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Abstract

Heavy meson production is a key tool for accessing the inner dynamics of the pro-
ton. These production reactions involve the proton Generalized Parton Distributions
(GPDs),whichcorrelate the longitudinalmomentaand their transversedistributionof
theproton’s compositepartons. ThehardexclusiveproductionofQuarkonia (J/ψ,Υ,
etc.) is particularly interesting, as it accesses the gluon GPDs at the lowest order. We
used ROOT to create a new flexible generator for the photoproduction, quasi- photo-
production, and electroproduction of vector mesons o� a proton. The output phase
space is weighted by the reaction cross-section, creating a realistic graph of event
count as a function of energy. We will discuss the relevance of measuring hard exclu-
sive production of Quarkonia, present our work on the event generator, and discuss
our projections for the upcoming Electron-Ion Collider (EIC).
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1. Background

1.1 Introduction

It has been a longstanding goal of particle physics to describe the inner dynamics of
the proton. The first notable attempt at this was Richard Feynman’s parton model,
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which proposed that the proton consisted of three "valence" partons. These partons
were quickly identified as quarks, which are particles that come in two families (those
with electric charge+2/3 and thosewith electric charge−1/3) and carry oneof three
"color" charges (red, green, or blue). A key theoretical fact is that particles made up
of quarks are only stable if their their colors "add up" to white. For example, a proton
must at any time have exactly one red, green, and blue quark.1

2

Fig. 1. The six quarks of the Standard Model and the relevant force carriers.

However, it was soon discovered that which quark was red, green, or blue was
not constant. Rather, two valence quarks can swap colors by exchanging a massless
particle known as a gluon. This constant exchange of gluons inside a proton(as well
as virtual gluon pairs which emerge from the vacuum) forms what is known as the
proton’s gluon sea. Gluons from this sea are able to interact with particles at high
energies, either directly or by splitting into a virtual quark-antiquark pair. Thus, to
fully describe the interior of a proton, one must describe both the proton’s valence
quarks and its gluon sea.1

Fig. 2. The evolution of the protonmodel.3

The interplay of quarks and gluons is too complex to calculate theoretically us-
ing perturbative QCD. Instead, their distribution is described using experimentally-
determined Generalized Parton Distributions (GPDs). GPDs are functions that relate
the longitudinal (parallel) momentum of a quark or gluon to its transverse distribu-
tion inside the proton.1

The best way to measure GDPs is to conduct scattering reactions o� the proton.
At high energies, the probability amplitude for these reactions can be factored into
a theoretically-calculable "hard" part, described by a di�erential cross section, and
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an approximate "so�" part described by the GPD. An example is Timelike Compton
Scattering, the scatteringof aphotono�aproton,whichcanbedrawnwith the"hard"
part above the line and the "so�" part below:4

Fig. 3. The Feynman diagram for TCS, split into its hard and so� parts.4

1.2 Motivation:

Heavy meson production is a key tool for accessing the gluon GPDs of the proton.
Muons are particles made of a quark q and its antiquark q. Since the proton is made
of up and down quarks (and strange quarks that can arise from the gluon sea), lighter
muons such as uu, dd, and sc interact mostly with the valence and sea quarks in the
proton,while heaviermuons such as cc and bb interactmostlywith the gluons. In fact,
heavymesons are the easiest particles to probe the gluon GPDswith, particularly the
lightest formof cc (knownas theJ/ψmeson) and the lightest formof bb (knownasΥ).
For this reason, we will focus solely on the production of J/ψ and the three lightest
stable resonances ofΥ.

The hard exclusive production of J/ψ andΥ is dominated by two di�erent reac-
tions: one in which two gluons are exchanged and one where three are exchanged.
It is thought that the three-gluon reaction dominates when there is barely enough
energy to produce the meson, while the two-gluon reaction dominates at higher
energies.5
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Fig. 4. The two- and three- gluon exchangemethods of J/ψ production.5

Our goal with this experiment was to simulate the photoproduction, quasi-
photoproduction, and electroproduction of the J/ψ and Υ mesons at a range of
di�erent energies and di�erent proportions of the 2-gluon/3-gluon cross sections.
These simulations can be used as a prediction of what might be observed at the up-
coming Electron-Ion Collider (EIC), and will help guide the design of detectors in this
collider to accurately measure these reactions. The ability to vary the proportion of
the two- and three-gluon reactions will also help identify the proportion of the two
reactions in experimental data.

2.Methods and Simulation

We implemented the simulations for the photoproduction, quasi-photoproduction,
and electroproduction of Jψ andΥ were as add-ons to the DEEPGen generator cre-
ated byMarie Boer.6 Due to themany similarities between the production of di�erent
mesons, we added a generic "mesonproduction" reaction type. This type allows new
meson production reactions to be added very easily and accounts for the common
factors (such as virtual photon flux in electroproduction) present in all such reactions.

Each type ofmesonM is described by itsmass distribution and one ormore pho-
toproduction di�erential cross-sections (i.e. probability density functions for the re-
actionγP →MP . Theoretically, themassdistributions forJ/ψ andallΥ resonances
should be relativistic Breit-Wigner distributions. However, since the width of these
distributions is smaller than the resolution of most detectors, they are smeared into
Gaussians. The peak of the Gaussian distribution for J/ψ is the consensus mass of
3.096 GeV ,7 with a customizable standard deviation. The peaks for the 1S, 2S, 3S
resonances ofΥwere taken to be 9.47, 10.01, and 10.36 respectively, with customiz-
able deviations, and the normalization constants of these normal distributions were
22/40, 11/40, and 7/40.8

For J/ψ production, the two-gluon and three-gluon di�erential cross sections5
were

dσ(γP→J/ψP,2g)

dEγdQ′2
= (1− y)2

(RP
√
Q′2)2

(1)
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dσ(γP→J/ψP,3g)

dQ′2
= 1

(RP
√
Q′2)4

(2)

where RP is the radius of the proton, Eγ is the energy of the incoming photon,
Q′2 is the virtuality of the outgoing photon and y is defined by

y := Ethreshold/Eγ (3)

We calculatedEtheshold in the usual way to be 8.205GeV (see Appendix A).
For each simulation, we set the portion of two-gluon reactions a in an input file.

Given this, the di�erential cross section used for photoproduction was

dσ(γP→MP )

dtdEγdQ′2
= 1

16πg(t)
(
a
dσ(γP→J/ψP,2g)

dEγdQ′2
+ (1− a)

dσ(γP→J/ψP,3g)

dQ′2

)
(4)

g(t) is the gluon form factor. This canbe easily swapped to test di�erent predicted
form factors, but for simplicity was taken to be5

g(t) = e1.13t (5)

Only the 2-gluon cross sectionwas implemented forΥ, due to a lack of theoretical
development for the 3-gluon reaction. The 2-gluon cross-section was9

dσ(γP→ΥP )

dxdt
= π

4t4

 4N4
c

(N2
C − 1)2G(x, t) +

∑
f

|qf (x, t) + qf (x, t)|

 |F (t)|2 (6)

where t is the Mandelstam variable, x is the fraction of total proton momentum
stored in each valence quark, Nc = 3 is the number of colors, G(x, t) is the gluon
GPD, qf (x, t) and qf (x, t) are the GPDs for the quarks and antiquarks of flavor f , and
F (t) is the production amplitude. We used the Born production amplitude, which is
given by

F (t) = C
αs
Nc

4τ2

1− τ2 ln
(

(1 + τ)2

4τ

)
(7)

for τ = t/Q′2 and C2 = NcΓl+l−Q
′3

αem
, with Γl+l− being the lepton decay width of

the meson.9
We used quark, antiquark, and gluon GPDs provided by the CTEQ project.10 The

most recent versions of these GPDswere used as of July 27th, 2021. For photoproduc-
tion, we used a factorization scale ofQ = 2GeV .

The quasi-photoproduction reactions use the photoproduction cross sections in
combinationwithachangeofkinematic conditions, namely theuseofbremsstrahlung
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radiation as a source of photons instead of a pure photon beam. For electroproduc-
tion, the di�erential cross-sections are taken to be11

dσ(eP→MP )

dtdQ′2d ~A
= Φ(t, Q′2)

dσ(γP→MP )

d ~A
(8)

where ~A are the parameters of the normal photoproduction cross section and
Φ(t, Q′2) is the virtual photon flux factor given by11

Φ(t, Q′2) = αem
2πQ2(1 +Q2/M2

P )2

(
1 + (1− y)2

y
+ 2(1− y)

7

(
Q2
min
Q2 −

Q2

M2
P

))
(9)

where αem is the electromagnetic coupling constant, Q2 is the virtuality of the
incoming photon,MP is the protonmass, and y = Eγ/Eel withEel being the energy
of the incoming electron.

The end product of the reaction is measured through its leptonic decay mode.
Electron, muon, and pion decay can be chosen.

3.Results

DEEPGen produces a ROOT file containing several kinematic variables for each reac-
tion. Most important among these are the virtuality of the outgoing photonQ′ (which
is equivalent to themassof themesonproduced) and the calculateddi�erential cross
section. Graphsof the cross sectionasa functionofQ′ are very close towhatwouldbe
measured at a detector; thus these graphs were generated for a variety of conditions.

Fig. 5. Graphs of di�erential cross section (pb) vs. Q′ for J/ψ photoproduction at low energy
(5.5 - 11GeV )
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Fig. 6. Graphs of di�erential cross section (pb) vs. Q′ for J/ψ photoproduction at high energy
(100 - 200GeV )

Fig. 7. Graphs of di�erential cross section (pb) vs. Q′ for J/ψ electroproduction at low energy
(5.5 - 11GeV photons, 11GeV electron beam)
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Fig. 8. Graphs of di�erential cross section (pb) vs. Q′ for Υ photo- and electroproduction at
high energy (100 - 200GeV photons, 41GeV electron beam)

4.Discussion

4.1 Two-gluon vs. three-gluon

It is worth noting that in the J/ψ production, the three-gluon cross section is signif-
icantly larger at lower energies, while the two-gluon cross section clearly dominates
at higher energies. This is in line with theoretical predictions. At high energies, when
themomentumof the createdJ/ψ canbe large, the three-gluonmechanism is higher
twist than the two-gluon mechanism, and is thus suppressed. Closer to threshold,
however, the outgoing meson must be produced at a lower transverse momentum.
This is di�icult when only one quark interacts via a gluon with the meson, because
the gluon must have a transverse momentum on at least the order of the mass of
the produced quark to couple e�ectively to it. However, in the three-gluon exchange,
the momentum of the three gluons interacting with the meson can cancel to almost
nothing. This is reflected by the power of (1− x)2 in the numerator of the two-gluon
cross section, and thus in the graphs produced by the generator.5 Thus the generator
reflects the expected behavior of the two- and three-gluon cross sections at di�erent
energies.

4.2 Electroproduction

As expected, the cross-sections for electroproduction at a given energy is an order of
10−3 smaller than the cross-sections for photoproduction. This is as expected, as the
cross-sections are related by a factor of αem ≈ 1/137 representing the emission of a
photon from the electron.
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4.3 Bethe-Heitler background

One notable absence from this generator that would be present in experimental data
is the Bethe-Heitler background. Since meson production is ultimately measured
through the lepton pair the meson decays into, other processes which produce lep-
ton pairs will always be a source of background. The dominant source of this is the
Bethe-Heitler process, two dominant diagrams of which are pictured below:

Fig. 9. Two dominant diagrams for the Bethe-Heitler process.12 In this context, the produced
photon would split into a lepton-antilepton pair which could be confused for the result of me-
son decay.

The choice to neglect this background was an intentional one, intended to allow
us to focus exclusively on the meson production. Anyone wishing to use the gen-
erator as a reference or prediction for experimental data can simply add the gener-
ated events to a distribution of Bethe-Heitler events generated at the same energy
(such Bethe-Heitler events can be generated from a wide array of generators, includ-
ing DEEPSim).

4.4 High-energy photoproduction of J/ψ

It is worth noting that the cross sections calculated for J/ψ at high energies are ex-
tremely large. Without reference, it is unclear whether this will correspond to exper-
imental data. However, there are two reasons to believe it may be inaccurate. The
first is the extremely simple nature of the gluon form factors used. The second is that
the di�erential cross-sections used were derived for production of J/ψ near thresh-
old, and thusmay not take into account behavior that arises atmuch higher energies.
For reference, the Υ cross-section was repurposed with the decay widths of J/ψ to
provide another calculation of the cross-sections at higher energies, and gave simi-
lar results. This may indicate that further theoretical work needs to be done on the
production of J/ψ at higher energies.
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5. Conclusion

Heavy meson production is an extremely powerful tool for accessing the gluon GPDs
of the proton. We added a flexible framework for simulating hard exclusive meson
production to the DEEPGen event generator and implemented cross sections for the
J/ψ and Υ(1S, 2S, 3S) mesons. The generated events match well to experimen-
tal and theoretical predictions (aside from high energy J/ψ production, which was
higher than expected). These simulations can be used to guide the design of detec-
tors at the upcoming Electron-Ion Collider, as well as to provide a reference point for
experimental data. By creating a flexible and accurate framework for simulating hard
exclusive heavy meson production, we hope to guide upcoming experiments at the
EIC and provide a valuable tool for future investigations into the nature of the proton.

Appendix A: Calculation ofEthreshold for J/ψ

The calculation of threshold energy for J/ψ production is based on two principles:
the conservation of four-momentummagnitude, and the fact that when a particle is
produced exactly at threshold, the particle in the center-of-mass frame is at rest.

Note that we will use natural units.
We consider the reaction γ+P → J/ψ+P . In the lab frame, the proton is at rest,

so we can write the four-momentummagnitude of the le� side as

(pγ + pP)2 = ((Eγ , 0, 0, Eγ) + (MP , 0, 0, 0))2 = (Eγ +MP , 0, 0, Eγ)2 (10)

(pγ + pP)2 = E2
γ + 2EγMP +M2

P − E2
γ = 2EγMP +M2

P (11)

We then consider the four-momentummagnitude of the right side. In the center-
of-mass frame, the J/ψ and the proton are considered as one particle with mass
MJ/ψ + MP ; as previously mentioned, when the J/ψ is produced at threshold, this
combinedparticle shouldbeat rest. Thus the four-momentummagnitudeof the right
side should be

(MJ/ψ +MP )2 = M2
J/ψ + 2MJ/ψMP +M2

P (12)

Setting the two four-momentummagnitudes equal to each other and solving for
Eγ , we find that theEγ at threshold is

Ethreshold =
M2
J/ψ + 2MJ/ψMP

2MP
(13)

Using the consensus values ofMJ/ψ = 3.096 GeV andMP = 0.938 GeV , we
find thatEthreshold = 8.205GeV .
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