations of the photopro-
duction amplitude are used. The forms of these parameterizations will be elaborated on in
the specific ¢(1020) and J/1) sections.

Besides the parametrization of sub-reaction amplitudes, another consideration to bear
in mind is the presentation of the computations. This will be geared towards being useful
for experimental searches. Absolute cross sections are notoriously difficult to measure, so

ratios of cross sections will be presented in addition to absolute cross sections. While it is

theoretically enlightening to present ratios of the form

Ofull
)
OPWIA

(where o is shorthand for the five-fold differential cross section of Eq. (3.29)) it is impossible
in real experiments to turn off higher-order diagrams and measure only the PWTIA cross

section to feed into such a ratio. Instead, estimates will be presented in the form of ratios

o7 0)

-~ o)

i.e. between the five-fold cross section measured at two different values of the spectator

(3.83)

(neutron) momentum.

3.3 Photoproduction of ¢(1020) mesons

Photoproduction of ¢(1020) from nuclear targets has attracted a great deal of interest due
to the large ¢-N cross sections measured in these reactions; cf. Refs. [107,108] for example.

Specifically, these experiments measured the vyA — ¢A cross section and analyzed the
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reaction in a Glauber model framework in order to extract the ¢-N cross section, finding
values varying between 16-70 mb [109].

These large ¢-N cross sections are interesting because they contradict the predictions
of the vector meson dominance (VMD) model. VMD considers the physical (as opposed
to the bare) photon to be in a superposition of different hadronic states with the quantum
numbers of the bare photon, i.e. the photon has a probability of being found to be various
odd-parity, neutral vector mesons. VMD predicts a relationship between the YN — VN

and VN — VN differential cross sections, namely of the form

do e? do
(E) =7 (%) ’ (3.84)
YN—=V N VN VN—VN

where fyy is a coupling constant for the V-N interaction. (See Refs. [98,110] for more
details about VMD.) The prediction for the ¢-N cross section from vector meson domi-
nance is o4y ~ 11 mb [111], significantly less than the values found from rescattering in
nuclear target experiments. The variety of values measured for o4y has led to speculation
about medium modifications of the ¢ meson, and thus variation of o4x within the nuclear
medium [109].

In recent years, several experiments have measured phi photoproduction from a deuteron
target specifically [96,109,112,113]. Ref. [112] studied both incoherent and coherent ¢ pho-
toproduction, in the reactions d(v,pK+tK~)n and d(v, K™K~ )d respectively. Incoherent
production in the photon energy range I, = 1.65-3.59 GeV suggested a ¢-N cross section
in excess of 20 mb. Coherent production also showed the presence of ¢-N rescattering, with
measured cross sections in excess of the PWIA prediction, but could not decide between the
VMD model (with o4x ~ 10 mb) and the larger cross section measurements. In particular,
choosing the slope factor to be a large value (e.g., Byn ~ 10 GeV~2 [88]) in addition to the
total ¢-IN cross section gave coherent vd — ¢d cross sections consistent with the predictions
of VMD [96, 112].

We show, however, that the breakup reaction v+ d — ¢ + p + n is sensitive enough

to the ¢-N interaction to distinguish between these models. In order to demonstrate this,
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the formalism of Sec. 3.2 is applied to photoproduction of ¢(1020) in particular, for both
models of the ¢-N interaction. The formalism is applied in the energy range that coherent
production was explored in a JLab experiment [96], and the YN — ¢N photoproduction

amplitude is parametrized based on a Pomeron exchange model from Ref. [98]%, namely:

s agr(t)—1
fansen(s,t) = (W) A(i 4 afs)) exp (% (Bt + C’t2)> ) (3.85)

where ap(t) = 1.14 + (0.27 GeV~2)t is the Regge trajectory predicted by the model, and
the parameters A = 0.372 GeV™2, B = 4.8 GeV 2, and C = 1.7 GeV~ are taken as
constants. (n.b. that, according to Ref. [98], different sets of ¢ photoproduction data from
proton targets can only be made consistent by taking into account a non-zero quadratic
coefficient C'.) Additionally, the factor a(s) = —0.5 is taken from Ref. [98].

The vector meson dominance model models fyn_4n(s,t) after fynv_en(s,t) as con-
tained in Eq. (3.85), but with the normalization set so that Im(fyn_¢n(s,0)) = 10 mb, in
accordance with the optical theorem and the VMD prediction for the ¢-N cross section. By
contrast, in the “30-10” model of Laget [88] (named for o4x = 30 mb and Byy = 10 GeV~2),

we use a simpler parametrization for the ¢-NN diffractive amplitude:

f¢N_>¢N(S,t) = O’¢N(i — a(s)) exp <%Bt> N (386)

with o = —0.5 taken in this case too.

With the prerequisites for modeling the sub-reactions in hand, we first proceed to
produce numerical estimates for ¢ photoproduction from the deuteron in the plane wave im-
pulse approximation, and with the contributions of M, (¢-neutron rescattering) and My,
(proton-neutron rescattering) taken into account. Such estimates are presented in Fig. 3.6,
for an incident photon energy of ¢y = 5 GeV and momentum transfer —t = 1.2 GeV~2,
for three values of the spectator neutron momentum (p,, = 100, 200, and 400 MeV). Here,

o is notational shorthand for the differential cross section o = d°0/d*pydQ, as given in

2¢f. Eqgs. (3.85b,3.85¢) of ibid.
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Angular distribution of vd — ¢(1020)pn (single resc. approx.)
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Figure 3.6: Angular dependence of the ¢ photoproduction cross section at different neutron

momenta, for both the VMD and “30-10” models of the ¢-IN interaction.

These plots

consider the contributions due to rescattering of the proton and the ¢ from the spectator

neutron. gy =5

GeV and —t = 1.2 GeV?2.

142



Eq. (3.29). Figs. 3.6a,3.6¢,3.6e employ the vector meson dominance model to describe the
¢-n interaction, while Figs. 3.6b,3.6d,3.6f employ the “30-10” model of Laget.

Two features of these plots are immediately striking: the first is that, depending on
the neutron momentum, there are valleys (for p, = 200 MeV) or peaks (for p, = 400 MeV)
in the angular distribution of the cross section, due to the ¢-n and p-n rescatterings. The
small-angle (6,,; ~ 10°) valley/peak is due to the ¢-n rescattering, whereas the larger-angle
(01 =~ 70°) valley/peak is due to the p-n FSI. The second striking feature is that the size
of the ¢-n rescattering peak differs between the models, with the “30-10” model predicting
a significantly larger rescattering peak.

The distinction between the 200 MeV valleys and the 400 MeV peaks is due to the
single rescattering contribution entering with an overall opposite sign from the PWIA con-
tribution. At low neutron momenta (e.g., p, = 100 MeV), the rescattering contribution
is too small for the destructive interference to be visible. At moderate neutron momenta
(e.g., pn = 200 MeV), the destructive interference manifests as two valleys in the differential
cross section—one due to the ¢-N rescattering contribution, and one due to p-n rescatter-
ing. At high neutron momenta (e.g., p, = 400 MeV), the single rescattering contribution
becomes so large that the cross section is increased overall at specific kinematics, despite
the destructive interference between the PWIA and rescattering contributions. This results
in peaks at p, = 400 MeV at 6, values where p,, = 200 MeV saw valleys.

The particular locations of the valleys and peaks can be understood in terms of the
reaction geometry, as seen in Fig. 3.1. Rescattering of a particle from the spectator produces
the largest contribution when the scattered hadron is roughly perpendicular to the scatterer.
Since the proton has a greater momentum than the neutron, this means the p-n rescattering
peak or valley should occur between 45° < 6,; < 90°; for |p,| 2 2|p,|, for instance, the
peak should occur at about 6, = 60°, where a rescattering peak can be clearly seen.
The presence of a p-n rescattering peak at this angle is also well-known from deuteron
electrodisintegration [85-87,89-92].

Deuteron breakup accompanied by meson photoproduction, by contrast, contains a

second valley or peak at a smaller value of 6,,;. This is due to meson-nucleon rescattering.
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Angular distribution of vd — ¢(1020)pn (double resc. approx.)
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Figure 3.7: Angular dependence of the ¢ photoproduction cross section at p, = 400 MeV,
for both the VMD and “30-10” models of the ¢-IN interaction. These plots compare the
PWIA against cross sections with single- and double-rescattering contributions. gg = 5 GeV
and —t = 1.2 GeV?2.

As can be seen in Fig. 3.1, the meson-nucleon rescattering peak is expected to occur at
smaller values of 6,,; than the p-n rescattering peak. This feature is present in Fig. 3.6, and
was previously found to exist by a previous theoretical calculation [88].

Next, we explore the contribution of Mj. to the ¢(1020) production amplitude, as well
as the contribution of double rescatterings. Numerical estimates can be seen in Fig. 3.7.
M. is the amplitude for the ¢ meson to be produced from the slow-moving neutron,
and then to subsequently rescatter from the proton, giving the latter a large “kick” to
a high-momentum state. Its contribution, when added to the contributions of the other
single-rescattering amplitudes, can be seen in the dash-dotted (blue) lines of Fig. 3.7. Due
to the antisymmetry of the deuteron wave function, M. has an opposite sign from M,
and accordingly partially or fully cancels the valley or peak produced by the former. The
double rescattering amplitudes, additionally, enter with an overall opposite sign from the
single rescattering amplitudes, thus partially canceling the latter’s contribution.

As discussed in Sec. 3.2.2, it is conducive to the purpose of studying ¢-N rescatter-
ing to look at ratios of the differential cross section at different spectator momenta (cf.

Eq. (3.83)). Since, as can be seen in Fig. 3.6, there are rescattering peaks in the cross
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Ratio of angular distributions of vd — ¢(1020)pn
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Figure 3.8: Angular dependence of the ratio defined in Eq. (3.87), for two models of the
¢-N interaction. gy =5 GeV and —t = 1.2 GeV?2.

section at p,, = 400 MeV and valleys at p,, = 200 MeV, taking the ratio

_ o(p, =400 MeV)
Fy = o(pn = 200 MeV) (3:87)

will enhance the visibility of the rescattering peaks.

In Fig. 3.8, numerical estimates of Ry (as defined in Eq. (3.87) are presented for both
the VMD and the “30-10” models of the ¢-N interaction. Fig. 3.8a employs vector meson
dominance, whereas Fig. 3.8b uses the “30-10” model.

It can be seen that these two models predict starkly different behavior for the ratio
Ry. Even qualitatively, vector meson dominance predicts no ¢-N rescattering peak, due
to the contributions from M, (Fig. 3.4a) and M. (Fig. 3.4c) canceling almost perfectly;
however, in the “30-10” model, the cancellation is imperfect, and the ¢-NN scattering peak
survives. Quantitatively, the “30-10” model predicts a cross section ratio that is about an
order of magnitude greater at 6,; =~ 10° than VMD.

It is worth discussing why the cancellation between Mj, and M. are (nearly) per-
fect for one model and imperfect for the other. The nearly perfect cancellation in the VMD
model is due to the photoproduction and ¢ rescattering amplitude having the same ¢ depen-

dence as the photoproduction amplitude (as is an assumption of vector meson dominance).
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Moreover, whereas for Fig. 3.4a, one has

tyN=soN = (Pp — p})z

toN—oN = (Pn — P))?,
the formulas for ¢ for the contribution of Fig. 3.4c are instead

tyN—oN = (Pn — p/n)2

toN—oN = (Pp — P})2-

In other words, the formulas for ¢ are switched between the sub-reactions. Since in the
VMD model, the ¢ dependence of both sub-reactions is the same, the ¢ dependence of My,
and M. is identical in VMD, and these amplitudes enter with a relative minus sign due to
the isospin asymmetry of the deuteron wave function. Therefore, nearly perfect cancellation
occurs between these contributions.

By contrast, the “30-10” model of the ¢-N interaction predicts different ¢ dependence
for the ¢ photoproduction and rescattering sub-reactions. Accordingly, the cancellation is
imperfect, at least at the relatively low energy range considered here. At specific kinematics,
the cancellation will still be perfect. Firstly, if the proton and neutron are produced with
equal momenta on opposite sides of the scattering plane (making 1 parallel to the z axis),
then the kinematic symmetry would result in perfect cancellation. Secondly, at sufficiently
large photon energies, the kinematic constraints which guarantee a one-hard, one-soft vertex
scenario are not present, so tyn_¢n and tyy_g¢n Will take on similar values, resulting in
near-perfect cancellation between M1, and M.

To conclude this section, the breakup reaction (3.17) for V' = ¢ is able to effectively
discriminate between two models of the ¢-N scattering interaction at low energies. Ac-
cordingly, we suggest that it be used to complement other methods of studying the ¢-N

interaction, especially at near-threshold energies.
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3.4 Photoproduction of J/i) mesons

Photoproduction of J/v¢ in deuteron breakup reactions will be studied here in three dif-
ferent kinematic regimes: firstly, for near- (but above-) threshold kinematics, in Sec. 3.4.1;
secondly, for below-threshold kinematics in Sec. 3.4.2; and lastly, for extremely high-energy
kinematics in Sec. 3.4.3. Examining J/v¢ photoproduction in these different kinematic
regimes will allow different features of the eikonal dynamics of final state interactions to
manifest. In particular, for near-threshold kinematics, the rescattering peaks and valleys
seen in Sec. 3.3 for ¢(1020) production will be visible for J/v production as well. For
below-threshold kinematics, the requisite kinematic conditions for J/1 production will sup-
press FSIs and render their effects invisible. Lastly, for extremely high energies, different
rescattering mechanisms (i.e., from Figs. 3.4a,3.4a) will cancel each other out near-perfectly,

resulting in the absence of a J/¢-N rescattering peak at these energies.

3.4.1 Near-threshold J/¢ production

Near-threshold photoproduction of J/1 is especially pertinent to Jefferson Lab in light of
the 12 GeV energy upgrade [114]. The threshold for photoproduction is defined as on a
proton target, and occurs when the J/1) meson and the target proton are both at rest in the
center-of-mass frame. Accordingly, s¢n,. = (mp + my)?. In the lab frame, where the proton
is initially at rest, a threshold s value entails (py 4 pp)?* = m2 + 2mpE, = (my, + my)?,

making the formula for the threshold photoproduction energy

2
P
Eyy. = w ~ 8.2 GeV, (3.88)
P

given a J/1¢ mass of mg = 3.09 GeV. J/1 photoproduction in particular is a worthwhile
subject of study at near-threshold kinematics because such kinematics guarantee the ap-

plicability of the generalized eikonal approximation. In particular, at threshold, one has a
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—m2 2 _ 9
large |t| value. Since, in the center-of-mass frame, £, = % and By = ”T;“PT”@P, we have
(Stne. — M2)(Sthre. +m2, — m2)
toe = (g — pu)? = miy — 220 Tl I T
Sthr.
IR (2m,my + m3)(2mymy)
v 2(myp + my)?
2
mgm
= _% ~ —2.23 GeV ™2, (3.89)
my + my

Above but close to the production threshold, a range of ¢ values will be available, but as long
as the photon energy is kept close to 8.2 GeV, the minimum |[¢| value will be large and the
eikonal regime will be established. |ty | is sufficiently high for J/1 that the perturbative
expansion of QCD is applicable, allowing multi-gluon exchange models to be explored as a
photoproduction or rescattering mechanism. By contrast, using Eq. (3.89) with the ¢(1020)
mass in place of the .J/1) mass produces a threshold ¢ value closer to —0.5 GeV 2.

Near-threshold J/1 production is studied here as a means of exploring the J/¢-N
interaction, the nature and strength of which are currently not well-understood. The vec-
tor meson dominance model suggests a total J/¢-N cross section of around 1 mb [115]
at high energies, but similar to the case of ¢(1020), experimental data suggest a higher
cross section, on the order of 3.5 mb [116]. On the theoretical side, different models of .J/
production based on perturbative QCD make different predictions for the cross section’s
energy dependence. For instance, leading-twist pQCD calculations using a two-gluon ex-
change mechanism [117] predict a monotonically increasing energy dependence that asymp-
totically approaches a fixed high-energy value, thus suggesting a low J/1-N cross section
for near-threshold kinematics. On the other hand, other models attempt to account for
non-perturbative effects and make yet larger predictions for the low-energy J/i¢-N cross
section, one estimate going as large as 17 mb [118].

To ascertain the sensitivity of the breakup reaction (3.17) to the strength and nature of
the J/1-N interaction, we use a cross section ratio, just as in the case of ¢(1020) production.
Since the higher J/1 mass allows for higher spectator momenta to be explored while still

maintaining the requirements of the eikonal regime (cf. Fig. 3.2b), we take the ratio this

148



time to be
o(p, = 600 MeV)

Ry = .
v o(p, = 200 MeV)

(3.90)

The larger value of p,, is chosen in the numerator in order to maximize the rescattering
effects.

Since the sub-reaction amplitudes for J/1 production from a constituent nucleon and
J /1 rescattering from the spectator do not factorize, care must be taken in treating the
N — J/¢N amplitude, which may be strongly energy-dependent near threshold. For this
reason, two models of J/1 photoproduction, from Ref. [119], are examined and used in our
numerical estimates.

The first model considers photoproduction to be dominated by the leading-twist, two-
gluon exchange contribution [119]. Eq. (3) from ibid. parametrizes the differential cross
section based on this model as

do _ N3, (1— ™ (3.91)
dt 16w e ’ '

where we have taken the liberty of absorbing several constants from Eq. (3) of Ref. [119]
into the overall normalization constant /\/229 (which has been squared and divided by 167 so

that it is a linear constant in the scattering amplitude), and to evaluating the phase space

factor. In [119], x was taken to be

_ 2mpymy + m%, S — Sthr.

= 3.92
5—m2 5 —m2 (3.92)
and we take the same value of = here, giving
dU N2 S — SthI‘. 2 Bt (3 93)
—_ = _— e . .
dt 29\ s — m2

This allows the diffractive scattering amplitude parametrization of Eq. (3.9) to be used,

with C = 0 and
S — Sthr.
A = — . .94
29(5) N2g<s_mg> (3.94)
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We find that a normalization constant of Ny, = 1.35 GeV~2 gives an accurate fit to ex-
isting J/v photoproduction data from SLAC [120]. The slope factor B is given a slight ¢

dependence in the form
4

- - 3.95
1 GeV2Z —¢ ( )

Beff. (t)

as suggested by a theoretical study of the nucleon’s two-gluon form factor [121]. A low-
energy slope factor of B = 1.25 GeV~2 was measured in a Cornell experiment [122], although
with threshold value of ty,,, = —2.23 GeV~2, one has Beg (tmy.) ~ 1.24 GeV~2 thus
reproducing the required low-energy form.

In addition to a two-gluon exchange model, Ref. [119] considered a possible dominance
of a three-gluon exchange mechanism in the photoproduction of J/1. Near threshold, after
all, the phase space is very limited, and this may favor a coherent interaction of all three
valence quarks in the nucleon with the charmonium state. For this model, we take Eq. (4) of
Ref. [119], as before absorbing constants into the overall normalization factor and evaluating
the phase space factor to get:

do N3

do N3y pi
= = Tpoe (3.96)

Comparison with Eq. (3.9) gives C' = 0 as before, and
Asy(s) = Ny, (3.97)

where a normalization constant of N3, = 0.35 GeV~? fits the Cornell data [122] for J/1
photoproduction. Since the three-gluon form factor of the nucleon is not well-known, we
adopt the constant value B = 1.25 GeV~2 determined by ibid.

In Fig. 3.9, predictions for the ratio Ry as defined in Eq. (3.90) are given for both
the two- and three-gluon exchange mechanisms. For both models, the diffractive J/-
N scattering amplitude is parametrized in the form of Eq. (3.9), with ogy = 5 mb and
B =1.25 GeV—-2. As in the ¢(1020) case, there are two rescattering peaks, with the peak
at 6,; 2 60° due to proton-neutron rescattering and that at 6,,; ~ 30° due to J/v¢-nucleon

rescattering.
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Figure 3.9: Angular dependence of the ratio defined in Eq. (3.90), for the (a) two- and (b)
three-gluon exchange models of J/1 photoproduction. Assumes oy = 5 mb. gy = 10 GeV
and t = ty, = —2.23 GeV?2.

Fig. 3.9 demonstrates that the reaction (3.17) shows sensitivity to the energy de-
pendence of the J/1 photoproduction mechanism. There is a strong qualitative difference
between the predictions of the models, with the J/1-N rescattering peak barely visible
in the two-gluon model—in fact, likely to be invisible in light of uncertainties in any ex-
perimental search. Quantitatively, the ratio Ry is greater for the three-gluon than the
two-gluon mechanism by a factor of ~ 2 at 6,,; ~ 30°. Moreover, at 6,,; ~ 75° (near the
kinematic limit), the two-gluon mechanism produces a dip in the ratio R4 not present in
the three-gluon model.

This dip is due to the factor of (s — s¢nr.) in Agg(s). When 6, close to the upper
limit, the angle between the outgoing proton and the J/v is smaller (see Fig. 3.1), thus
making s., = m?, +m2, + 2E,Ey, — 2p, - pw, which enters into Agy(s) in the PWIA, smaller
and thus closer to sg,r.. This effect is less pronounced when single-rescattering corrections
are taken into account because the s that enters into Ag,(s) isn’t exactly (p, + py)? for
the rescattering diagrams. Moreover, the fact that the rescattering peak is present at 6,
where the PWIA cross section begins to decrease is what makes the J/¢-N rescattering
peak so difficult to see for the two-gluon exchange mechanism; the effect of the rescattering

correction does more to lessen the falloff of the cross section with increasing 6,,; than to
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Figure 3.10: Angular dependence of the J/¢ photoproduction cross section at different
neutron momenta, for both the two- and three-gluon models of .J/¢ photoproduction. These
plots consider the contributions due to single and double rescattering against the PWIA.

go =10 GeV and —t = —typ, = 2.23 GeV2.
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produce a peak. This can also be seen in Fig. 3.10, where the absolute differential cross
section is given for the two- and three-gluon models.

Ratio of angular distribution of vd — J/¢¥pn (multiple oy )
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Figure 3.11: Angular dependence of the ratio defined in Eq. (3.90) with different J/¢-N
cross sections, using the two-gluon parameterization of [119]. Estimated at gy = 10 GeV
and —t = 2.23 GeV2. Includes all diagrams.

Despite the largely-invisible peak for the two-gluon model with oy = 5 mb, the
rescattering peak may be more prominent if the J/i-N cross section is larger, as some
models [118] suggest. For this reason, and because it is our intent to study the sensitivity
of the breakup reaction (3.17) to the total J/¢-N cross section, we present in Fig. 3.11
estimates for the ratio Ry with different values of this cross section. The peak does in fact
become more prominent with higher J/1-N cross sections, and therefore we conclude that
near-threshold J/1 photoproduction accompanied by breakup of the deuteron target can

distinguish between different predictions for ogy.

3.4.2 Below-threshold .J/¢ production

“Below-threshold” production from a deuteron target is possible because the energy thresh-
old for production from a more massive target is smaller. For coherent production, one can

find the minimum needed photon energy by substituting mg for m, in Eq. (3.88), giving a
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production threshold energy of about 5.6 GeV. For incoherent production, accompanied by
deuteron breakup, an additional few MeV are needed to break apart the deuteron, but “sub-
threshold” production is still possible in the sense that J/i¢ can be produced at energies
below the threshold for production from a free proton target.

From the perspective of the GEA, in which the J/1¢ meson is considered to be pro-
duced from one of the deuteron’s constituent nucleons, sub-threshold production is possible
because the struck nucleon is already in motion prior to being struck. If this nucleon is
moving opposite to the incident photon, then the photon has a higher energy—possibly
above-threshold—in the nucleon’s rest frame. In other words, one must satisfy, in the
PWIA, the condition

(q+P,)% > sthr.- (3.98)

One can rewrite Eq. (3.98) in terms of a condition on the magnitude of the proton momen-
tum \p;,] needed to allow for J/1 production to occur, as a function of the photon energy

and the initial proton angle. In particular, one has threshold |p;,| when
M + m3 — 2My(My — E}) + 20(E, — [p),]) = Sth.. (3.99)

This can be arranged into an equation of the form of Eq. (3.19), the solution of which is
explained in Sec. 3.2.1.

A plot of threshold values for |p;,| is given in Fig. 3.12, for various proton-photon
angles, as a function of the incident photon energy. For all angles, the threshold momentum
goes to zero as qy — Finy. = 8.2 GeV, since this is the energy at which J/1 can be produced
from the free proton. For especially small photon energies, such as those close to the from-
deuteron production threshold of 5.6 GeV, the threshold momentum becomes extremely
large, exceeding 700 MeV, where the applicability of the virtual nucleon approximation is
expected to break down. Moreover, the phase space available for J/1 photoproduction at
energies these low is extremely limited, making production at such energies exceedingly
unlikely. Accordingly, we examine here sub-threshold energies that are close to threshold,

namely gg = 7 GeV.
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Plot of Fermi momentum needed to effect subthreshold J/¢ production
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Figure 3.12: The threshold value of the bound proton momentum for .J/1 photoproduction,
as a function of photon energy for various proton-photon angles.

At sub-threshold kinematics, final state interactions are expected to be negligible.
M. is expected to be negligible upon examination of Eq. (3.50), since —tiy,,. is large and
qo is small. My, and My, are also expected to be suppressed, since their pole parts impose

the kinematic conditions:

Pz = Pz + Aifayy)- (3.100)

Momentum conservation at the d — p + n vertex further implies that

Pz = —Dh, + Difasy) = — [Pyl cos 0 + +A1q /- (3.101)

Since Aqjq) is positive (cf. Egs. (3.42,3.46)) and cos 6, is negative for any sub-threshold
energy, we have p, . as a large, positive number. This increases Ay, y (which is a mono-
tonically increasing function of py), making M,/ small.

In Fig. 3.13, we present numerical estimates of the sub-threshold J/1 photoproduction

cross section at ¢ = 7 GeV, for both the two- and three-gluon exchange mechanisms of

155



Angular distributions of vd — J/v¥pn below threshold
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Figure 3.13: Sub-threshold angular dependence of the J/1 photoproduction cross section at
different neutron momenta, for both the two- and three-gluon models of J/v photoproduc-
tion. These plots consider the contributions due to single and double rescattering against
the PWIA. o = 7 GeV and —t = —typ,, = 2.23 GeV2.
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Ref. [119]. It can be seen in this figure that FSIs are indeed mostly suppressed at sub-
threshold kinematics. One exception is an appreciable increase in the cross section for the
two-gluon model at 0,,; where the PWIA cross section dips due to s ~ sy, but this is due
to the PWIA cross section being even more heavily suppressed for the two-gluon model at
these kinematics.

Since there is little distortion from FSIs at sub-threshold kinematics, and since these
kinematics require high internal momentum within the deuteron, the break-up reaction
(3.17) below the from-proton production threshold may prove a fruitful means of probing

the high-momentum structure of the deuteron.

3.4.3 Collider-energy .J/1) production

In Sec. 3.3, we saw that (nearly) perfect cancellation between M, (Fig. 3.4a) and M;,.
(Fig. 3.4¢), resulting from anti-symmetry of the deuteron wave function, can occur in spe-
cific circumstances. In particular, cancellation between these contributions is expected to
occur when the momentum transfers for the sub-reactions YN — VN and VN — VN are
nearly equal. This does not happen for near-threshold kinematics because of the high —#y,.
entering into the YN — VN vertex, and because a scenario with two hard (high-t) vertices
is exceedingly unlikely. However, as the incident photon energy increases, the minimum
value of —t needed to effect photoproduction decreases to zero, meaning at sufficiently high
energies, complete cancellation between M1, and M. should occur.

In order to explore this cancellation, we have numerically estimated the cross section
for J/1) photoproduction in the breakup reaction (3.17) at collider energies. Since s is much
higher than the models in Ref. [119] were developed at, we parametrize the s dependence
of the diffractive scattering amplitude using a leading-order pQCD model from Ref. [123].

In this parametrization, the function A(s) entering into Eq. (3.9) takes the form:

A(s) = Nag(u?)xGr(z, u?), (3.102)
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where Gr(z, %) is the gluon structure function of the target at a factorization scale u2.

2 2
After Ref. [123], we take u? = % and v = Sm]\‘f’*. For parameterizing Gr(z, u?), we used
Yy
the CJ12 next-to-leading order partonic distribution functions [124], and in Eq. (3.9) we
take & = —0.2 and C' = 0 (as done previously), and we use a high-energy value for the slope

factor B = 4.73 GeV~2 found by HERA [125].

Angular distributions of vd — J/¢¥pn at high energies

10! — 102 ‘ ‘ ‘
pn = 400 MeV I pn = 400 MeV
& &
1) 1)
> >
3 3 o
S S
~ ~
C) S P
& 102l e (| PWIA | T
-~ J/¥-n and p-n resc. -- J/¥-n and p-n resc.
Single resc. Single resc.
— Double resc. qo = 30 GeV — Double resc. qo = 100 GeV
1073 : : : ; - - ; : 100 : : : : - - ; -
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
6, (degrees) 0,; (degrees)
(a) go = 30 GeV (b) go = 100 GeV
101 ‘ ‘ ‘
pn = 400 MeV
c’\g
%
&)
s
e}
)
= PWIA
-~ J/¥-n and p-n resc.
Single resc.
, —  Double resc. q =1TeV
10? : : : : - - ; -
0 20 40 60 80 100 120 140 160 180
0, (degrees)
(c) go =1 TeV

Figure 3.14: Angular dependence of the J/v¢ photoproduction cross section at collider
energies, given t = —1.5 GeV? and p,, = 400 MeV. Assumes ogy = 5 mb.

In Fig. 3.14, we present numerical estimates of the cross section for three increasingly
high photon energies: 30 GeV, 100 GeV, and 1 TeV. These results are presented at a more
moderate spectator momentum of p,, = 400 MeV. The dashed (green) line for each energy

estimates the cross section in the absence of contribution from M., and produces a J/1-
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N rescattering peak at 6, =~ 20° at all three energies. However, once the contribution
from M. is taken into account (as in the dash-dotted [blue] and solid [black] lines), nearly
complete, if not entirely complete cancellation of the rescattering peak occurs. At 30 GeV,
the cancellation is nearly complete, with the rescattering peak contributing only a few
percent to the cross section, while at 1 TeV the cancellation is perfect and the J/¢-N
rescattering peak has vanished. At extremely high energies, overall FSI effects are due only

to p-n rescattering.

3.5 Summary

Using the virtual nucleon approximation, the cross section for v +d — V 4+ p + n was
calculated in the domain of large momentum transfer (i.e., —t > 1 GeV?). This kinematic
domain established the applicability of the generalized eikonal approximation, which allowed
one of the nucleons to be identified as “struck” by the incident photon, and the other to
be a spectator to the YN — VN sub-reaction. The GEA also allowed for the final state
interactions to be calculated as rescatterings of on-mass-shell particles.

The results calculated in this chapter indicate that the v +d — V + p 4+ n reaction
allows information to be extracted regarding ¢(1020)-nucleon and J/W¥-nucleon interactions
by the presence of rescattering peaks in the angular distribution of the cross section. At
low (near-threshold) energies, there are two peaks in the angular distribution, one due to
the proton-neutron rescattering (as seen in previous studies), and the other due th meson-
nucleon rescattering; it is this latter peak that allows for the meson-nucleon scattering
process to be studied. Most significantly, the size of the meson-nucleon rescattering peak,
together with other aspects of the angular distribution, allows for different models of the
meson-nucleon interaction to be distinguished, in addition to the overall magnitude of the
meson-nucleon total cross section.

Sub-threshold and high-energy extensions of the calculation, however, did not present
a meson-nucleon rescattering peak, albeit for different reasons. In the sub-threshold regime,
final state interactions were overall suppressed. On the other hand, in the high-energy

limit, the contributions of meson production from different nucleons, together with the
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antisymmetry of the deuteron wave function, produced a destructive interference which

eliminated the J/W-nucleon rescattering peak.
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CHAPTER 4

Conclusions

In the preceding chapters, calculations were performed for inclusive and exclusive hard pro-
cesses involving nuclear targets. These calculations investigated the use of nuclear targets
to investigate several elusive aspects of QCD, including both the QCD structure of the
nucleus itself, and several currently unknown aspects of photo-hadron production with the
use of the nucleus as a micro-laboratory. Overall, it is concluded that the nucleus is a very
promising venue for investigating new aspects of QCD.

In Chapter 2, inclusive reactions were studied as a means of elucidating nuclear struc-
ture. In particular, cross sections for inclusive dijet production in proton-nucleus collisions
were calculated at the operating kinematics of the Large Hadron Collider, with a focus on
high-pr jets. There were two aspects of nuclear structure that these calculations shed light
on. Firstly, hard QCD processes (such as dijet production) could be used to further studies
of the conventional, nucleonic structure of the nucleus. In particular, QCD processes such
as dijet production are sensitive to the presence and strength of two- and three-nucleon
short range correlations, which have previously been studied only in low-Q?, quasi-elastic
regime. The high-Q? kinematics characteristic of high-pr jets, however, will allow for SRCs
to be seen in the purely inelasic regime. Secondly, hard dijet production is sensitive to the
same nuclear modifications of the bound nucleons’ parton distributions that have previously
been seen in deep inelastic lepton scattering experiments.

The conclusions derived in Chapter 2 were calculated in a framework developed
throughout the chapter, which accounted for the latest phenomenology of short range corre-
lations by explicating the light cone fraction distribution (LCFD) of the nucleus, which was
defined in analogy to the parton distribution function of a hadron. A model of three-nucleon
correlations was developed at length, on the basis of a hypothesis that three-nucleon SRCs
arise from a sequence of two-nucleon short range interactions. For nucleons in the mean
field, as well as nucleons in both two- and three-nucleon correlations, a convolution formula

was derived to calculate the nuclear parton distribution function from the LCFD and the
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PDFs of the bound nucleons. A low-Q? model of medium modifications was then applied
to the nucleons present in two- and three-nucleon correlations, as well as those in the mean
field, to account for EMC effect.

A computational algorithm for evolving nPDFs from low Q2 to the high Q? character-
istic of high-pr dijet reactions was created. The optimal parameters were investigated, and
the code was then applied to obtain the high-Q? nPDFs necessary for the dijet production
calculation.

For the dijet production reaction, the applicability of leading order perturbative QCD
was successfully established within the relevant kinematic domain, thereby allowing the
hard QCD subprocesses contributing to dijet production to be represented as two-parton
to two-parton scattering reactions. Within this approximation, the initial kinematics of
the partons contained in the initial-state proton and nucleus could be fully determined by
measurable jet kinematics, allowing events corresponding to x4 > 1 in particular to be
selected for. It is such events that most faithfully elucidate the presence of short range
correlations. Numerical estimates of cross sections and expected yields for x4 > 1 events
were given, and calculations were also presented for the 0.6 < x4 < 1 region—the classical
region of the EMC effect—were also given in order to demonstrate the sensitivity of the
dijet production reaction to medium modifications.

In Chapter 3, the deuteron was theoretically studied as a micro-laboratory for investi-
gating elusive aspects of exclusive QCD processes that are difficult to study or to accomplish
in proton target experiments. In particular, vector meson production from a deuteron tar-
get, accompanied by breakup of the target, was investigated as a means of studying both
vector meson photoproduction mechanisms, and the interactions between vector mesons
and nucleons. It was found that the eikonal regime could be established for this reaction by
focusing on knocked-out protons with high final state momentum, thereby allowing clean,
unambiguous separation of the sub-reactions contributing to the overall reaction.

Differential cross sections for photoproduction of ¢(1020) and J/v in particular were
presented, and it was found that two rescattering peaks were present in the predicted an-

gular distributions. This is compatible with previous observations of a single rescattering
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peak in deuteron electro-disintegration experiments, known to be due to final state inter-
actions between the proton and neutron. The presence of a second rescattering peak in
the photoproduction reaction, due to a final state interaction between the produced vec-
tor meson and the spectator nucleon, is new to this reaction, and is the observable that
allows meson-nucleon scattering parameters to be investigated. Through the presence and
size of the rescattering peak, ¢ photoproduction in the deuteron breakup reaction can dis-
tinguish between ¢-N scattering models that were previously found to be undecidable in
non-breakup, coherent production from the deuteron. Additionally, J/v photoproduction
in this reaction can distinguish between two- and three-gluon exchange models for the J/1
photoproduction mechanism, and it can gauge the overall strength of J/i-N scattering.
The deuteron breakup reaction was studied largely at kinematics that are achiev-
able at Jefferson Lab with the 12 GeV energy upgrade, meaning experimental tests of the

predictions contained herein may be possible to achieve in the near future.
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