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Abstract

An alternative Feynman diagram for electron-positron pair production, in
which neutrino and antineutrino are also produced on the same pathway, is
introduced here. In the proposed pair production process, a portion of the
momentum is carried by neutrinos and antineutrinos, allowing the rest of the
momentum for the electron-positron pair. Simulations to inspect the pro-
posed pair production process were conducted in this research using the
EGS5 code system while modifying its subroutine “PAIR”. Liquid Xenon de-
tector was then positioned in the path of various mono-energetic photon
beams ranging from 2.6 to 12 MeV. These simulations were intended to in-
spect the detectability of the alternative pair production effects on radiation
measurements in order to assess the detection conditions. Simulation results
provided a comparison between the original pair production process and the
proposed pair production process. Spectral results showed that changes in the
region around 1 - 2 MeV and in the photopeak region were remarkable, there-
fore detectable. Further experimental research is recommended based on si-
mulation findings. The alternative pair production process, firstly introduced
in this paper, led to production of a larger flux of neutrinos from gamma radia-
tion. This additional neutrino production and its contribution to non-baryonic
dark matter are discussed.
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1. Introduction

1.1. The Neutrino Emission Prediction

When beta decay was first discovered, the process showed a continuous spec-
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trum of the emitted electron from the nucleus. This continuous spectrum meant
that some of the emitted electrons carry only part of the energy. Since energy
must be conserved, the question arose: what happened to the missing energy?
This continuous spectrum led to the assumption by Pauly of a new, small ele-
mentary particle emitted in the beta decay, the Neutrino [1]. The theoretically
predicted Neutrino, a half-spin, zero-electric charge, and low mass elementary
particle which carries energy and momentum interacts with the nuclear fields
[2]. Later, the beta emission probabilities were formulated by the Fermi golden

rules for beta decay.

1.2. Matter and Anti-Matter

In the wake of quantum theory development, P. Dirac established an equation to
introduce relativistic Hamiltonian that includes the spin-1/2 property of par-
ticles. Solutions for this Dirac equation predicted that each elementary particle
should have an anti-matter companion. Anti-matter particle has the same mass,
an opposite electric charge, and opposite magnetic moment direction [3]. Hence,
the counterpart of an electron is a positron. C. D. Anderson first detected in
1932 the anti-electron in cosmic rays, subsequently confirming the Dirac predic-

tion of existence of anti-matter [4].

1.3. Rules for e-e+ Production

Photons transported through matter have the probability to produce pairs of
matter-antimatter, such as e—e+, if two conditions are fulfilled: 1) photon energy
is above a threshold dictated by the rest mass of the pair of particles, and 2) the
presence of an electromagnetic field within the photon path. Thus, pair produc-
tion cross section is linearly dependent on the atomic Z-number for atomic elec-
tron field interactions, as well as dependent on the square of Z for nuclear field
interactions [5]. The theory of photon bound-free pair production has been
gradually developed since the 1930s, while calculations of e—e+ cross sections for
a vast range of photon energies and for various materials began accumulating
during the 1960s. Full historical progress and references for the development of
pair production theory and calculations are presented in detail in Reference [6].
Recently more detailed cross-section dependence on the target nucleus’s mag-
netic field compared to the nucleus’s electric field was investigated [7]. Several
Monte Carlo code systems have been implemented for photon transport at ener-
gies of 1 keV up to 100 GeV after accomplishing numerical cross sections for pho-
ton interactions, including pair production. The most well-known Monte Carlo
code system is the MCNP; first released in 1977, this initial version did not in-
clude the electron transport process [8]. Released in 1982 the MC tool kit GEANT-3
enabled full photon-electron transport; after 2000, this version was replaced by
the upgraded GEANT4 code system [9]. EGS (Electron Gamma Shower) is one
of the leading code systems for simulating high-energy gamma ray interactions

in matter. Although the EGS3 version released in 1978 was designed to simulate
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electromagnetic cascade for high physics experiments, simulation of pair pro-
duction that can take place only by gammas with energies above 1.02 MeV and
that becomes significant at energies above 2.5 MeV, was first introduced in the
conversion of EGS3 to EGS4 in 1985 [10]. Each of these code systems was grad-
ually upgraded, mostly by modifying cross section libraries. Approximately twenty
years later, a tremendous change was made to every code that included modifi-

cations in transport handling.

1.4. Neutrino as a Dark Matter (Puzzle)

Dark matter is a cosmological term that expresses missing mass in the Universe
due to the observed large-scale expansion rate, or the Hubble constant [11]. Cur-
rent gravitational modeling indicates that whereas a great amount of the mass in
the Universe influences Universe dynamics, it is not detectable by common ob-
servational methods [12]. Several theoretical proposals based on the Standard
Model (SM) of particle physics (or beyond SM) explain this dark matter pheno-
menon; in these proposals hidden non-baryonic particle content is presumed. A
review paper by G. Bertone, D. Hooper, and J. Silk introduces the particle dark
matter candidates’ properties and their detectability [13]. SM particle as the
neutrino (or antineutrino) is likely to be a candidate for non-baryonic dark mat-
ter because of its low interaction probability due to its sub-electron Volt rest-mass
[14], as well as its neutral electric charge, and minuscule absorption cross sec-
tion. A detailed discussion by Kreisch et al. regarding neutrinos as dark matter
was later published as “Neutrino puzzle: Anomalies, interactions, and cosmo-
logical tensions”. In Reference [15], the known processes that produce neutrino
flux in the galaxy are estimated to contribute a mass which is too small com-
pared to the estimated total dark matter density [16]. This estimation of neutri-
no contribution to dark matter might be altered with the development of more
highly efficient neutrino telescopes, or by discovering new neutrino emission

processes.

2. Methods

In Figure 1, the Feynman diagram for pair production (PP) is shown. In this
study we introduce an alternative Feynman diagram for pair production in which
neutrinos and antineutrinos are also produced via the same pathway (Figure 2(a)
and Figure 2(b)). In this case, neutrinos and antineutrinos should escape with a
certain amount of the total momentum and energy, while conserving momen-
tum and energy. Accordingly, we prepared a setup to simulate and track the re-
sponse to this proposed change in the pair production process via the electron and
positron contribution to an Xe detector. Liquid Xe detectors are state-of-the-art
scintillation systems for radiation and particle tracking that could suit the PP in-
teraction detection outcome [17] [18].

Significant improvements to the pair production subroutine that could better

simulate the process using higher energy gamma rays were introduced only in

DOI: 10.4236/jmp.2022.1311082

1333 Journal of Modern Physics


https://doi.org/10.4236/jmp.2022.1311082

M. Bettan et al.

e+ e-

Figure 1. Feynman diagram of electron-positron pair production.

J— e+ e- [h)

Figure 2. (a) Feynman diagram of electron-positron with neutrino-antineutrino pair
production; (b) Illustration of proposed pair production process.

EGS5 [19]. Based on these improvements EGS5 calculations were used for the
current study, with its geometry designed using CGVIEW, a program contained
in the EGS5 code package, to describe a gamma ray beam passing through a Xe-
non detector (see Figure 3). The detector dimensions are 50 x 50 x 0.1 cm inside
a 75 cm-diameter air sphere surrounded by vacuum. The detector is made of a
liquid Xenon slab 1 mm thick sandwiched between two 5 cm-thick slabs of air.
The beam location is on the X axis at coordinates (—60 cm, 0, 0) directed in the
positive X direction. Since pair production in EGS5 is dependent on gamma
energy, calculation was executed for various gamma ray beam energies suitable

for future experiments.
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Figure 3. Simulation setup geometry and materials. The detector dimensions are 50 x 50
x 0.1 cm inside a 75 cm-diameter air sphere surrounded by vacuum.

In the “pair” subroutine of EGS5 (“egs5_pair.f”) various energy ranges mark a
difference in the way photon interaction is modeled. These energy edges are 2.1,
4.14, and 50 MeV; photons with energies within ranges between these energy le-
vels are treated differently.

The energy carried out by the neutrino was simulated by making a change in
two lines in the PAIR Subroutine, where the variables “theta” and “tteig” are

calculated as follows:
theta = RM/(eig) (1)
tteig = (eig)/RM for Eg > 4.14 MeV (2)

where,

RM = electron rest mass energy; and

eig = incident photon energy.

Theta is the polar angle of the outgoing electron, which correlates to the mo-
mentum conservation of the process. Therefore, the parameter “tteig” was calcu-
lated for the Motz-Olsen-Koch distribution that includes recoil energy and mo-
mentum [20]. The Motz-Olsen-Koch theoretical PP approach was implemented
in EGS5 for gamma ray energy above 4.14 MeV.

In order to simulate the part of the photon energy that is carried out by the
neutrino in the modified lines of the pair subroutine, for each gamma ray beam
energy the variable “eig” was multiplied by 25% and 50%, meaning that the re-

mainder of the energy was carried out by the neutrino-antineutrino.

3. Results and Discussion

We used a mono-energy gamma ray pencil beam source of 2.6 MeV, 4.5 MeV,
10 MeV, and 12 MeV to score the total deposited energy to the Xe detector for

each case. Simulations were conducted using two different types of processes:
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1) Original pair production process

2) Modified pair production process—a percentage of the momentum was
transferred to the neutrino and the antineutrino, and was consequently reduced
from the e—e+ pair.

We first simulated the system with its original condition, and then with mod-
ified pair production (PP), thereby showing that a percentage of momentum es-
caped with the neutrinos. Results of the absorption for 1E+07 histories are listed
in Table 1 for each energy beam. A statistical error of about 0.15% was obtained
for these results. The columns containing the scores for plain PP were compared
to a case in which 50% of the momentum was carried by e+e—, and to a case in
which 25% of the momentum was carried by e+e—. The neutrinos were not
transported since the simulation does not have the capacity to track them, there-
fore were assumed to have escaped from the system without interactions.

Ratios presented in Table 1 reveal changes of less than 2% in detector response;
hence, it would be very challenging to indicate whether or not neutrinos were
created during the interaction.

In order to manifest resolution properties of the detector in the simulated lig-
uid Xenon detector volume, two types of results were scored: a. spectral energy
deposited in the Xenon detector; and b. the amount of energy transferred to
produced positrons during a pair production occurrence. For each original run
we changed the amount of momentum transferred to the e—e+ pair, a momentum
deficit that was transferred to the hypothetical produced neutrino-antineutrino
pair.

For photon energy below 4.14 MeV we simulated a gamma ray beam of 2.6
MeV, high enough above the PP energy threshold to produce a pair of e—e+. In
Figure 4 spectrum ratios deposited in Xe by the 2.6 MeV beam are shown. Both
calculated ratios introduce a relatively small difference of less than 3%, which
would be barely detectable. Resulting events of energy transfer by produced po-
sitrons after pair production by 2.6 MeV beam are presented in Figure 5. In ad-
dition, n these counts, differences between each scenario events are hardly de-
tectable along the detector depth.

In Figure 6, deposited spectra ratios of four incident photon energies in Xe are
shown. The 50% ratios showed detectable anomalies below the photopeak ener-
gy. (For 5.0 MeV was not obtained.) The 25% ratios evinced a vast peak between
0.5 to 2.0 MeV, while for the 50% ratios that peak was barely detectable. These
peaks’ maxima varied from 4% to 10% depending on the beam’s energy; there-
fore, we reckon that analysis of that region of the spectrum could reveal the pro-
posed PP process. Even the anomalies around the photopeak are rather large, their
detectability could be uncertain since multiple Compton scattering could inter-
fere in that spectral region.

Events of energy transferred to produced positrons after pair production for
4.5 - 12 MeV beams are presented in Figure 7. The statistical error of these event
values does not exceed 0.8%. The compared events for each model are presented

in Figure 7; the changes are, for the most part, assumed as detectable in all cases.
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Figure 4. Spectral results of Xe response ratios of proposed to original pair production
using 2.6 MeV photons. R25 - 25% of the total energy is transferred to e+e— while R50 -
50% of the total energy is transferred to e+e—.
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Figure 5. Photon beam of 2.6 MeV. Comparison of number of events resulting from
produced positrons after pair production in the Xe. Original PP; 50% of the total energy
transferred to e+e— while 25% of the total energy transferred to e+e—.

Table 1. Absorbed energy within the Xe detector as a result of 107 incident photons for
these three cases: original PP process (without neutrino production); 50% of the PP energy
transferred to electrons and positrons; and 25% of the PP energy transferred to electrons
and positrons. Ratios obtained by normalizing the modified to the original process absorbed

energy.
Plain PP 50% Energy to ete—  25% Energy to e+e—
Ebeam
(MeV) Absorbed Ratio Absorbed Ratio Absorbed Ratio
(MeV) (MeV) (MeV)
2.6 11,679,138 1 11,678,047 0.9999 11,661,676 0.9985
4.5 16,874,336 1 16,827,416 0.9972 16,672,792 0.9881
10 26,739,942 1 26,638,851 0.9962 26,280,160 0.9828
12 29,802,801 1 29,703,683 0.9967 29,305,896 0.9833
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Figure 6. Spectral results of Xe response ratios of proposed to original pair production by pho-
ton beams of 4.5, 5, 10, and 12 MeV. R25 - 25% of the total energy is transferred to e+e—; while

R50 - 50% of the total energy is transferred to e+e—.
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Figure 7. Photon beams of 4.5, 5, 10, and 12 MeV. Comparison of number of events from pro-

duced positrons after pair production. original PP; 50% of the total energy transferred to e+e—;

while 25% of the total energy transferred to e+e—.
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The new PP process presented in Figure 2 that includes neutrinos, as might
occur in reality, should also introduce a distribution of energy-momentum trans-
fer to outgoing particles. Therefore, the percentage energy transfer to e+e— and
to u, anti-u should be treated using a probability function. However, such process

distribution rules are yet unknown, and require further exploration.

4. Conclusions

In the current study, the EGS5 Monte Carlo system was chosen to simulate a
modified PP process that includes neutrino-antineutrino pair production. How-
ever, several other Monte Carlo codes also include PP interaction, electrons, and
positrons transport. Comparing PP simulations using different Monte Carlo codes
has been studied and reported [21], and their EGS5 results (marked as EGS2)
plotted versus other much known codes. The same changes made for this study
are applicable to these other codes (e.g., GEANT4), although factors extracted
from published plot could spare one the effort.

The results in this paper indicate that a PP that includes neutrinos is detecta-
ble in cases in which the escaped neutrinos extract some fraction of the total
momentum. The question is whether or not the PP process includes neutrino
and antineutrino production, and it is recommended that this be experimentally
studied.

Current estimates of neutrino flux in the galaxy contribute to small mass of
the total estimated dark matter density to account for its entire amount. To date,
the estimated total neutrino average number density is n0v = 339.5 cm™ (The
latest information on particle data is available on the web at:

http://pdg.lbl.gov/pdg.html. This web page is maintained by the Particle Data

Group at the Lawrence Berkeley laboratory). Gamma radiation from the sun at
energies above 2.5 MeV is ~1 photons cm s [22] that could produce an addi-

-1 neutrinos, at least. In the event that addi-

tional neutrino flux of ~20 cm™s
tional neutrino (antineutrino) flux is produced by gamma radiation from stars,
as a result of the proposed PP process, the neutrino average number density
would be higher by several orders of magnitude. Hence, a larger portion of the

total estimated dark matter density may be contributed by neutrinos.
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