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ABSTRACT  

 

VECTOR MESON PRODUCTION IN ULTRA PERIPHERAL COLLISIONS 

 

James O. Thomas, MS 

Texas A&M University-Commerce, 2016  

 

Advisor:  Carlos Bertulani, PhD 

 

Charged ions moving at relativistic speeds generate strong electromagnetic fields (E/M) 

that, at regions outside the source (important when the E/M sources are nuclei), behave like the 

fields from a beam of real photons. These equivalent, or virtual photons, can induce an excitation 

in another nucleus as the source flies by. Existing theories attempt to explain such processes and 

predict their outcome. One way to study such Ultra-Peripheral Collisions (UPCs) is to simulate 

them using a Monte-Carlo Multi-Collisional (MCMC) model based on nucleon degrees of 

freedom. The CRISP (acronym for Collaboration Rio-Illhéus-São Paulo) model is one such 

theory. It is basically at the stage of a well-documented software package that implements the 

MCMC. This model has successfully predicted observables, such as neutron multiplicity, from 

central collisions and also in UPCs with relativistic heavy ions. However, the photoproduction of 

vector mesons has only recently been added to the CRISP model.  A completely different 

approach to study UPCs focuses on the role of Parton Distribution Functions (PDFs) in the 

excitation process. Here, instead of nucleons, the degrees of freedom are quarks and gluons  
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(generically known as partons). Several distinct PDFs exist in the literature and are continually 

being updated.  

This work used experimental results released from the ALICE collaboration at the Large 

Hadron Collider (LHC) facility located at the international particle physics laboratory CERN in 

Switzerland. Our outputs from the CRISP model, and from the sub-nucleon degrees of freedom 

model, were photonuclear cross sections for vector meson production. A comparison of our 

results with the experimental data allowed us to constrain different PDFs, as well as the effect of 

multiple collisions on the production of mesons with nucleons in the final channel.  

Upon completion of the calculations, it was seen that the hadronic models could 

accurately predict the production of the J/psi meson, but not the rho. It was also seen that the use 

of different parton distribution functions led to significantly different results in both the rapidity 

distributions for vector meson production as well as the total cross sections. Due to the wildly 

different results, it was concluded that more work is needed before either method is suitable to 

accurately predict experimental observables. 
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Chapter 1 

INTRODUCTION  

 

In particle physics, cross sections refer to the probability, or likelihood, that for a given 

set of conditions, a certain outcome will occur. Cross sections are expressed in units of area. For 

macroscopic objects that only interact through contact forces, the cross section is simply the 

summed geometric cross-sectional area of the objects. However, when charged particles are 

involved, determining the cross sections becomes significantly more difficult due to the long 

range of the E/M interaction.  

Statement of the Problem  

To date, our understanding of what makes up matter at a fundamental level and how such 

matter interacts is incomplete. Many possible solutions to this fundamental question, e.g., using 

the standard model of particle physics, have been proposed but the limited experimental data has 

prevented the various theories from being thoroughly vetted.  

Basic theories for the nucleus rely on using nucleons, protons, and neutrons, as 

fundamental units. More complicated theories rely on sub-nucleon degrees of freedom. They are 

based on the known fact that nucleons are built up by smaller entities called quarks and gluons 

(generically just called partons).  

Within each broad category above, many individual theories exist. Numerous theories are 

built upon similar hypotheses, differing only in minor details, such as the inclusion of additional 

quark flavors. Since the various theories attempt to explain the same physical process, they 

should all make similar predictions when compared against each other. However, this is often not 

the case. In this research we tested two such theories. 
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Purpose of the Study 

Vector mesons are particles consisting of a quark and anti-quark. One method to 

theoretically tackle the problem of vector meson production in ultra-relativistic peripheral 

nuclear collisions is to forget about quarks and gluons and use nucleons (and other hadrons) as 

basic units together with their hadronic interactions. In this approach, the nucleons and the 

produced mesons are treated as point particles or at least we disregard their internal structure.  

This method is relatively simple physically. A more physically realistic approach needs to 

include the physics pertaining to the complicated internal structure of nucleons, that is, that they 

are made of quarks and gluons. Solving the underlying theory (called Quantum 

Chromodynamics, QCD for short) for the interactions of quarks and gluons to describe hadronic 

structure from first principles is extremely difficult. Many theories adopt effective models for the 

quark and gluon interactions and the structures that they imply. These models often need 

improvements which lead to greater complexity. The purpose of this study was to predict cross 

sections for vector meson production in peripheral collisions with relativistic heavy ions using 

both hadronic and partonic models. Our predictions were compared to experimental data 

obtained at the LHC at CERN in order to infer the pros and cons of each of these distinct models. 

Hypotheses 

Multiple methods are currently being used to predict the theoretical cross sections for 

particle production in ultra-peripheral relativistic nuclear collisions. Due to the branched nature 

of the current methods, I predicted the following: 

1. Calculations that utilize nucleons as fundamental particles will not accurately (as 

compared to the experimental data) predict cross sections for vector mesons. 
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2. Calculations that utilize partons as fundamental particles will be able to predict 

accurate cross sections for vector meson production. 

Research Questions 

We determined how the cross section for the production of vector mesons in UPCs is 

affected by several properties. 

1. How do different nucleon PDFs influence the number of vector mesons produced? 

How do different gluon contents in different nucleon PDFs influence the number of 

vector mesons produced? 

2. How do nuclear medium effects due to the influence of quarks and gluons within 

different nucleons affect the nuclear PDF and consequently the number of vector 

mesons produced?  

3. How do different nucleon (and nuclear) PDFs with modifications in the final channel 

due to the collisions of the vector meson with nucleons influence the dynamics of the 

process? 

Significance of the Study 

 Using the equivalent photon method to calculate properties of ultra-relativistic peripheral 

collisions is not new. The idea was first proposed by Enrico Fermi in 1924 (as cited in Bertulani 

and Baur, 1988). This idea was later applied to relativistic heavy ion collisions by Weizsacker 

(1934) and Williams (1934).  Since then, this method has been applied to numerous situations in 

atomic, nuclear, and particle physics. Many of the applications of the equivalent photon method 

were developed by Bertulani and Baur in 1988. Since the late 1980s, applications of this method 

have continued to increase and are being used to help explain new advances in some areas of 

physics. One of the applications of the equivalent photon method is to constrain PDFs in UPCs.  
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 Since the PDFs are continually being updated by particle physics theory groups, new 

calculations are needed to compare to the experimental data obtained at particle accelerators. 

These calculations will serve to constrain the PDFs which will lead to more precise predictions 

of many cross sections at colliders. 

Method of Procedure 

 Once the various PDF data sets were collected, they were used as the starting point for 

our UPC calculations. All of the PDF sets used are from highly reputable particle physics groups. 

The data collected pertaining to the hadronic model discussed previously was collected from 

within the extensive CRISP software package and was analyzed in a similar fashion to the PDF 

data.  

Selection of Sample 

 The work detailed here is computational and theoretical; it does not require any human 

participants and samples. However, the results generated were compared to experimental results 

obtained at accelerators, such as the LHC at CERN. The LHC is currently the world’s most 

powerful and largest particle accelerator and CERN is the European Organization for Nuclear 

Research and currently has twenty one member states. The experimental results were taken from 

highly cited, peer reviewed journal articles published by reputable collaborations, such as the 

ALICE collaboration, which uses the ALICE detector, which is the largest volume particle 

detector that has ever been constructed. The various parton distribution functions used in this 

study were also taken from highly cited papers and their associated models used to generate the 

PDF values. The hadronic interactions were calculated using the CRISP code.  
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Collection of Data 

 Since this work was mainly computational, most of the data was self-generated. 

However, the PDF values used when considering the subnucleonic degrees of freedom were 

generated by using the computer codes associated with the journal articles. All of these codes 

were freely available online and the only modifications were to the interface used to generate the 

PDF values at the required points. The CRISP code was also used as is, and the only 

modifications were to the input parameters and to the data processing methods used to analyze 

the results. In both situations above (PDF and CRISP), the inclusion of the equivalent photon 

method was based on highly cited and thoroughly vetted models.  

Treatment of Data 

 After the computational models pertaining to the equivalent photon method were written 

and tested, the codes were used in conjunction with the results from the PDF data sets and the 

CRISP code to generate data that can be directly compared to experimental data. This 

comparison was done by plotting the generated data as well as the experimental data which 

determined which of the input models matched the experimental results.  

Definitions of Terms 

 

Nucleon. Neutrons and protons, when considered collectively are referred to as nucleons. 

These particles exist in the nucleus of normal matter (Halliday, Resnick, & Walker, 2011). 

Quark. Point-like Fermionic particle that exist inside of hadrons (Das & Ferbel, 2003). 

Gluon. Particle that is exchanged between two quarks in a strong process. There are 8 

different gluons (Griffiths, 2008) 

Parton. Collectively quarks and gluons are referred to as partons (Thomas & Weise, 

2001). 
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Parton Distribution Function. A function that describes the distribution of momentum 

fraction for a specific parton (Bettini, 2008). 

Differential Cross Section. Probability per unit solid angle that an incident particle is 

scattered into the solid angle (Krane, 1987). 

Meson. Composite particle that consists of a quark and an anti-quark (Povh, Lavelle, 

Rith, Scholz, & Zetsche, 2008). 

Vector Meson. A meson that has a total spin of 1 and negative parity (Wong, 1998). 

Rapidity. A parameter related to the velocity of a particle by            where   is the 

rapidity and   is the velocity. This parameter is additive for successive Lorentz transformations 

(Gottfried, 1986). 

Limitations 

 Due to the limited computational resources available at TAMUC, all calculations were 

limited to 3000 simulation events for each energy step when using the CRISP code. We also only 

used parton distribution functions available with software packages that allowed for PDF values 

to be quickly obtained. 

Delimitations 

 As we wished to study ultra-peripheral nuclear collisions, especially how such collisions 

can be used to constrain parton distribution functions, we did not consider how PDFs can be used 

for analysis of: 

1. Deep inelastic scattering (DIS). 

2. Heavy quarks other than the vector mesons. 

3. In the case of nuclear modifications, only lead 208 will be considered. 
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Assumptions 

 In order to test how the cross section for vector meson production depends on nucleonic 

and sub-nucleonic degrees of freedom it was necessary to assume the following: 

1. All of the parton distribution functions were used “as is” and were assumed to be free 

from internal errors. Any errors found within the data files used to calculate the 

parton distribution functions will invalidate the results obtained from those 

distributions functions. 

2. As with any calculations that are probabilistic in their nature, slight differences in 

results could occur. It is assumed that such variances are small and can safely be 

neglected. 

Organization of Thesis Chapters 

In Chapter 1, I present the problem of applying parton distribution functions and nuclear 

parton distribution functions to the ultra peripheral nuclear collisions to calculate the cross 

sections of vector mesons. In Chapter 2, I discuss the development of the equivalent photon 

method as it pertains to ultra-relativistic peripheral collisions. I also discuss the methods 

necessary to combine the equivalent photon method with the parton distribution functions as well 

as the statistical results obtained from the CRISP software package. I cover how the data for our 

study were collected and how they were used in Chapter 3. Chapter 4 covers the results obtained 

from including equivalent photon methods with purely hadronic interactions as well as when the 

internal structure of the nucleons is considered. These results were then compared with the 

experimental quantities and any differences are discussed. In Chapter 5 I summarize the results 

obtained in the previous chapters as well as all the physics contained within the results.  
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Furthermore, I outline any limitations or constraints that became apparent during the derivation 

of any results. Finally, I discuss the possibilities for future work. 
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Chapter 2 

REVIEW OF THE LITERATURE 

Equivalent Photon Method 

In his early 20s, Enrico Fermi proposed an idea that is still used successfully today. This 

idea became what is known now as the equivalent photon method (1924) or, mostly popularly, 

the Weizsacker-Williams method. Fermi’s idea was extended to relativistic ions by Weizsacker 

(1934) and Williams (1934) a decade later. Due to their contributions, the method bears their 

names. 

When a charged particle moves, it will have magnetic fields circling it and electric fields 

pointing in the radial direction. As the particle’s speed increases to a significant fraction of the 

speed of light, these electromagnetic field lines, as well as any extended particle, are Lorentz 

contracted in the direction of the motion. At this point the composite particle resembles a 

pancake with electric field lines pointing outward in the transverse plane relative to the particle’s 

direction of motion. Schematically, this can be seen in Figure 2. At a distance sufficiently far 

from the moving particles, the field lines from the moving ions resemble those from a 

superposition real photons. Because of this similarity, the fast moving particle can be replaced by 

an equivalent flux of real, or nearly real, photons (Bertulani, Klein, & Nystrand, 2005). 

Since there are multiple equivalent photons at each collision energy, it is necessary to 

convert the single photon cross-section into an effective multi-photon cross section. This is 

accomplished using 
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Where   (or  ) denotes the momentum (or energy) for a real photon,     is the single photon  

cross section,      is the equivalent photon flux, and   is the effective multi-photon cross  

section (Bertulani et al., 2005). 

 The number of photons      can be found by taking the Fourier transform of the time 

dependent electro-magnetic field. Using this method the equivalent flux of photons per unit area 

is found to be: 

       
     

         
   

     
 

  
  

      

where   is the ion charge,   is the fine structure constant,   is the Lorentz factor,    is the 

particle’s speed, and    and    are the modified Bessel functions of the second kind.    
  

     
 

is the adiabacity parameter.  The second Bessel function    
   gives the flux of photons that are 

longitudinally polarized and the first Bessel function    
   gives the flux of photons that are 

Figure 2. Comoving Lorentz contracted ions and their associated electric fields. 
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polarized in the transverse plane (Bertulani et. al., 2005).  More recent works have modified the 

above equation with a multiplicative factor which accounts for the survival probability of the ion: 

         with  

     
   

  
                        

 

 

 

where        is the Fourier transform of the nuclear density of the target,        is the Fourier 

transform of the nuclear density of the projectile,     is the total cross section of the nucleon-

nucleon interaction, and    is the cylindrical Bessel function of order 0 (Bertulani & Nathan, 

1993).  For our purposes we neglected the survival probability and instead constrained our 

calculations to exclude hadronic interactions by using a minimum impact parameter. 

In order to find      we need to integrate        over impact parameter space. That is: 

                  

Performing this integral yields: 

      
    

   
              

  

 
   

       
       

where   
     

    
 is the reduced adiabacity parameter. We can also express this information in 

terms of the derivative with respect to the photon energy: 

  

  
 

    

  
              

  

 
   

       
        

The photon flux     
     from multiple colliders can be compared and is seen in publications 

pertaining to collider physics (Baltz et al., 2008). 
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CRISP 

 The CRISP (acronym for Collaboration Rio-Illhéus-São Paulo) is a software package 

developed and maintained by several leading universities in Brazil, and worldwide (Andrade-II, 

González, Deppman, & Bertulani, 2015; Gonzales, Guzmán, & Deppman, 2014). This software 

package works in several steps. First, it must build the target nucleus in the ground state. Second, 

a cascade of hadronic collisions is implemented with Monte-Carlo methods. This is followed by 

a competition between evaporation of nucleons or alpha particles and fission. We will look at 

these three steps in depth.  

 Before any calculations can be made, the program has to build the target nucleus in its 

fundamental, or ground, state. This is implemented using a Fermi gas model (Deppman et. al, 

2004). The Fermi gas model was one of the first attempts to include some quantum mechanical 

effects into the methods regarding nuclear structure. For this model, the protons and neutrons are 

assumed to be a gas of free particles that are confined to the nuclear volume (Das and Ferbel, 

2003). Within the CRISP code, each nucleon is assigned a random position inside the nuclear 

volume. However, the momentum of the nucleons is found in a deterministic manner using the 

Fermi energy. 

 We can relate the Fermi-momentum of a system to the Fermi-energy using 

   
  

 

  
 

where the Fermi-momentum      and the Fermi-energy      are the properties associated with 

the highest occupied state inside the nucleus. Using the Fermi-momentum as the maximum 

momentum allowed, we can calculate the volume of states in momentum space as 
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We can get the volume in configuration space as 

  
   

 
  
   

If we multiply momentum space by configuration space we get phase space. Using this on the 

nucleus we get: 

            

        
   

 
 
 

       
 
 

where    is an effective radius for an individual nucleon. Using the Heisenberg uncertainty 

principle           we can assign a minimum volume in phase space that a nucleon can 

occupy 

              

 The discussion above treated protons and neutrons equally. However, this is not 

completely true. A more realistic treatment would necessarily have to distinguish between the 

two particles. With this in mind, we can state the Fermi-energy for the two different species of 

nucleons (Rodrigues et. al., 2004). These are given by 

  
  

 

   

           
 

 
 

 
  

 

  
  

 

   

          
   

 
 

 
  

 

for protons and neutrons respectively.   
 

 
   

   is the spherical nuclear volume and    is the 

nucleon rest mass (Rodrigues et. al., 2004). Using the relativistic energy-momentum relationship, 

          (where      ) we can finally find the Fermi-momentum for the protons and 

neutrons. 
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Once the appropriate Fermi-momenta are calculated according to the above equations, the 

magnitudes of the momenta for the individual nucleons are uniformly distributed inside a sphere 

in momentum space. The neutrons are sorted from 0 to   
 . The protons are sorted from 0 to 

    
 

   
    

 
. With the magnitudes of the momenta calculated in a deterministic manner, the 

direction of the momentum can safely be assigned randomly. Once the positions and momenta of 

all of the nucleons have been assigned, the nucleus is defined in its ground state. Up to this point, 

the interaction energy has not been considered. The interaction energy manifests itself in the 

equivalent photon spectrum which is considered in the next stage of this simulation. 

After the nucleus has been defined in its ground state, the CRISP software package is 

ready to start the multi-collisional Monte-Carlo (MCMC) cascade process. The software package 

allows for many different projectiles to be used to initiate the cascade process, but this work 

focused on photon induced cascades.  

For medium energies (around 40 MeV to 140 MeV) the most prevalent mechanism for 

photon absorption by a nucleus is thought to be the quasi-deuteron model (Rodrigues et. al., 

2004). In this model, the photon is not absorbed by a single proton or a single neutron. Rather, it 

is collectively absorbed by a proton and a neutron behaving somewhat like a deuteron inside the 

larger nucleus. Within the multi-collision cascade model, the photon initially interacts with a 

small number of nucleons, most likely a proton and neutron. It is in these initial interactions that 

there is the highest probability for a vector meson to be produced. These excited nucleons then 

interact with more nucleons, which then, in turn, interact with even more nucleons. At each 
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iteration of the process, the momenta of the interacting nucleons are calculated. If the resulting 

momentum corresponds to a cell in momentum space that is already occupied, the interaction is 

disallowed. If this interaction was allowed, there would be two fermions occupying the same 

energy level which would violate the Pauli-exclusion principle. Thus, this blocking is aptly 

referred to as Pauli-blocking (Rodrigues et. al., 2004). 

At each interaction step, the interaction could simply exchange momentum between the 

colliding particles, the collision could excite one of the interacting nucleons into a nucleonic 

resonance, or if there is enough energy, a vector meson could be created. If the result of an 

interaction is a nucleonic resonance, the CRISP software package will keep track of the position 

and momentum of the new particle as well as all of the remaining nucleons. Each nucleonic 

resonance has its own decay half life, so at each step of the cascade process the resonance could 

decay back down into a nucleon. The cross sections for the nucleonic resonances can be 

described by a Breit-Wigner formula (Deppman et. al., 2004). 

    

 
 
  

 

          
 
  

  

where    is the mass of the resonance,   is the full width at half max for the resonance particle, 

and    is the maximum cross section associated with the particular resonance. Initially, the 

CRISP software package only included the   resonance, but the modern software includes 

additional heavier resonances.  

If there is enough energy at a collision, there is also a possibility that a meson can be 

produced after the photon absorption. The current software package allows for the production of 

       and     vector mesons. Feynman diagrams for the production of and possible  
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subsequent decays can be seen in Figures 1 and 2 of Nuclear photoproduction of vector mesons 

with Monte Carlo method (González, Guzmám, & Deppman, 2014). 

 As a nucleon, resonance particle, or meson produced in the reaction approaches the edge 

of the nuclear volume, it has the possibility to escape from the nucleus. If the particle has enough 

energy to overcome the barrier used when generating the ground state for the nucleus (usually  

around 40 MeV) it can escape and take some of the nucleus excitation energy with it. This is 

where the nucleon-nucleon interaction is put into the model. 

 The multi-collisional cascade continues until all of the resonance particles have decayed 

back into nucleons and all of the particles with enough energy to escape the nucleus have done 

so. Once these criteria have been met, the remaining nucleus is effectively thermalized and all of 

the remaining excitation energy is evenly distributed among the remaining nucleons. At this 

point the MCMC process ends and the evaporation/fission competition can begin. 

 Once the multi-collisional process is completed, information about the residual nucleus is 

passed to the Monte-Carlo Evaporation and Fission (MCEF) package of the CRISP code. At this 

point it is no longer necessary for the CRISP code to keep track of individual nucleons. Instead, 

it is only necessary to keep track of the properties of the nucleus as a whole. The relevant 

properties that are kept track of include the atomic number (Z), atomic mass number (A), and the 

excitation energy associated with the nucleus. Currently the software package allows for neutron 

emission, proton emission, alpha particle emission, and fission (Deppman et.al, 2002).  

 At each step in the evaporation-fission process it is necessary to calculate the relative 

probability corresponding to the desired physical process. The probability of one particle’s 

ejection from the nucleus relative to another particle is given by the Weisskopf’s statistical 

model. Applying this model yields: 
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for proton emission relative to neutron emission, and 

  
  

  
  

 

  
 
          

         
         

        

for   emission relative to neutron emission (Deppman et. al., 2002). The probability for fission is 

calculated using the width derived from the liquid drop model and emission width from previous 

calculations. This yields: 

  

  
             

  
   

      
       

where 

       

      
  

   
  

         
 

  

After calculating the probabilities for proton emission,   emission, and fission, the remaining 

probability must be the probability for neutron emission. 

Once the necessary probabilities are calculated for the various emissions, the program 

generates a random number between 0 and 1 which is then compared to the above probabilities. 

Depending on where the random number falls, the program will select the appropriate particle 

emission or fission. If emission of a particle is selected, the program updates the mass number 

and atomic number of the remaining nucleus via: 

            

and 

            

where     and     are the mass and charge number of the ejected particle respectively. The 

residual excitation energy is updated according to: 
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where    is the separation energy (the binding energy associated with the ejected particle while it 

was inside the nucleus) and    is the kinetic energy of the ejected particle. For neutrons     

MeV, for protons     , and for   particles      (Deppman et. al, 2002). The residual 

nucleus after each iteration is then used as the initial nucleus for the next step in the MCEF 

process. This process continues until there is no longer enough excitation energy for particle 

ejection or until fission occurs.  

 Although the MCEF process is necessary to accurately predict many results, such as 

neutron multiplicity or fission rates, it is not necessary when considering vector meson 

production, and therefore was not used for this work.  

Parton Distribution Functions 

 In the late 1960s, Feynman referred to the sub-particles that make up hadrons (protons 

and neutrons) as partons. Modern physicists classify these particles as quarks and gluons. There 

are six different kinds of quarks known. All of the quarks are spin ½ particles and are therefore 

fermions. These quarks each carry certain intrinsic properties that include, mass, electric charge, 

and color charge. The electric charge of the quarks is either -1/3 or +2/3 of the elementary charge 

unit (e). Up, charm, and top quarks all carry + (2/3)e as their electric charge. On the other hand, 

down, strange, and bottom quarks carry of charge of - (1/3)e. For each quark there is also an anti-

quark. The anti-quark has the opposite electric charge of its corresponding quark (Griffiths, 

2008).  

 The color charge for the quarks is described by QCD. Within QCD each quark carries 

one of three different colors. The term color here does not imply that the particles exhibit a color 

in the usual meaning of the word. It is simply a label that is used. The quarks always combine to 
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form a composite particle that is color-neutral. For this to occur, either all of the colors are 

present in equal amounts, or the amount of each color individually is zero. This is often referred 

to as color confinement. There are two rules that govern how the quarks can combine to form the 

particles studied in this work. First, all baryons are composed of three quarks. Therefore, every 

anti-baryon is composed of three antiquarks. Second, every meson is made up of a quark and an 

anti-quark (Griffiths, 2008). Particles consisting of more than three quarks have been proposed 

(Zhu, 2003), but this work focused on particles consisting of either two or three quarks.  

 Within particle physics, the partons are often broken up into three subcategories. First, 

there are three (for baryons) quarks that are referred to as valence-quarks. These valence quarks 

determine the quantum numbers associated with the baryon in a similar fashion to how the 

valence electrons determine most of the electronic properties of an atom in atomic physics. 

These valence quarks do not exist in isolation though. Instead they are swimming in a sea of 

virtual quark-antiquark pairs. The third category of partons is the gluons. It is the gluons that are 

responsible for holding the protons and neutrons together and they are also responsible for 

generating the sea of virtual quark-antiquark pairs. Collectively, the valence quarks, virtual 

quark-antiquark pairs, and the gluons are partons.  

 In order to gain information about the partonic structure of nucleons, it is necessary to use 

an instrument that is sensitive to very small lengths. One typical means of ascertaining such 

information is through deep inelastic scattering of leptons. The scattering process can be 

simplified if we choose the frame of reference properly. Usually the proton (or other target) is 

chosen to be in a system moving quickly. When this is done, the rest mass of the particles that 

make up the proton as well as the transverse momentum can safely be ignored. Using this set up, 

the structure of the target is simply given by the longitudinal momenta of all of its constituent 



20 

 

particles (Povh, 2008). When this is done, the interaction of the lepton can be thought of as the 

sum of the interactions of the constituent partons in the target. As long as the interaction between 

the parton and the photon is short enough that one can ignore the parton-parton interactions, this 

approximation works very well to reproduce experimental data.  

 Using the setup above, we can define a variable that is the fraction of the four-momentum 

of the proton that is carried by the parton that gets struck:     
     . The distributions of the 

momenta of all of the various partons within the nucleon are called Parton Distribution Functions 

(PDFs). Or, put another way, the PDFs are the probability densities of finding a parton carrying a 

particular momentum fraction     value at a particular energy scale     , where        . At 

low energy scales most of the momentum of the nucleon is carried by the valence quarks. 

However, as the energy scale increases, more and more of the momentum is carried by the 

gluons. 

One of the central tenets of modern Quantum Chromo-Dynamics (QCD) is asymptotic 

freedom. This means that the strength of the interaction between partons due to the strong force 

gets weaker and weaker as the partons get closer and closer together. At a small enough distance 

the interaction is arbitrarily weak (Bertulani, 2007).  QCD also makes predictions about how the 

parton distribution functions will change with a varying energy scale. The equations that govern 

this process are called the DGLAP equations after Glibov and Lipatov (Gribov and Lipatov, 

1972), Altarelli and Parisi (Altarelli and Parisi, 1977), and Dokshitzer (Dokshitzer, 1977). The 

DGLAP equations describe the interaction in the domain where pertubative calculations are 

valid. That is, in the limit where the strong coupling constant is much less than 1      
     . 

Different approximations of these equations have subsequently been developed. Leading order  
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(LO) calculations are the most common, but next to leading order (NLO) and next to next to 

leading order (NNLO) are becoming more prevalent due to their increased accuracy. 

 The DGLAP equations do not describe how the parton distribution function changes as a 

function of  , they only describe how the PDFs change as a function of   . Therefore, it is 

necessary to extract the   dependence of the PDFs from experimental data. Typically this is done 

by parameterizing the   dependence of the PDFs at some initial energy scale      
 . The PDF 

can then be evolved through    space using the DGLAP equations. After this, the PDF sets are 

compared to experimental data, and the parameters that lead to the best fits are selected. Since 

the initial parameterization of   space is not defined from QCD, many different 

parameterizations are used. This leads to differences in PDF functions developed by different 

groups.  

 The cross section for the elastic photoproduction of vector mesons on a proton inside of a 

nucleus, to lowest order, is given by: 

            
     

    

    
         

   
 
           

 

    

   

Where   is the fine structure constant,     is the leptonic decay width of the vector meson being 

considered,    is the strong coupling constant which is calculated at the average momentum 

transfer             , and      
    

   is the Bjorken  . As mentioned earlier, physically   

is the momentum fraction carried by the gluons.    is a correction factor that accounts for higher 

order terms in the PDFs, and will only be used when considering leading order PDF sets. This 

correction factor is described by Adeluyi and Bertulani (2011).         in the integral is given 

by    
         which is appropriate for narrow resonances. This cross section is easily 

generalized when considering not only the free proton, but also the in medium corrections to the 
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proton. To do this we simply replace        
   with        

   where       
   

      
     

        is the gluon distribution in the nucleus. 

       is the nuclear form factor and is usually given by the Fourier transform of the 

nuclear density:                    where the momentum transferred is  . The density 

distribution for a heavy nucleus is often modeled as a Woods-Saxon distribution, 

     
  

               
  

where    is the radius of the nuclei,   is the skin depth, and    is the central density. For our 

calculations we use         /fm
3
,            fm, and         fm. There is no analytical 

solution to the Fourier transform of a Woods-Saxon potential. To speed up calculations, we use a 

convolution of a hard sphere with a Yukawa term (modified hard sphere). This gives a closed 

form for the nuclear form factor 

          
    

   
                       

 

      
   

where       fm is the Yukawa term. This formula agrees extremely well with the Fourier 

transform of a Woods-Saxon distribution. 

 Finally, we can relate the rapidity of the meson,  , to the photon energy   using the 

simple relationship  

   
  

 
     

Using this relationship we can express the differential cross section of interaction with respect to 

the rapidity as 
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Chapter 3 

METHOD OF PROCEDURE 

Design of Study 

 This work was mainly computational. The methods were derived using well established 

equations and models for both the nucleon degrees of freedom as well as the quark degrees of 

freedom. 

 Once the various PDF data sets were collected, they were used as the starting point for 

our UPC calculations. All of the PDF sets used were from highly reputable particle physics 

groups. The data collected pertaining to the hadronic model discussed previously was collected 

from within the extensive CRISP software package and was analyzed in a similar fashion to the 

PDF data.  

Selection of Sample 

 The work detailed here was mostly computational. Therefore, it did not require any 

human participation or interaction. The models that were used to obtain the theoretical results 

were from highly reputable nuclear and particle physics groups. The PDFs used in this study 

were taken from models associated with highly cited papers. The results obtained from purely 

hadronic interactions were calculated in accordance with the models used by the CRISP code. 

Once the theoretical results were obtained, they were compared to experimental results obtained 

at accelerators, such as the LHC at CERN. The LHC is the world’s largest and most powerful 

particle accelerator and is part of CERN’s accelerator complex. CERN is the European 

Organization for Nuclear Research and currently has 21 member states. The experimental results 

were taken from highly cited, peer reviewed journal articles. 
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Collection of Data 

 Most of the data used in this work was self generated. However, the PDFs that were used 

when considering the sub-nucleonic degrees of freedom were from reputable sources. In this 

work I considered the MSTW09 set by Martin, Stirling, Thorne, and Watt MSTW09 (2009), the 

CT15 set by Dulat and collaborators (2015), the CJ12 set by Owens, Accardi and Melnitchouk 

(2013), and the META set by Gao and Nadolsky (2014). The minimum   value that the PDFs 

were calculated at using the META framework is       GeV. This is above the   values that 

were used in this work. As a result, the parton distribution function values for the META PDF 

set were found using extrapolation. These PDF sets are updates to previously published sets and 

include fits from additional experimental data. When considering the in medium effects, I used 

the EPS08 set by Eskola, Paukkunen, and Salgado (2008). These set was only available as a 

correction to leading order PDFs and was therefore only used in conjunction with leading order 

PDFs. I also used the EPS09 updates by Eskola, Paukkunen, and Salgado (2009). These sets 

were available as corrections to leading order and next to leading order PDFs. The HKN07 sets 

were developed by Hirai, Kumano, and Nagai (2004). These were only used as corrections to 

next to leading order PDF sets. Also used in this work were the nDS sets by de Florian and 

Sassot (2004).  These were used as corrections to leading order and next to leading order PDFs. 

The final set of nuclear correction was the nCT15 distribution by Kovařík and collaborators 

(2015). These PDF sets contained information regarding a proton bound in lead. Therefore, they 

were not used as a correction on top of a free proton PDF set. The single photon cross section for 

the hadronic interactions was obtained from the CRISP code. In both situations above (PDF and 

CRISP) the equivalent photon method was implemented by using highly cited and thoroughly 

vetted models.  
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Chapter 4 

PRESENTATION OF FINDINGS 

Implementation of the Equivalent Photon Method 

As discussed in Chapter 2, I have calculated the flux due to the nucleus of charge Z (82 

for lead) to be 

  

  
 

    

  
              

  

 
   

       
        

This flux was calculated in code that was written specifically for this work. The flux is strongly 

dependent on the reduced adiabacity parameter:        . When using this equation it was 

important to distinguish which Lorentz factor is appropriate for the frame of reference being 

used. For this work I used    which is the Lorentz factor calculated in the lab frame. Similar 

calculations can also be completed using the Lorentz factor that has been “boosted” to the frame 

of reference of one of the nuclei. The relationship between the two is  

            
            

 

 
 
 

   

  The equivalent photon spectrum is found by multiplying the given flux by the photon 

energy. This can be seen in Figure 4.1 where the equivalent photon spectrum was calculated in 

the frame of reference of one of the target nuclei. This was done for easier comparison to similar 

data in publications.  

Nucleon Degrees of Freedom 

The calculations using nucleonic degrees of freedom to find the differential cross section 

of the J/psi, which is a vector meson, do seem to match experimental data. It is noted that the 

experimental CMS data is slightly outside of the predictions, but only by a few percent. The 

results from these calculations can be seen in Figure 4.2 (E. Segundo, personal communication, 



26 

 

 

Figure 4.1: Equivalent photon spectrum evaluated in the rest frame of the target nucleus for a 

PbPb collision at the LHC at CERN. 

 
Figure 4.2: Total photoproduction of J/psi using nucleonic degrees of freedom. The dashed red 

line is the calculations for the forward reaction; the dotted black line shows the backward 

reaction. The solid blue line represents the total production (forward plus backward) and the 

dash-dotted blue lines represent the error bars. 
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Figure 4.3: Total photoproduction of     vector mesons. The experimental data point is at 420 

mb. 

 

March 30, 2015). The experimental ALICE data plotted is the sum of the coherent and the 

incoherent photoproduction and was collected by the ALICE Collaboration (Abbas et al., 2013). 

Experimental data from the CMS collaboration was published by the CMS collaboration (2012). 

Equivalent calculations were done on the    vector meson. The results can be seen in Figure 4.3. 

Experimental ALICE data was collected by the ALICE Collaboration (Mayer, 2014). It is 

immediately seen that the models implemented by the CRISP codes significantly overestimates 

the production of     vector mesons. 

Quark Degrees of Freedom 

When exploring the quark degrees of freedom, I present many results starting with J/psi. 

The J/psi particle is the second lightest charmonium particle and is the first excited state of a 

charm quark and anti-charm quark. It has a rest mass of 3097 MeV/c
2
 and a lifetime of around    

10
-20

s. In Figure 4.4 I show the production of J\psi using the PDFs calculated for the free  
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 Figure 4.4: Rapidity distribution for J/Psi photoproduction calculated at           TeV. 

No in medium corrections are included. 

Figure 4.5: Rapidity distribution for J/psi production calculated for           TeV. No in 

medium corrections are considered. 
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protons, that is, without in medium effects. This and subsequent figures do not include the 

experimental data. The experimental data was included in Figure 4.17. These calculations were 

completed for the collision energy of           TeV which corresponds to a Lorentz factor in 

the lab frame of        . The MSTW09 LO calculation has been multiplied by a factor of 1/3 

for easier visualization. Since it is a leading order PDF, the MSTW09 calculations also included 

a factor of             , all of the other distribution sets are NLO and therefore did not require 

a correction factor for the higher order effects. It can be seen that in the case of the J/psi, the use 

of higher order PDF sets caused a dramatic decrease in the rapidity distributions, especially at 

midrapidities. The META14 and CT14 PDF sets both led to decrease in the rapidity distribution 

at midrapidities by a factor of about 5, while the CJ12 PDF set led to an even more significant 

decrease in the rapidity distribution. It should be noted that in the case of the J/psi, we use 

   
        

 
      MeV which is at the bottom of    space for the MSTW09, CT14, and 

CJ12 PDF sets. This value is below the lowest   value calculated for the META14 set and the 

gluon distribution function was found via extrapolation in this case. Since the PDF sets all 

change quickly at low  , one should expect the results to change rather dramatically if a different 

average momentum transfer is used.  

Figure 4.5 shows the differential cross sections for the J/psi vector meson calculated at 

the higher nucleon-nucleon energy           TeV. This energy corresponds to a Lorentz 

factor in the lab frame of        . Similar trends are seen in both energies. The differential 

cross section was significantly decreased when we used the NLO PDF sets. It is evident that the 

MSTW09, META14, CT14, and CJ12 all led to significantly different predictions of the rate of 

J/psi production. 
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Next, we considered the photoproduction of the psi(2S) meson. This meson is the first 

excited state of the J/psi and is also a member of the charmonia family. It has a rest mass of 3686 

MeV/c
2
 and a mean lifetime on the order of 10

-20
s. Figures 4.6 and 4.7 show the rapidity 

distributions for the photoproduction the psi(2S) at           TeV and           TeV. In 

Figure 4.6 it can be seen that the MSTW09 LO calculations still led to the largest cross sections, 

however they now were only larger by a factor of about 2 instead of a factor of 4 as they were for 

the J/psi. It can also be seen that the multiple humps present in the J/psi rapidity distributions 

were no longer present. The difference in shapes of the distribution was a result of differences in 

the PDF. The difference in the magnitude was due to the mass dependence of the forward 

scattering amplitude on the vector meson mass:           
  . This meant that a relatively 

small change in the mass, such as going from the J\psi to the psi(2S), would cause a large 

Figure 4.6: Rapidity distributions for the photo-production of the psi(2S) vector meson without 

nuclear medium corrections. 
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difference in the differential cross section. Similar trends were also seen at the higher collision 

energy. The MSTW09 rapidity distribution was larger than the META14 and CT14 distributions 

by a factor of about 3, and the CJ12 distribution was much smaller than the others. It was also 

seen that the “double hump” has returned to the MSTW09 distribution. This was because the 

higher collision energy allowed for more high energy photons. These photons, in turn, allowed 

more production at larger and larger absolute rapidities. 

 The final vector meson that was considered in this work was the Upsilon. It has a rest 

mass of 9460 MeV/c
2
 and a lifetime similar to the J/psi. Unlike the J/psi and the psi(2S), the 

Upsilon consists of a bottom quark and an anti-bottom quark. Figure 4.8 shows the rapidity 

distributions for the production of the Upsilon vector meson at the lower energy of           

TeV. The results presented in this figure are in units of  b instead of the mb that the results for 

Figure 4.7: Rapidity distribution for the production of psi(2S) vector mesons without including 

corrections for in nucleus effects. 
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the J\psi and the psi(2S) were presented in. This decrease in the production by three orders of 

magnitude was due to a combination of two factors. Since the forward scattering amplitude is 

inversely proportional to the mass raised to the fifth power, the increased mass of the Upsilon 

caused a significant change in the rapidity distributions. The decrease was also a result of there 

being fewer quasi-real photons in this energy region. It was also seen that the MSTW09, 

META14, and CT14 rapidity distributions were all very similar to each other. This meant that 

the contribution from higher order effects in the PDFs were much smaller at this   scale than 

they were for the   values considered for the lighter mesons. This smallness of higher order 

effects was in agreement with what was found by Adeluyi and Bertulani in their work (2011). 

The rapidity distribution from the CJ12 PDF was still significantly smaller than the others 

shown. Figure 4.9 shows the rapidity distributions for the production of the Upsilon meson at the 

higher collision energy. It can be seen that the distributions increased by a factor of about 2 at the  

 

Figure 4.8: Rapidity distributions for the production of the Upsilon vector meson without the 

inclusion of in medium corrections. 
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Figure 4.9: Rapidity distributions for the production of the Upsilon vector meson without the 

corrections for in medium nuclear effects. 

Figure 4.10: Sample nuclear correction factors for a proton bound in lead 208. The dotted line 

at 1.0 is present for easier viewing of the shadowing and antishadowing regions. 
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higher energy and that the MSTW09 rapidity distribution exhibited some suppression at 

midrapidities. The CJ12 rapidity distribution remained much smaller than the others considered. 

Quark Degrees of Freedom with in Medium Effects 

 Next I considered how in medium corrections modified the rapidity distributions. The 

nuclear modifications are generally categorized by different domains of  . At small values of   

the nuclear modification is generally less than unity and therefore the nuclear parton distribution 

function is less than the corresponding distribution function for free protons. Because of this 

depletion, the region of         is said to exhibit the phenomenon generally called shadowing. 

An increase of the nuclear parton distribution function compared to the PDF of the free proton 

occurs in the domain           . This phenomenon is usually called antishadowing. 

Another decrease is generally present over the domain          . For       an 

enhancement is present due to the Fermi motion of the partons. These effects can be seen in 

Figure 4.10. The figure also shows the relative strengths of the shadowing and antishadowing 

effects. The HKN07 correction factors did not show any antishadowing except what is due to the 

Fermi motion. The nDS distribution showed the shadowing and antishadowing phenomena, but 

only very weakly. The EPS08 and EPS09 correction factors both showed the shadowing and 

antishadowing effects with EPS08 exhibiting the strongest effects of the nuclear correction 

factors considered in this work. 

 Figure 4.11 shows the rapidity distributions calculated when we take into account the 

nuclear correction factors. In the upper pane of the figure I show the CT14 free proton rapidity 

distribution along with the rapidity distribution when we also used nuclear correction factors. 

The lower pane shows similar calculations, but using META14 as the free proton PDF. Also 

shown on both the upper and lower pane is the nCT15 rapidity distribution. Since this  
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Figure 4.11: Rapidity distributions for the production of J/Psi vector mesons including nuclear 

corrections for           TeV. The upper figure is the CT14 free proton PDF with the 

HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function.  
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distribution function pertained to the bound proton, the nCT15 was not a correction applied to 

CT14 or META14. It was shown as a comparison. In both cases it was seen that the inclusion of 

the nuclear correction factors decreased the overall rapidity distribution. This means that in these 

calculations the most relevant phenomenon exhibited by the nuclear correction factors was 

shadowing. 

 Figure 4.12 shows the rapidity distributions for the production of J/psi at the LHC with 

          TeV using EPS09, HKN07, and the nDS nuclear correction factors. The 

distribution for nCT15 was also shown for comparison. It can be seen from Figures 4.11 and 

4.12 that the EPS09 led to smaller differential cross sections at midrapidity than the HKN07 or 

the nDS nuclear correction factors. This was because the EPS09 correction factors exhibited 

stronger shadowing. The HKN07 and nDS nuclear correction factors contained very little 

shadowing, and therefore ded not decrease the rapidity distributions as strongly. When 

comparing the lower energy collision           TeV to the higher energy           TeV 

it can be see that there was an overall increase in the differential cross section as well as a wider 

distribution. This was because; at the higher energy collisions there were harder photons present 

in the equivalent photon spectrum which allowed for more production of the vector meson.  

 I continued this work by considering the nuclear corrections on the psi(2S) vector meson. 

As discussed previously, the psi(2S) is an excited state of the J/psi with a mass roughly 20% 

larger than the J/psi. This increased mass caused an overall decrease in the production of the 

psi(2S) when compared to the J/psi. Figure 4.13 shows the rapidity distributions for the 

photoproduction of the psi(2s) at the LHC with           TeV when using nuclear correction 

factors. Inclusion of the nuclear correction factors led to similar trends for the psi(2S) meson as 

they did for the J/psi. The EPS09 correction factors led to a strong reduction in the production 



37 

 

 

Figure 4.12: Rapidity distributions for the production of J/psi vector mesons including nuclear 

corrections for           TeV. The upper figure is the CT14 free proton PDF with the 

HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function. 
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due to its strong shadowing while the nDS and HKN07 led to smaller reductions since they had 

little or no shadowing present. It was also noted that the nCT15 bound proton distributions were 

much closer to the other rapidity distributions for the psi(2S) particle. The differences in shapes 

of the rapidity distributions between the psi(2S) distributions and those for the J/psi were due to 

the sensitivity of the parton distribution functions to the   value for low  .  

Figure 4.14 shows the rapidity distributions for the production of the psi(2S) vector 

meson at the LCH with           TeV. Similar trends can be seen in this Figure 4.14 as the 

trends previously seen when considering the photoproduction of vector mesons with nuclear 

correction factors.  

The final particle considered here is the Upsilon. The larger mass of the vector meson had 

a dramatic impact on the magnitude of the cross section. The differential cross section decreased 

by about three orders of magnitude compared to the cross section of the previous two particles. 

The Upsilon also had a significantly narrower rapidity distribution for photoproduction. This was 

because the larger mass led to a change in the   values probed which in turn changed the forward 

scattering amplitude through its quadratic dependence on        
  . Figures 4.15 and 4.16 

show the rapidity distributions for the photoproduction of Upsilon mesons at           TeV 

and           TeV respectively. As with the previous particles considered, inclusion of the 

nuclear correction factors led to a decrease in the differential cross section, especially at mid 

rapidities. In the case of the Upsilon, the rapidity distribution fell off at an absolute rapidity of 

about 2. The previous particles’ rapidity distributions had significant contributions to absolute 

rapidities of about 4. This decrease in the width was due to the larger mass of the Upsilon 

changing the momentum fraction probed.  
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Figure 4.13: Rapidity distributions for the production of psi(2S) vector mesons including nuclear 

corrections for           TeV. The upper figure is the CT14 free proton PDF with the 

HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function. 
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Figure 4.14: Rapidity distributions for the production of psi(2S) vector mesons including nuclear 

corrections for           TeV. The upper figure is the CT14 free proton PDF with the 

HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function. 
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 Figure 4.15: Rapidity distributions for the production of Upsilon vector mesons including 

nuclear corrections for           TeV. The upper figure is the CT14 free proton PDF with 

the HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function. 
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Figure 4.16: Rapidity distributions for the production of Upsilon vector mesons including 

nuclear corrections for           TeV. The upper figure is the CT14 free proton PDF with 

the HKN07, EPS09, and nDS nuclear corrections. The bottom figure is the META14 free proton 

PDFs with the same nuclear corrections. Also included in both cases is the rapidity distribution 

for the nCT15 bound proton parton distribution function. 
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Total Cross Sections 

   In addition to the differential cross sections presented above, I also studied the total 

cross sections for the photoproduction of the vector mesons. These were calculated for the 

MSTW09 (leading order), META14 (next to leading order), CT14 (next to leading order), and 

CJ12 (next to leading order) free proton PDF sets. Also included were the total cross sections for 

the free proton PDF sets mentioned above with nuclear correction factors. The EPS08, EPS09, 

and nDS nuclear correction factors were used with the leading order PDF sets since they were 

available as leading order corrections. The HKN07, EPS09, and nDS nuclear correction factors 

were used with the next to leading order PDF sets. The nCT15 total cross section was included as 

well. Since the PDF sets used in the case of nCT15 were for the proton bound in lead 208, they 

are stand alone calculations and were not multiplied by a free proton PDF. Table 4.1 shows the 

total cross sections for the production of J/psi vector mesons. As was seen in the differential 

Table 4.1: Cross sections (in mb) for J/psi production in UPCs at the LCH for two 

laboratory energies and several parton distributions and nuclear correction factors 
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cross sections, the MSTW09 parton distribution functions led to the largest cross sections at both 

energies. The META14 and CT14 total cross sections were all smaller than the MSTW09 cross 

sections by a factor of about 3. This indicated that there were significant processes occurring at 

higher orders in the production of the J/psi. The nCT15 total cross sections were about the same 

as the CT14 with the EPS08 nuclear correction factors. Since the CT14 free proton PDF sets and 

the nCT15 bound proton PDF sets both came from the CTEQ collaboration I expected this 

similarity. 

 Table 4.2 shows similar data that was calculated for the psi(2s) vector meson. The 

MSTW09 cross sections were still the largest, but now they are only larger than the cross 

sections for the META14 and CT14 PDFs by a factor of 2. This showed that the higher order 

processes are still present, but did not contribute as significantly to the suppression of the 

Table 4.2: Total cross sections (in mb) for psi(2S) production in UPCs at the LHC for two 

laboratory energies and several parton distributions and nuclear correction factors.  
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production of the psi(2s) as they did for the production of J/psi. The nCT15 total cross section 

was comparable to the CT14 free proton PDF with the EPS09 correction factors. 

 Table 4.3 shows the total cross sections for the Upsilon vector meson. In this case, the 

predictions made using the MSTW09 PDF set were comparable to those made using the 

META14 and the CT14 at the lower energy of           TeV. At the higher energy, the total 

cross section predicted using the MSTW09 PDF set was slightly smaller than the cross section 

calculated using the next to leading order PDF sets. This indicated that the higher order processes 

are small at this energy scale. The nCT15 total cross section was very similar to the cross 

sections calculated using the CT14 free proton PDF set along with the EPS09 nuclear correction 

factors.  

 

Table 4.3:  Cross sections (in  b) for Upsilon production in UPCs at the LHC for two laboratory 

energies and several parton distributions and nuclear correction factors. 



46 

 

Separation of Coherent and Incoherent Production 

The ALICE collaboration defined coherent and incoherent production for production of 

the J/psi production (Abbas, 2013).  If the transverse momentum is        MeV/c in the 

J/psi      decay channel or        MeV/c in the J/psi      channel then the collision is 

said to be coherent. In this case, the photon acts coherently on the whole nucleus.  In this regime, 

the average transverse momentum is on the order of         MeV/c. At these transverse 

momenta, the interaction with the photon usually does not lead to nuclear break up as the vector 

meson is produced. Conversely, if the transverse momentum is        MeV/c in the 

J/psi      decay channel or        MeV/c in the J/psi      decay channel then the 

collision is said to be incoherent. In this regime, the photon interacts with a single nucleon 

instead of the whole nucleus. I only considered the coherent production of J/psi using the 

Figure 4.17: Coherent production of the J/psi vector meson using the MSTW09 leading order 

PDF and various nuclear correction factors.  
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MSTW09 free nucleon PDF in this work. In this situation, the distributions were reduced by a 

factor of about 0.5. These rapidity distributions can be seen in Figure 4.17. The ALICE 

collaboration found a combined weighted average for the di-electron and di-muon channels of 

                       
      mb at midrapidity. Our calculations for the MSTW09 and the EPS09 

nuclear correction factors yielded 2.42 mb which agreed well with the experimental data. Since 

there was very little experimental data for the other vector mesons studied in this work, I did not 

consider the separation of the coherent and incoherent production for the other particles or other 

PDF sets.  
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Chapter 5 

CONCLUSIONS 

Summary 

In the first part of this work, I studied the production of the    and J/psi vector mesons 

using nucleonic degrees of freedom. In the second part of this work, the elastic photoproducion 

of the J/psi, psi(2S), and Upsilon vector mesons were studied in ultra-peripheral collisions at the 

LHC at CERN. I examined two energies:           TeV and           TeV, and focused 

on Pb
208

+Pb
208

 collisions. I only considered direct photoproduction of the vector mesons. I used 

the MSTW09, META14, CT14, and the CJ12 free proton parton distribution functions and used 

the EPS08, EPS09, HKN07, and nDS nuclear correction factors. I also used the nCT15 parton 

distribution function for a proton bound in lead 208.  

Findings 

I have shown that the models based off of nucleonic degrees of freedom yielded 

reasonable results for the production of the J/psi vector meson. However, these models 

overestimated the production of the    vector meson by two orders of magnitude. I have also 

shown that the rapidity distributions as well as the total cross sections derived from sub-

nucleonic degrees of freedom were highly sensitive to the parton distribution function used. This 

was to be expected since the forward scattering amplitude is dependent on         
     (see 

Equation on page 19). The cross section showed a relatively weak sensitivity to antishadowing at 

very forward and backward rapidities and an appreciable sensitivity to shadowing at 

midrapidities. 

Due to the small differences in mass, there were only minor differences in the shapes of 

the rapidity distributions for the production of the J/psi and the psi(2S) mesons. However, the 
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magnitude of the cross sections for the production of the Upsilon decreased by a factor of 3 

because of the reduced number of virtual photons for the higher meson mass as well as the    
   

dependence of the forward scattering amplitude. Significant differences were seen in the shape of 

the rapidity distribution as well as the magnitude of the cross section when I studied the Upsilon 

vector meson. The magnitude of the cross section decreased by almost 3 orders of magnitude and 

the rapidity distribution was much narrower. I also showed that the separation of coherent and 

incoherent production of vector mesons can lead to distributions that can be directly compared to 

experimental data. When this separation was properly considered, the models using quark 

degrees of freedom matched the experimental data quite well. 

Recommendations for Future Research 

This research could be expanded upon in many areas in the future. For the nucleonic 

degrees of freedom, it is necessary to understand the overproduction of the    vector meson. To 

decrease the cross section of the meson, it is necessary to add more final state interaction. It 

would also be useful to study what happens when the coherent and incoherent photoproduction 

are separated.  

There are also many areas that the research involving the quark and gluon degrees of 

freedom can be expanded on. One of the most pressing areas is the proper treatment of errors 

associated with the rapidity distributions as well as the total cross sections. There are two main 

methods that could be used to estimate these errors. The Hessian method is based on the linear 

propagation of errors through a covariance error matrix. The second method uses a Monte-Carlo 

sampling method that is sometimes used in conjunction with neural networks. The 

implementation of either of these methods is not trivial, but having accurate representations of 

the uncertainties of the calculations is necessary. 
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In the future, it would also be interesting to study pPb reactions. These have been studied 

in the past for a small number of PDF sets and nuclear corrections (Adeluyi and Bertulani, 2012), 

but the inclusion of the additional PDF sets, nuclear corrections, additional vector mesons, and 

additional energies would provide useful information that could also be used to constrain the 

PDF sets. In a similar fashion, it would also be interesting to study the photoproduction of heavy 

quarks. In this work I only considered the production of mesons from bare photons. It has been 

shown by Adeluyi and Bertulani (2012) that the inclusion of resolved photons can have a sizable 

contribution to the production cross sections. Therefore, the inclusion of the resolved photon 

components would further the knowledge gained from this work. Finally, in this work I only 

separated the coherent and incoherent production of the meson for the J/psi at the lower energy 

using the MSTW09 leading order PDF. A similar treatment for the additional particles, 

additional PDF sets, and additional energies is also a worthwhile endeavor. As run 2 at the LHC 

at CERN continues collecting data at the higher energy scale, there will undoubtedly be 

additional experimental data that can be used to compare against the theoretical predictions. 
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