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Low energy protons as probes of hadronization dynamics
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Energetic quarks liberated from hadrons in nuclear deep-inelastic scattering propagate through the nuclear
medium, interacting with it via several processes. These include quark energy loss and nuclear interactions
of forming hadrons. One manifestation of these interactions is the enhanced emission of low-energy charged
particles, referred to as grey tracks. We use the theoretical components of the BeAGLE event generator to
interpret grey track signatures of parton transport and hadron formation by comparing its predictions to E665
data. We extend the base version of BeAGLE by adding four different options for describing parton energy
loss. The E665 data we used consists of multiplicity ratios for fixed-target scattering of 490 GeV muons on
xenon normalized to deuterium as a function of the number of grey tracks. We compare multiplicity ratios for
E665 grey tracks to the predictions of BeAGLE, varying the options and parameters to determine which physics
phenomena can be identified by these data. We find that grey tracks are unaffected by modifications of the
forward production. Thus their production must be dominated by interactions with hadrons in the backward
region. This offers the advantage that selecting certain particles in the forward region is unlikely to bias a
centrality selection. We see a strong correlation between the number of grey tracks and the in-medium path
length. Our energy loss model does not reproduce the suppression observed in the projectile region. We see
an underprediction of the proton production rate in backward kinematics, suggesting that a stronger source of
interaction with the nuclear medium is needed for accurate modeling. These results lay an important foundation
for future spectator tagging studies at both Jefferson Laboratory and at the Electron-Ion Collider, where neutron
and proton grey track studies will be feasible down to very small momenta.

DOI: 10.1103/PhysRevC.106.045202

I. INTRODUCTION

The process by which energetic quarks and gluons prop-
agate through space and evolve into hadrons, referred to as
hadronization or fragmentation, has not yet been understood
in terms of the Lagrangian of quantum chromodynamics
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(QCD). The first ingredients for quantitative study of the
process are the parton distribution functions (PDFs). Although
PDFs for the proton have been studied for decades, new
insights into their estimation continue to be unearthed [1].
For scattering from small objects such as the proton, the
formalism of QCD factorization [2] in such reactions as semi-
inclusive deep inelastic scattering (SIDIS) allows the observed
final state to be parametrized as the convolution of PDFs with
the conventional fragmentation functions [3] within many
kinematic conditions [4], as successfully demonstrated by a
recent global extraction of fragmentation functions from many
different experiments [5]. However, the information provided
on hadronization in that scenario is limited to quantities such
as hadron multiplicities and particle production ratios, such as
K/π ratios.
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Access to completely new information on hadronization
can be obtained by implanting the process inside atomic nuclei
[6]. While the long distance nature of the interactions within
the nucleus might be presumed to preclude naive application
of factorization-based methods [7], there is nonetheless recent
progress in extending the usual approaches for proton targets
to describe data for parton distribution functions in nuclei
(nCTEQ15 [8], EPPS16 [9], nNNPDF2.0 [10], and TUJU19
[11,12]) even at low energies and high-xBj [13,14].

In this paper we press forward on a new and promising
front to understanding hadronization in cold nuclear matter,
namely, the study of so-called grey tracks, protons in the
range momentum 0.2–0.6 GeV/c, in leptonuclear scattering.
This historical term comes from tracking technologies such as
nuclear emulsion or streamer chamber measurements, where
the visual appearance of the measured charged particle track
differs from that of the highest energy particles. Grey tracks
(ng) correspond to lower momentum charged particles with
an ionization energy loss much greater than that of mini-
mum ionizing particles. In the context of this paper, we are
studying them as a proxy for the interactions of the ener-
getic parton and/or forming hadron with the nuclear medium.
The factorization theorem states that the hadronization of a
quark or gluon with high momentum is independent of the
target, projectile, and subprocess [2]. By performing detailed
modeling of grey track production with the BeAGLE event
generator enhanced by the upgrade of the PyQM module, we
can frame the problem of getting microscopic information on
such processes from leptonuclear scattering such as the data
from the E665 fixed-target experiment at Fermilab. This work
lays the foundation for future studies at fixed-target experi-
ments at Jefferson Lab and other electron-beam facilities, but
more importantly, at future lepton collider experiments such
as the proposed electron-ion colliders [15–20]. In the context
of collider experiments, it is feasible to study extremely low
momentum particles such as grey tracks because they emerge
from the nucleus having a velocity in the laboratory frame
very close to that of the hadron beam. The charged component
can be momentum analyzed using the magnetic fields already
present for the recirculating beam transport, while the neutral
component can be measured using the zero-degree calorime-
ter technique [21–23]. These techniques, sometimes referred
to as spectator tagging or geometry tagging [24–26], often
require special instrumentation to detect very low-energy par-
ticles associated with highly energetic interactions [27,28].
Geometry tagging studies of grey tracks provide unprece-
dented new information on the microscopic interactions of the
hadronization constituents with the cold nuclear medium.

The concept for studying grey tracks in experimental mea-
surements originated in the 1960s [29] and was discussed
through the following decades [30] generally in the context
of hadron-nucleus collisions, although it was recognized that
deep inelastic scattering by lepton beams would be simpler to
interpret [31]. An experimental exploration of these ideas took
place for proton-nucleus interactions in the E910 experiment
at the Alternating Gradient Synchrotron at Brookhaven Na-
tional Laboratory beginning in 1996, measuring slow protons
and deuterons produced in the collision of 18 GeV/c protons
with Be, Cu, and Au targets [32]. In comparing their data with

several models, they concluded that there was a strong linear
dependence of the number of projectile-nucleus interactions
N int

pA on the mean number of grey tracks measured with a
target-dependent constant of proportionality. Defining N int

pA as
the centrality of the collision, they concluded that measure-
ment of the mean number of grey tracks can determine event
centrality well for a given nucleus.

The E665 experimental collaboration published more than
20 papers in the 1990s based on measurements with a sec-
ondary muon beam of 490 GeV at Fermi National Accelerator
Laboratory. One of these included measurements of grey
tracks produced from a xenon target, making a comparison
to those seen from a deuteron target [33]. These data stim-
ulated renewed theoretical interest in using grey tracks to
study the space-time development of hadronization via the
nuclear medium. References [34,35] explored the dependence
of the mean number of grey tracks on four-momentum transfer
Q2 and xBj within a theoretical model. They found that the
number of grey tracks rises with increasing Q2, and found fair
agreement with the dependence measured in E665.

II. THE E665 DATA

The E665 data being described by the simulations in
this paper consisted of muon-xenon scattering compared to
muon-deuterium scattering in deep inelastic scattering (DIS)
kinematics. The experiment achieved nearly 4π steradians of
acceptance for charged particles by using a streamer chamber
immersed in a 15 kG dipole magnetic field as a vertex detector.
This enabled the study of grey tracks in combination with
the high-energy forward tracks, which were analyzed with a
downstream spectrometer system. Scattered muons were iden-
tified with a downstream iron absorber followed by tracking
devices. An electromagnetic calorimeter was used for photon
detection to identify muon bremsstrahlung.

The experimental definition of grey tracks used by E665
starts with identification of the scattered muon in the down-
stream muon detector with track matching to the trajectories
measured upstream. Charged particles not identified as muons
were treated as hadrons. Subsequently, a rigorous visual anal-
ysis of the photographs of hadron tracks in the streamer
chamber was performed. As low momentum particles, they
deposited much more energy per unit length than the mini-
mum ionizing particles, thus leaving a much higher streamer
density. Grey tracks were counted independently in two labo-
ratories, and these analyses agreed to within 11%. In addition
to this visual analysis, they were required to have momentum
in the interval 0.2–0.6 GeV/c. The majority of these particles
were protons.

III. GEOMETRY TAGGING FOR DIS

The term “geometry tagging” in this context refers to
the measurement of particles emerging from the nucleus to
determine geometric characteristics of the hard interaction
and of the subsequent final-state interactions of the par-
ticipants, including spectator particles such as evaporation
neutrons, fission fragments, hadrons produced from gluonic
bremsstrahlung from in-medium partons, and low energy
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FIG. 1. Diagrams illustrating geometric features of the leptonuclear scattering process in the target reference frame. As depicted in (a), for
this particular event the quark q with impact parameter b1 has a lower energy which on average results in a shorter color lifetime d1/c, and
the antiquark q̄ with impact parameter b2 has a higher energy which on average results in a longer color lifetime d2/c. The propagating quarks
begin the evolution into jets or hadrons j1 and j2 either inside or outside the medium. In (b) is shown the simpler process that dominates at
higher xBj. The energy and momentum of the virtual photon is absorbed by a single valence quark q with impact parameter b which evolves
into jet or hadron j. The degree of misalignment between the virtual photon direction and the direction of leading hadron or jet j due to intrinsic
k⊥ and Fermi momentum is exaggerated in the right-hand diagram (b) to facilitate visualization. In (b) it is possible to speak of the “struck
quark” γ ∗ + q → q while (a) corresponds to γ ∗ + g → qq̄, see text. Small arrows in both diagrams represent low-energy hadrons emitted from
the nucleus due to various processes, e.g., potential grey tracks. Features not shown in the figure include: the falloff of the nuclear density at
the boundary of the nucleus; other quarks and gluons produced in the process; possible fission of the nucleus; and neutron evaporation from
the nuclear fission fragments.

knocked-out protons and neutrons, among others. BeAGLE is
able to simulate such processes, and it has been employed in
evaluations of the effectiveness of determining geometric fea-
tures from various experimental signatures, such as those just
mentioned, for collider experiments [24]. That work follows
earlier studies with the DPMJET3 code for forward neutron
tagging [25] in which it was found that the evaporation neu-
trons could give information on the event centrality.

The impact parameter b is a well-known feature of the scat-
tering process. It is particularly relevant for hadron-nucleus
scattering since the probability of interaction of the inci-
dent hadron with the medium is large due to the magnitudes
of hadronic cross sections. Thus, the projectile path length
through the medium is strongly correlated to the impact pa-
rameter, and the number of interactions of the projectile within
the medium is indicative of the centrality of the collision,
as studied by the E910 collaboration discussed earlier. For
lepton beams, which have electroweak cross sections, a more
relevant quantity is the path length in the medium of the ener-
getic quark and any subsequent hadron that contains it. This is
because for higher xBj interactions, leptons and photons easily
penetrate into the nucleus so that the hard interaction can take
place anywhere within its volume. For the energetic quark, the
quark path length, labeled d, can be small for multiple reasons.
It can be small because its color lifetime (the time interval
between the first interaction of the quark with the medium and
the neutralization of its color) is short, reflecting that its most
probable value is zero as is the case with ordinary lifetimes,
or it can be because the interaction is on the periphery of the
nucleus. However, it can only be longest for central collisions
for events in which the color lifetime has a large value. The
color lifetime can be large either because it fluctuates to a
large value, or because of kinematic conditions such as a rel-
ative energy zh ≡ Eh/ν that is near the optimal value of ≈0.3,
as indicated by the Lund string model prediction [36]. As will

be discussed later, in BeAGLE we find that on average a larger
value of d is correlated with a larger value of the number of
grey tracks. A maximal value of d is more suggestive of a
colored energetic quark with a long color lifetime in a central
collision that produces low energy particles through medium-
induced energy loss, and less consistent with an inelastic
hadronic collision, which would be more likely to produce
higher energy hadrons. In Fig. 1 is shown an illustration of
b and d for low xBj and for high xBj, adapting the develop-
ment of Refs. [37,38]. In what follows we primarily consider
the color propagation in the target rest frame (TRF), while
clarifying the connections to the infinite momentum frame
(IMF) for completeness. At lower xBj < 0.1, which is the case
for most of the E665 data, the quark pair production process
becomes possible. The process of producing a virtual photon
and qq̄ pair in the target reference frame is distributed over a
longer distance in space due to the Ioffe time ≈1/(2xBjMp)
or coherence length [39] with the pair formation naturally
occurring as one of the DGLAP radiation loop processes that
are proportional to log(Q2). For higher xBj > 0.1, the simpler
process of absorption of the virtual photon by a valence quark,
shown on the right-hand side of the figure, is dominant.

In the TRF the DIS cross section σDIS is determined by
the scattering of the qq̄ Fock state of the virtual photon on
the target (and of higher Fock states at higher orders of αs). At
leading twist there are two qualitatively distinct configurations
of the qq̄ pair which give rise to σDIS ∝ 1/Q2:

(1) Quarks with similar momenta: the two quarks share the
photon longitudinal momentum ∼ν roughly equally,
and have relative transverse momentum ∼Q. Then the
transverse size of the pair is ∼1/Q, and their scattering
cross section in the target is ∝ 1/Q2 (color trans-
parency). The pair dominantly scatters through gluon
exchange to the target. In the standard IMF frame
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this corresponds to the physical process γ ∗ + g → qq̄,
which occurs via higher orders of the photon’s Fock
space. The gluon needs to be highly virtual to re-
solve the small-sized quark pair, hence this process is
suppressed by αs(Q2). Nevertheless this process dom-
inates at low xBj due to the large gluon distribution,
corresponding to the left-hand side of Fig. 1.

(2) Quarks with very different momenta: one of the quarks
takes nearly all of the photon momentum ν, while
the other’s momentum remains fixed in the Bjorken
limit. The transverse size of such pairs originates in the
intrinsic k⊥ distribution of the parton, ∼1 fm, and so
they scatter with a large (Q-independent) cross section.
The probability of such a Fock state in the photon is
∝ 1/Q2, accounting for σDIS ∝ 1/Q2. The quark with
fixed momentum may be considered to be part of the
target wave function. Thus this process corresponds, in
the IMF, to the lowest order parton model γ ∗ + q → q
shown on the right-hand side of Fig. 1.

There is a smooth connection between cases 1 and 2. At
low xBj the quark with Q-independent momentum neverthe-
less has a large longitudinal momentum ∝ 1/xBj, and starts
to interact via gluon exchange. Such quarks correspond to
sea quarks in the IMF, generated by gluon splitting at higher
orders of αs.

In the following section we will make use of the PYTHIA6
module within BeAGLE to quantify the relative contributions
of these processes in the E665 kinematics.

IV. MONTE CARLO SIMULATION: BEAGLE

The Monte Carlo code “Benchmark eA Generator for
LEptoproduction” (BeAGLE) [40] version 1.02 was used to
simulate the E665 grey tracks in this work. BeAGLE is a
general purpose FORTRAN program for simulating electron-
nucleus (eA) interactions. We are testing and using the PyQM
module which we updated in the current version of BeAGLE
to explore the sensitivity of the grey track observables to
partonic energy loss in the cold nuclear medium.

BeAGLE is a hybrid model that uses the DPMJet [41],
PYTHIA6 [42], PyQM, FLUKA [43,44], and LHAPDF5 [45]
codes to describe high-energy leptonuclear scattering. The
geometric density distribution is provided primarily by PyQM
while the quark distributions within that geometry are pro-
vided by nPDF EPS09 [46]. The parton-level interactions
and subsequent fragmentation is carried out by PYTHIA6.
Hadronic formation and interaction with the nucleus is de-
scribed by DMPJet, the impact of the scattering on the
nucleus is described by FLUKA, including nucleon and light
fragment evaporation, de-excitation by photon emission, nu-
clear fission, and Fermi breakup of the decay fragments. The
PyQM module implements the Salgado-Wiedemann quench-
ing weights to describe partonic energy loss [47].

BeAGLE includes a variety of options to control the
phenomena included in the simulation, some of which are
mentioned here. Nuclear shadowing is described via two dif-
ferent approaches. The hadron formation time is accounted
for in the DPMJet intranuclear cascade. Fermi motion of the

nucleons in the nucleus can be described with several different
mechanisms, or turned off completely. The nuclear geometry
parameters from PyQM can be overridden, and deformed
nuclei can be described. The PyQM actions available include
specification of the q̂ transport coefficient to adjust the degree
of interaction between energetic partons with the nuclear en-
vironment. Some details of the partonic energy loss process
in PyQM can also be selected, such as the fraction of the
recoil in PyQM transferred to the nucleus, the modeling op-
tions for quark/hadron transverse momentum generated by the
medium, the multiplicity and energy of the generated gluons,
and other options. The main program is DPMJet, which uses
PYTHIA6 to handle elementary interactions and fragmentation.
PyQM handles this directly after elementary interactions in
PYTHIA6, while DPMJet handles nuclear geometry and, after
fragmentation by PYTHIA6, DPMJet takes care of the nuclear
evaporation by FLUKA.

As described earlier, at high xBj the process γ ∗ + q → q
dominates, and at low xBj the process γ ∗ + g → qq̄ domi-
nates. Here, we quantify the relative probability of those two
kinds of processes according to the modeling of PYTHIA6
in the E665 kinematics. These are quantified in three cate-
gories, following Ref. [33]: xBj < 0.02 (shadowing region),
xBj > 0.02 (no shadowing region), and the full range accessed
0.002 < xBj < 0.3.

As is evident in Table I, the PYTHIA6 assessment of the
various processes indicates that the high-xBj process described
in the previous section, and shown in Fig. 1 (right), is the
dominant process by far. Even though the E665 data go as low
as 0.002 in xBj, according to PYTHIA6 it is not low enough to
have a significant production of the low-xBj process described
in the previous section and shown in Fig. 1 (left). This will
presumably be much more prevalent in high energy colliders
such as the future high energy Electron-Ion Collider.

V. MEDIUM-INDUCED GLUON RADIATION: PyQM

In nuclear DIS processes, the partons emerging from hard
scattering will, for a time τc, travel as a colored particle [48],
and experience multiple rescatterings on the nucleus remnant.
The parton energy degradation—or parton energy loss—
caused by medium-stimulated gluon radiation is an important
process to understand the suppression of large momentum
hadron production observed in semi-inclusive nuclear DIS
processes at various facilities [49].

In BeAGLE, the PyQM module is used to simulate
medium-induced gluon radiation and quark energy loss. For
each quark and gluon generated by PYTHIA6, the amount �E
of energy radiated by a parton traveling through a nucleus
is stochastically generated using “quenching weights” cal-
culated by Salgado and Wiedemann [47], that provide the
probability distribution P(�E ; ωc, R) in the energy �E . The
model considers a static and uniform medium of length L
with scattering power quantified by the transport coefficient
q̂, that measures the average parton transverse momentum
broadening per unit path length. The radiation process is
regulated by the gluon characteristic energy ωc = 1

2 q̂L2. In
a finite size medium, large angle radiation suppression is
controlled by the cutoff parameter R = ωcL. The geometry
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TABLE I. Percentage of the processes in which a “point photon” is used and in which interaction mechanisms are used in PYTHIA6 for
the BeAGLE parameter settings used in this work. The BeAGLE hadron formation time parameter tau0 was set to 7 fm. For the “point
photon” processes, the hard-scattering final state is composed of a single q or q̄ (LO), a qq̄g triplet (QCD Compton), or a qq̄ pair (PGF). In
all cases an appropriate soft nucleon remnant or remnant cluster is produced by PYTHIA6. For “vector meson production” the final state is
V + N,V ∗ +N,V + N∗,V ∗ +N∗, where ∗ means a diffractively broken up state. In the “resolved process,” the γ ∗ is treated as a hadron and
interacts through a hard QCD process with the nucleon. Thus, a quark, antiquark or gluon from the γ ∗ interacts with a quark, antiquark or
gluon from the nucleon, leaving two remnant systems. The “low-pT” processes collect together remaining categories that contribute to low pT

interactions. The numbers in this table are calculated for xenon, but they are very similar for deuterium.

Process xBj < 0.02 xBj > 0.02 0.002 < xBj < 0.3

Point-photon: LO-DIS 85.58% 98.37% 93.46%
Point-photon: QCD Compton 3.98% 0.65% 1.92%
Point-photon: Photon-gluon fusion 7.42% 0.41% 3.09%
Vector meson production 0.41% 0.13% 0.24%
Resolved processes 2.17% 0.16% 0.93%
Low pT processes 0.44% 0.28% 0.34%

of the nuclear medium is taken into consideration by using a
Woods-Saxon density distribution [50] to randomly generate
the struck quark production point, and calculate its average in-
medium path length d . The energy loss �E is then calculated
using quenching weights with L = d . The partonic final state
generated by PYTHIA6 is then modified by removing the ap-
propriate amount of energy from each of the partons generated
in the hard scattering, and furthermore adding gluons to the
final state, or letting these be absorbed by the nucleus remnant
as discussed below. Finally, hadronization of this modified
final state is handled as usual by PYTHIA6’s implementation
of the Lund string fragmentation model. A more detailed
description of PyQM can be found in [51]. The in-medium
interactions of non partonic states generated by PYTHIA6—
especially soft hadrons—are handled by BeAGLE’s DPMJET
module.

We have implemented four different energy loss scenarios
when interfacing PyQM to the BeAGLE simulation. These
differ in the way the radiated gluons are added to the final
state generated by JETSET and how much of their energy is
absorbed by the nuclear medium, or escapes it.

In the first option, called no gluons, there is no compen-
sation for the energy lost by the hard partons, namely, we
neither add gluons to the final system to carry away the lost
energy, nor do we redistribute this in the rest of the nuclear
remnant. Energy conservation is therefore broken, and we use
this option for cross-check purposes.

In the second option, called 1-hard gluon, we attribute the
energy loss to the radiation of a gluon generated in a single
hard rescattering on the nuclear medium. This gluon is added
to the final state with energy �E = E initial

parton − Efinal
parton, where

E initial
parton is the initial energy of the parton that will lose energy,

and Efinal
parton is the result of its energy loss, isotropically dis-

tributed as transverse momentum of magnitude q2
T = q̂L, and

a longitudinal momentum appropriate for an on-shell massless
gluon.

In the third case, called 1-hard + soft gluons, we consider
the energy of a radiated hard gluon based on the multiple
soft scattering approximation [47], where the gluon energy

spectrum per unit path length is

ω
dI

dωdz
	 αs

√
q̂

ω
(1)

for ω < ωC. After integrating over the path length and ω,
along with considering that the multiplicity of gluons emit-
ted with energies larger than ω is N (w′) = ∫ ∞

w′ dw′ dI (w′ )
dw′ we

obtain for one gluon

ωhard = 4α2
s L2q̂, (2)

where L is the average path length, q̂ is the transport coeffi-
cient and αs is the strong coupling at soft scales. The energy
loss is calculated as �E = E initial

parton − Efinal
parton, just like the option

above, which gives the total energy available to us as �E ,
where ωhard can be either less than or equal to �E . To convert
energy in cases where ωhard is less than �E , we create soft
gluons with energy:

ωsoft = �E − ωhard. (3)

For technical reasons, FLUKA has difficulties handling very
high energy deposited in the nucleus. To circumvent this issue,
we add a constraint on the soft gluons that they must not have
energy greater than 5 GeV. In the scenario where they can have
this energy or more, we produce a qgq̄ triplet with energy:

ωtriplet = ωsoft − 5 [GeV]. (4)

In summary, in this option we add a hard gluon with energy
ωhard while the remaining radiated energy is transferred to the
remnant nucleus and a qgq̄ triplet can be created in case of
energy excess.

In the last option, called soft gluons, we do not add a gluon
to the PYTHIA6 list, but we conserve energy by redistributing
the energy loss to the remaining nuclei. We model the process
assuming that only soft gluons are radiated with a total energy
�E = E initial

parton − Efinal
parton which is redistributed to the nuclear

remnant. Similarly to the previous option, we have to limit
the total energy sent to the nucleus and will create a triplet to
absorb any extra energy beyond 5 GeV. This option is similar
to option one, with the only difference that we conserve the
energy.

045202-5



CAROLINA M. ROBLES GAJARDO et al. PHYSICAL REVIEW C 106, 045202 (2022)

As an additional remark, for the purposes of calculation of
energy loss, we assume that the photon energy, proportional
to ν, is large enough to boost the struck parton’s lifetime
outside of the nuclear target. Consequently, τc � d , and in-
duced gluon radiation occurs all along the struck parton’s
path through the whole nucleus. This should be a fair ap-
proximation for forward tracks at the energy of the E665
experiment considered in this work, as well as at the future
Electron-Ion Collider. It is not necessarily true for the target
projectile region, even in E665 kinematics, since there is
strong experimental evidence of intranuclear cascades asso-
ciated with backward kinematics. BeAGLE uses an estimate
for τc to decide when each hadron is formed, and if hadrons
are produced inside the nucleus, a detailed simulation of the
resulting intranuclear cascade is initiated. At lower energies,
such as at Jefferson Lab, hadronization may occur inside the
medium even for forward tracks, and one would also need
to include prehadron formation and nuclear absorption in the
simulation.

VI. RESULTS: COMPARISON TO E665
EXPERIMENTAL DATA

The analysis [33] made by the E665 experiment compares
μXe and μD data and pXe scattering from the NA5 col-
laboration to study nuclear effects in the hadronic system
with the grey tracks in an event being the main tool in the
comparisons. They reported that the average multiplicity 〈ng〉
of the grey tracks is significantly lower with μXe scattering
than with pXe scattering, consistent with expectations due to
the absence of initial state interactions between the incident
particle and the nucleus in the muon scattering data.

The E665 measurements were performed with a muon
beam with an average energy of 490 GeV. Since particle
identification detector information was not available, a par-
tial identification of protons was used based on the physics
expectation, considering that in μD scattering with Eμ = 490
GeV and W > 8 GeV about 50% of the positive hadrons with
xF(mπ ) < −0.2 were protons [33].

To define the DIS region, to avoid kinematic regions where
the radiative corrections are large, and to exclude the region
where the experimental resolution is poor, they applied the
following kinematic cuts: Q2 > 1 GeV2, 8 < W < 30 GeV,
and xBj > 0.002. After all cuts, the total number of events in
BeAGLE is approximately 4.6 × 106 events for the deuterium
target and 4.5 × 106 events for the xenon target, and 6309
events for the deuterium target and 2064 events for the xenon
target in Adams et al. [33]. Although in the data the grey
tracks were assumed to be predominantly protons, there was
a large contamination by pions and kaons, estimated at about
40% and (15 ± 9)% for the μD and μXe data, respectively
[33].

In the above reference, a comparison was made between
the results for multiplicity ratios with and without grey tracks.
It was concluded that grey tracks are very efficient for tagging
events where cascade interactions occur because the nuclear
effects on hadrons are strongly enhanced in the sample of
μXe events containing grey tracks. The sample of μXe events
without grey tracks appeared very similar to the sample of

μD events, reinforcing the idea that diffractive scattering has
a very similar pattern on deuterium and xenon.

In BeAGLE, the same kinematics cuts were applied with
the only exception that the grey tracks (ng) are directly identi-
fied as protons with momentum 0.2 < p < 0.6 GeV.

The multiplicity ratio [33] was defined as

R = 〈n(ng)〉μXe

〈n〉μD
, (5)

where 〈n(ng)〉μXe is the average number of hadrons in the
final state including charged pions and kaons, protons, an-
tiprotons in the xenon target, and 〈n〉μD is the average number
of hadrons and leptons in the final state for the deuterium
target. Moreover, the same charge cuts were applied to the
denominator as to the numerator, and grey tracks were also
included in 〈n(ng)〉μXe and 〈n〉μD.

E665 concluded that there were significant diffractive scat-
tering contributions to these data. They estimated that a lower
bound of 18 ± 3% of all events were diffractive for xBj less
than 0.02 on xenon. It can be anticipated that diffractive
events would modify the measured multiplicity ratios. It is
also commented in section 4.8 of [33] that diffractive scat-
tering events would have a similar topology for xenon as
for deuterium. It goes on to say that such scattering events,
which involve particle combinations with the quantum num-
bers of the vacuum, would naturally produce fewer hadrons
than the DIS processes, which involve color octet particles
in propagation, on average. As a result, the multiplicity ratio,
defined in Eq. (5), changes its value if diffractive scattering
occurs. The numerator and denominator of the multiplicity
ratio are both affected by the presence or absence of diffractive
scattering. The numerator, an average over the multiplicity for
xenon as a function of the number of grey tracks, would be
enhanced by diffractive scattering for low ng. For example,
it contributes more events to the ng = 0 bin than the pure
DIS process would, on average. In the denominator, which
is the average deuterium multiplicity, the diffractive scatter-
ing would also produce cleaner events than DIS, biasing the
average to smaller numbers. If this trend were to be corrected,
the denominator should be made larger.

Therefore, the expected effect on the multiplicity ratio,
relative to pure DIS events, would be that the numerator is
too large for low-ng events, and the denominator is too small
for all measured events. Both of these effects imply that for
pure DIS events, the multiplicity ratio should be smaller,
particularly for low-ng events, with the ng = 0 bin being the
most strongly affected. As can be seen in Fig. 2, a somewhat
smaller multiplicity ratio due to these effects could improve
the overall agreement of BeAGLE with the E665 data. We do
not attempt to make a correction to account for the effects
due to diffractive scattering; the trigger used for acquiring
these data, which required multiple charged particles, tended
to partly suppress coherent diffractive scattering to an extent
that is difficult to estimate.

The regions are divided into different values of rapidity
calculated in the photon-lepton center of mass frame as

y∗ = ln

(
Eh + ph

L

Eh − ph
L

)
, (6)
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FIG. 2. Multiplicity ratio R(ng)μXe as a function of the number of grey tracks ng for charged, positive, and negative hadrons, in three rapidity
intervals: the target, central, and projectile fragmentation regions, and for four PyQM options with transport coefficient q̂ = 0.5 GeV2/fm. The
different columns correspond to charged, positive, and negative hadrons and they are drawn in (a), (b), and (c), respectively. The different
options of PyQM are highlighted by different types of lines and colors, where the orange (upper) solid line corresponds to the no gluons
option, the green dashed-dotted line corresponds to 1-hard gluon option, the blue dashed-dotted line corresponds to 1-hard + soft gluons
option, grey dotted line corresponds to soft gluons options, red (bottom) solid line corresponds to the simulation without induced energy loss
with q̂ = 0 GeV2/fm, and full grey circles correspond to the E665 data.

where the first row is the target fragmentation region with
rapidity values y < 1, the middle row is the central fragmen-
tation region with rapidity values between −0.5 < y < 0.5,
and the last row is the projectile fragmentation region with
rapidity values y > 2. Each column indicates the charge of
the hadrons and leptons in their final state: the first column
stands for charged hadrons and leptons, the second for positive
hadrons, and the third for negative hadrons and leptons.

The E665 collaboration observed that the multiplicity ratio
R, Eq. (5), with ng in different rapidity regions, reveals diverse
characteristics of particle production on a nucleus. In Fig. 2,
the multiplicity ratio as a function of the number of grey tracks
ng is shown. The grey circles represent the E665 measure-
ments. They conclude that the abundant production of hadrons
in the target fragmentation region is due to cascade interac-
tions. In the central rapidity region, additional production of
hadrons due to multiple projectile collisions is seen in the pXe

scattering, while little additional hadron production is seen in
the μXe scattering [33]. At large ng, depletion of hadrons in
the projectile fragmentation region is seen, presumably due to
energy loss in projectile or cascade interactions. In the μXe
scattering, the events with large ng account for only a tiny
fraction of all events. Compared to the pXe data, the μXe
data showed a stronger depletion of fast hadrons than would
be expected from the number of projectile collisions.

In Fig. 2 we can also see the multiplicity ratio simu-
lated as a function of the number of grey tracks ng for q̂ =
0.5 GeV2/fm. The data consider up to seven grey tracks, but
in BeAGLE we predicted up to 12.

The different colors indicate the different gluon radiation
options in the PyQM module. Red represents no gluon radi-
ation option, pink represents a hard gluon whose energy is
�E = ωhard, green represents the radiation of a hard gluon
with at least energy ωhard [Eq. (2)] plus soft gluons with energy
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FIG. 3. Multiplicity ratio R(ng)μXe as a function of the number of grey tracks ng for charged, positive and negative hadrons for the
projectile region considering the four PyQM options with transport coefficient q̂ = 0.5 GeV2/fm. The result of simulations without induced
energy loss with q̂ = 0 GeV2/fm is also included as a reference. Charged, positive, and negative particles are drawn in columns (a), (b), and
(c), respectively. The different options of PyQM are highlighted by different types of lines and colors, where the orange (upper) solid line
corresponds to the no gluons option, the green dashed-dotted line corresponds to 1-hard gluon option, the blue dashed-dotted line corresponds
to 1-hard + soft gluons option, grey dotted line corresponds to soft gluons options, red (bottom) solid line corresponds to the simulation
without induced energy loss with q̂ = 0 GeV2/fm, and full grey circles correspond to the E665 data.

ωsoft Eq. (3). The last option in blue indicates that only soft
gluons are calculated, which means that all the energy is given
to the remaining nuclei, taking into account that the energy of
the soft gluons never exceeds 5 GeV.

To compare the different options and the effects of induced
gluon radiation in a lepton-nucleus collision, we simulated
different values of q̂, but we only show q̂ = 0.5 GeV2/fm
with q̂ = 0.0 GeV2/fm as reference. This is because even at
this relatively large number, there is essentially no large effect
due to energy loss. In Fig. 2 we see the multiplicity ratios as a
function of the grey tracks for each case and in Fig. 3 we have
rescaled the projectile region to see the small effects between
the options and subsequently the energy loss.

In the target fragmentation region, BeAGLE underesti-
mates the ratio for positive particles, where we also have a
large number of grey tracks in this region, see Fig. 2. In the
case of negative particles, BeAGLE predicts with high accu-
racy up to five grey tracks, but does not show much difference
from any of the PyQM options. It shows very large ratios, but
independent of energy loss, even with a high number of grey
tracks, at least in this region.

In the projectile fragmentation region, BeAGLE accurately
predicts up to four grey tracks for positive particles, but over-
estimates a high number of grey tracks without showing a
large suppression effect, even for large values of q̂. Therefore,
our calculations of energy loss are not considerably different.
For negative particles, BeAGLE continues to overestimate the
ratios, with no sign of a large suppression for a small number
of grey tracks.

The central fragmentation region provides a good de-
scription for negative particles, but not for positive particles,
underestimating the ratios. In any case, this region is a combi-
nation of processes that also come from the other two regions.

In Fig. 4 we present the average number of grey tracks,
and all grey tracks per event, compared to the in-medium
path length of the struck quark. This length is calculated by
BeAGLE from the interaction point to the edge of the nucleus.

We observe a strong correlation between the grey tracks and
the in-medium path length, despite the fact that the distribu-
tion of grey tracks is very large, indicating a general trend that
more grey tracks are observed as the distance of the struck
quark increases.

VII. CONCLUSIONS

We find that the grey track production is dominated by
interactions with in-medium hadrons in the backward region,
where grey tracks are quite numerous. We have improved the
PyQM module in BeAGLE to offer four options implementing
partonic energy loss. Using a comparison of BeAGLE sim-
ulation to E665 grey track data we find that grey tracks are
unaffected by such modifications for the forward production.
We see a strong correlation between the number of grey tracks
and the in-medium path length for lower values of ng, an

FIG. 4. In-medium path length calculated by BeAGLE from the
interaction point to the edge of the nucleus as a function of the
number of grey tracks, ng. This plot corresponds to BeAGLE with
the option no gluons and transport coefficient q̂ = 0.5 GeV2/fm.
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important quantity needed for precise modeling and interpre-
tation of geometry-tagged data. This offers the advantage that
a selection of certain particles in the forward region is unlikely
to bias a centrality selection using the backward region grey
tracks.

Our energy loss model does not reproduce the suppression
observed in the projectile region data, even with rather large
values of q̂. This raises questions on what could be at the
origin of such a large suppression, unexpected at such high
energies. We also see an unambiguous underprediction of the
rate of positively charged grey track production in backward
kinematics, suggesting that a much stronger interaction with
the nuclear medium is needed. At the same time, there is
very good agreement with the rate of negatively charged grey
track production, indicating that the fragmentation process
producing the negatively charged particles is well described.

These results lay an important foundation for future specta-
tor tagging studies both with CLAS12 at Jefferson Lab, and at
the Electron-Ion Collider, where both neutron and proton grey
track studies will be feasible down to very small momenta.
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[8] K. Kovařík, A. Kusina, T. Je, D. B. Clark, C. Keppel, F. Lyonnet,
J. G. Morfín, F. I. Olness, J. F. Owens, I. Schienbein, and J. Y.
Yu, nCTEQ15: Global analysis of nuclear parton distributions
with uncertainties in the CTEQ framework, Phys. Rev. D 93,
085037 (2016).

[9] K. J. Eskola, P. Paakkinen, H. Paukkunen, and C. A. Salgado,
EPPS16: nuclear parton distributions with LHC data, Euro.
Phys. J. C 77, 163 (2017).

[10] R. A. Khalek, J. J. Ethier, J. Rojo, and G. van Weelden,
nNNPDF2.0: quark flavor separation in nuclei from LHC data,
J. High Energy Phys. 09 (2020) 183.

[11] M. Walt, I. Helenius, and W. Vogelsang, Open-source QCD
analysis of nuclear parton distribution functions at NLO and
NNLO, Phys. Rev. D 100, 096015 (2019).

[12] S. Alekhin, J. Blümlein, and S. Moch, NLO PDFs
from the ABMP16 fit, Euro. Phys. J. C 78, 477
(2018).

[13] H. Paukkunen and P. Zurita, Can we fit nuclear PDFs
with the high-x CLAS data? Euro. Phys. J. C 80, 381
(2020).

[14] E. P. Segarra, T. Ježo, A. Accardi, P. Duwentäster, O. Hen,
T. J. Hobbs, C. Keppel, M. Klasen, K. Kova, A. Kusina, J. G.
Morfín, K. F. Muzakka, F. I. Olness, I. Schienbein, and J. Y. Yu,
Extending nuclear pdf analyses into the high-x, low-Q2 region,
Phys. Rev. D 103, 114015 (2021).

[15] A. Accardi et al., Electron-ion collider: The next QCD frontier,
Eur. Phys. J. A 52, 268 (2016).

[16] D. P. Anderle, V. Bertone, X. Cao, L. Chang, N. Chang, G.
Chen, X. Chen, Z. Chen, Z. Cui, L. Dai et al., Electron-ion
collider in China, Front. Phys. 16, 64701 (2021).

[17] A. Abada et al. (FCC Collaboration), HE-LHC: The High-
Energy Large Hadron Collider: future circular collider concep-
tual design report volume 4, Eur. Phys. J.: Spec. Top. 228, 1109
(2019).

[18] A. Abada et al. (FCC Collaboration), FCC physics opportuni-
ties: Future circular collider conceptual design report volume 1,
Eur. Phys. J. C 79, 474 (2019).

[19] A. Abada et al. (FCC Collaboration), FCC-ee: The Lepton Col-
lider: Future circular collider conceptual design report volume
2, Eur. Phys. J.: Spec. Top. 228, 261 (2019).

045202-9

https://doi.org/10.1016/j.physletb.2021.136801
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1103/PhysRevD.75.094009
https://doi.org/10.1140/epjc/s10052-011-1827-7
https://doi.org/10.1103/PhysRevD.105.L031502
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/j.physletb.2021.136812
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1007/JHEP09(2020)183
https://doi.org/10.1103/PhysRevD.100.096015
https://doi.org/10.1140/epjc/s10052-018-5947-1
https://doi.org/10.1140/epjc/s10052-020-7971-1
https://doi.org/10.1103/PhysRevD.103.114015
https://doi.org/10.1140/epja/i2016-16268-9
https://doi.org/10.1007/s11467-021-1062-0
https://doi.org/10.1140/epjst/e2019-900088-6
https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.1140/epjst/e2019-900045-4


CAROLINA M. ROBLES GAJARDO et al. PHYSICAL REVIEW C 106, 045202 (2022)

[20] A. Abada et al. (FCC Collaboration), FCC-hh: The Hadron
Collider: Future circular collider conceptual design report
volume 3, Eur. Phys. J.: Spec. Top. 228, 755 (2019).

[21] M. A. L. Leite (ATLAS Collaboration), Performance of the AT-
LAS Zero Degree Calorimeter, in 2013 IEEE Nuclear Science
Symposium and Medical Imaging Conference and Workshop on
Room-Temperature Semiconductor Detectors (IEEE, 2013).

[22] O. Surányi et al., Performance of the CMS zero degree
calorimeters in pPb collisions at the LHC, J. Inst. 16, P05008
(2021).

[23] R. A. Khalek, A. Accardi, J. Adam, D. Adamiak, W. Akers,
M. Albaladejo, A. Al-bataineh, M. G. Alexeev et al., Science
requirements and detector concepts for the electron-ion collider:
Eic yellow report (2021), arXiv:2103.05419 [physics.ins-det].

[24] V. Morozov et al., Geometry tagging for heavy ions at JLEIC,
PoS DIS2018, 175 (2018).

[25] L. Zheng, E. C. Aschenauer, and J. H. Lee, Determination of
electron-nucleus collision geometry with forward neutrons, Eur.
Phys. J. A 50, 189 (2014).

[26] I. C. Cloët, R. Dupré, S. Riordan, W. Armstrong, J. Arrington,
W. Cosyn, N. Fomin, A. Freese, S. Fucini, D. Gaskell, C. E.
Keppel, G. A. Miller, E. Pace, S. Platchkov, P. E. Reimer, S.
Scopetta, A. W. Thomas, and P. Zurita, Exposing novel quark
and gluon effects in nuclei, J. Phys. G: Nucl. Part. Phys. 46,
093001 (2019).

[27] R. Dupré et al., A radial time projection chamber for α detection
in CLAS at JLab, Nucl. Instrum. Methods Phys. Res. A 898, 90
(2018).

[28] H. Fenker, N. Baillie, P. Bradshaw, S. Bueltmann, V. Burkert,
M. Christy, G. Dodge, D. Dutta, R. Ent, J. Evans, R. Fersch,
K. Giovanetti, K. Griffioen, M. Ispiryan, C. Jayalath, N.
Kalantarians, C. Keppel, S. Kuhn, G. Niculescu, I. Niculescu
et al., Bonus: Development and use of a radial TPC using
cylindrical gems, Nucl. Instrum. Methods Phys. Res. A 592,
273 (2008).

[29] E. L. Feinberg, High energy successive interactions, Zh.
Eksp. Teor. Fiz. 50, 202 (1966) [Sov. Phys. JETP 23, 132
(1966)].

[30] A. Dar and J. Vary, Method to distinguish between multiparticle
production mechanisms, Phys. Rev. D 6, 2412 (1972).

[31] A. S. Goldhaber, Hadron structure explored in high-energy nu-
clear reactions, Phys. Rev. D 7, 765 (1973).

[32] I. Chemakin et al. (E910 Collaboration), Measuring centrality
with slow protons in proton-nucleus collisions at 18 gevc, Phys.
Rev. C 60, 024902 (1999).

[33] M. R. Adams, M. Aderholz et al. (E665 Collaboration), Nuclear
shadowing, diffractive scattering and low momentum protons in
μXe interactions at 490 GeV, Z. Phys. C - Particles and Fields
65, 225 (1995).

[34] C. Ciofi degli Atti and B. Kopeliovich, Time evolution of
hadronization and grey tracks in DIS off nuclei, Phys. Lett. B
606, 281 (2005).

[35] C. Ciofi degli Atti, Space-time evolution of hadronization in
DIS: Semi-exclusive processes and grey track production, Acta
Phys. 27, 79 (2006).

[36] W. K. Brooks and J. A. López, Estimating the color lifetime of
energetic quarks, Phys. Lett. B 816, 136171 (2021).

[37] V. Del Duca, S. J. Brodsky, and P. Hoyer, Space-time structure
of deep inelastic lepton - hadron scattering, Phys. Rev. D 46,
931 (1992).

[38] S. J. Brodsky and P. Hoyer, private communication (2021).
[39] Y. V. Kovchegov and M. Strikman, Ioffe time in double loga-

rithmic approximation, Phys. Lett. B 516, 314 (2001).
[40] W. Chang, E.-C. Aschenauer, M. D. Baker, A. Jentsch, J.-H.

Lee, Z. Tu, Z. Yin, and L. Zheng, BeAGLE: Benchmark eA
Generator for leptoproduction in high energy lepton-nucleus
collisions, Phys. Rev. D 106, 012007 (2022).

[41] S. Roesler, R. Engel, and J. Ranft, The Monte Carlo event
generator DPMJET-III, in Advanced Monte Carlo for Radiation
Physics, Particle Transport Simulation and Applications, edited
by A. Kling, F. J. C. Baräo, M. Nakagawa, L. Távora, and P. Vaz
(Springer, Berlin, Heidelberg, 2001), pp. 1033–1038.

[42] T. Sjöstrand, S. Mrenna, and P. Skands, PYTHIA 6.4 physics and
manual, J. High Energy Phys. 05 (2006) 026.

[43] C. Ahdida, D. Bozzato, D. Calzolari, F. Cerutti, N. Charitonidis,
A. Cimmino, A. Coronetti, G. L. D’Alessandro, A. Donadon
Servelle, L. S. Esposito, R. Froeschl, R. García Alía, A.
Gerbershagen, S. Gilardoni, D. Horváth, G. Hugo, A. Infantino,
V. Kouskoura, A. Lechner, B. Lefebvre et al., New capabili-
ties of the FLUKA multi-purpose code, Frontiers in Physics 9,
788253 (2022).

[44] G. Battistoni, T. Boehlen, F. Cerutti, P. W. Chin, L. S. Esposito,
A. Fassò, A. Ferrari, A. Lechner, A. Empl, A. Mairani, A.
Mereghetti, P. G. Ortega, J. Ranft, S. Roesler, P. R. Sala, V.
Vlachoudis, and G. Smirnov, Overview of the FLUKA code,
Ann. Nucl. Energy 82, 10 (2015), Joint International Confer-
ence on Supercomputing in Nuclear Applications and Monte
Carlo 2013, SNA + MC 2013. Pluri- and Trans-disciplinarity,
Towards New Modeling and Numerical Simulation Paradigms.

[45] M. R. Whalley, D. Bourilkov, and R. C. Group, The Les
Houches accord PDFs (LHAPDF) and LHAGLUE, in HERA
and the LHC: A Workshop on the Implications of HERA
and LHC Physics (Startup Meeting, CERN, 26–27 March
2004; Midterm Meeting, CERN, 11–13 October 2004) (2005),
pp. 575–581, arXiv:hep-ph/0508110.

[46] K. Eskola, H. Paukkunen, and C. Salgado, Eps09 - A new gen-
eration of NLO and LO nuclear parton distribution functions,
J. High Energy Phys. 04 (2009) 065.

[47] C. A. Salgado and U. A. Wiedemann, Calculating quenching
weights, Phys. Rev. D 68, 014008 (2003).

[48] A. Accardi, Hadronisation in nuclear deep inelastic scattering,
AIP Conf. Proc. 1189, 283 (2009).

[49] A. Accardi, F. Arleo, W. K. Brooks, D. d’Enterria, and V.
Muccifora, Parton propagation and fragmentation in QCD mat-
ter, Riv. Nuovo Cim. 32, 439 (2010).

[50] H. De Vries, C. W. De Jager, and C. De Vries, Nuclear charge
and magnetization density distribution parameters from elastic
electron scattering, At. Data Nucl. Data Tables 36, 495 (1987).

[51] R. Dupré, Quark Fragmentation and Hadron Formation in Nu-
clear Matter, Ph.D. thesis, Lyon, IPN (2011).

045202-10

https://doi.org/10.1140/epjst/e2019-900087-0
https://doi.org/10.1088/1748-0221/16/05/P05008
http://arxiv.org/abs/arXiv:2103.05419
https://doi.org/10.22323/1.316.0175
https://doi.org/10.1140/epja/i2014-14189-3
https://doi.org/10.1088/1361-6471/ab2731
https://doi.org/10.1016/j.nima.2018.04.052
https://doi.org/10.1016/j.nima.2008.04.047
https://doi.org/10.1103/PhysRevD.6.2412
https://doi.org/10.1103/PhysRevD.7.765
https://doi.org/10.1103/PhysRevC.60.024902
https://doi.org/10.1007/BF01571879
https://doi.org/10.1016/j.physletb.2004.12.021
https://doi.org/10.1556/APH.27.2006.1.11
https://doi.org/10.1016/j.physletb.2021.136171
https://doi.org/10.1103/PhysRevD.46.931
https://doi.org/10.1016/S0370-2693(01)00953-4
https://doi.org/10.1103/PhysRevD.106.012007
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.3389/fphy.2021.788253
https://doi.org/10.1016/j.anucene.2014.11.007
http://arxiv.org/abs/arXiv:hep-ph/0508110
https://doi.org/10.1088/1126-6708/2009/04/065
https://doi.org/10.1103/PhysRevD.68.014008
https://doi.org/10.1063/1.3274171
https://doi.org/10.1393/ncr/i2009-10048-0
https://doi.org/10.1016/0092-640X(87)90013-1

