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With the imminent construction of the Deep Underground Neutrino Experiment (DUNE) and Hyper-
Kamiokande, nucleon decay searches as a means to constrain beyond standard model extensions are once
again at the forefront of fundamental physics. Abundant neutrons within these large experimental volumes,
along with future high-intensity neutron beams such as the European Spallation Source, offer a powerful,
high-precision portal onto this physics through searches for B and B − L violating processes such as
neutron-antineutron transformations (n → n̄), a key prediction of compelling theories of baryogenesis.
With this in mind, this paper discusses a novel and self-consistent intranuclear simulation of this process
within 40

18Ar, which plays the role of both detector and target within the DUNE’s gigantic liquid argon time
projection chambers. An accurate and independent simulation of the resulting intranuclear annihilation
respecting important physical correlations and cascade dynamics for this large nucleus is necessary to
understand the viability of such rare searches when contrasted against background sources such as
atmospheric neutrinos. Recent theoretical improvements to our model, such as the first calculations of the
40
18Ar intranuclear radial annihilation probability distribution and the inclusion of a realistic n̄A potential, are
discussed. A Monte Carlo simulation comparison to another publicly available n → n̄ generator within
GENIE is shown in some detail. The first calculation of 40

18Ar’s n → n̄-intranuclear suppression factor, an
important quantity for future searches at the DUNE, is also completed, finding TAr

R ∼ 5.6 × 1022 s−1.

DOI: 10.1103/PhysRevD.101.036008

I. INTRODUCTION

A. Theoretical background

Baryon number (B) violation is the only remaining
component of the Sakharov conditions [1] which has yet
to be confirmed experimentally, an innate requirement for

proper baryogenesis. While it was shown [2] that B itself is
not an exact symmetry of the standard model (SM) and is
only infinitesimally violated via B − L-conserving non-
pertubative electroweak instanton processes, this marginal
infraction does not appear to naturally explain the observed
excess of matter over antimatter. Thus, it is possible that not
only must B be violated, but that B − Lmust too be broken
via some beyond standard model (BSM) mechanism.
Such explicit B violating extensions can be constructed

as particular types of (di-) nucleon decays, mainly within
the structures of dimension d ¼ 6 and d ¼ 9 operators.
While it is believed that many d ¼ 6 operators (governing
things such as proton decay) may be heavily (or altogether)
suppressed [3,4], this may not be the case for d ¼ 9

operators with the basic structure c · qqqq̄ q̄ q̄ =M5, where
the high-mass scale M can be rather low at perhaps
∼100 TeV. These operators allow for modes of dinucleon

*jbarrow3@vols.utk.edu
†Also at Fermi National Accelerator Laboratory.
‡golubeva@inr.ru
§paryev@inr.ru∥j-m.richard@ipnl.in2p3.fr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 101, 036008 (2020)

2470-0010=2020=101(3)=036008(19) 036008-1 Published by the American Physical Society

https://orcid.org/0000-0002-7319-3339
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.036008&domain=pdf&date_stamp=2020-02-18
https://doi.org/10.1103/PhysRevD.101.036008
https://doi.org/10.1103/PhysRevD.101.036008
https://doi.org/10.1103/PhysRevD.101.036008
https://doi.org/10.1103/PhysRevD.101.036008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


processes of disappearance or oscillation, a most important
member of which is neutron-antineutron transformation
(n → n̄). Popular (modern and minimal) BSM extensions
[5–8] permitting such a process can dynamically create a
proper baryon abundance in the early Universe, even while
predicting a reasonable and possibly observable upper limit
on the mean transformation time in vacuum, allowing the
theory to be well constrained if not eventually entirely
eliminated experimentally. This prospect seems stronger
than ever given new studies from lattice quantum chromo-
dynamics calculations [9] and other interesting, highly
general recent works [8,10–12].

B. DUNE and intranuclear n → n̄ in 40
18Ar

The Deep Underground Neutrino Experiment (DUNE)
will be the future heart of American particle physics. It will
contain 40 kt of liquid argon (4018Ar) inside its fiducial mass,
acting both as prospective neutrino target and ionization
detection medium within a set of four gargantuan time
projection chambers. While its main goals of study are
eponymous, some nuclear and particle physicists see the
DUNE as the next large-scale step toward answering
arguably more fundamental and controversial questions
about the nature of matter and the laws which govern it and
its origins. Of course, BSM physics searches like n → n̄ fit
within this program well.
This oscillatory or transformational process can be best

encapsulated within a single value: the mean vacuum
(free) transformation period, τn→n̄. Taking account of the
bound nature of the intranuclear n, the inclusion of a
so-called intranuclear suppression factor TR converts this
free transformation time into a bound transformation time
T ¼ TRτ

2
n→n̄, where TR is quite large. Some details of this

derivation, along with the first calculation of this factor for
the 40

18Ar nucleus, are described in some detail in later
sections.
Previous searches for n → n̄ have been carried out using

both free [13] and bound [14–20] n’s. The most successful
thus far has been Super-Kamiokande’s [18] bound water-
Cherenkov n → n̄ search within 16

8 O, which, given 24
candidate events and an expected background of 24.1
atmospheric neutrino events over ∼4 years within 22.5 kT
of fiducial mass, set a limit on the intranuclear n lifetime
of 1.9 × 1032 years, which, when converted to a free trans-
formation time, became ≥ 2.7 × 108 s. The best free n
search occurred at the Institut Laue-Langevin [13], and
puts a lower limit at roughly the same order of magnitude
with no apparent backgrounds.

C. Past intranuclear n → n̄ simulation work

It is critical to recognize the interdependency of the
computational modeling of BSM signals and backgrounds
in the estimation of detector efficiencies and background
rates within the context of large modern experiments. Thus,

it becomes crucially important that one should take care to
model BSM signals and backgrounds as completely,
consistently, and rigorously as necessary by employing
limited approximations which attempt to preserve as much
physics as possible. This is especially true given nontrivial
automated triggering schemes planned for future rare event
searches. Unfortunately, in the case of many previous
n → n̄ studies, this has not altogether been the case.
While previous work in 40

18Ar by Hewes [21] and others
from the DUNE Nucleon Decay Working Group using
newly constructed modules within the GENIE [22]
Monte Carlo (MC) event generator has made excellent
progress and developed technically fantastic analysis
schemes using convolutional neural networks and boosted
decision trees, many of the underlying physics assumptions
of a hypothesized n → n̄ signal within the GENIE default
model are not entirely correct. Some approximate notions
include the following:
(1) The assumption that the annihilation occurs along

the nuclear density distribution of the nucleus, as
discussed in [21] and other works, even while the
outcomes of [23] are referenced openly and often
used; this ignores the surface dominance of the
transformation and subsequent annihilation, a key
prediction of [23,24]. Using two models (including a
more holistic quantum-mechanical one similar in
spirit to [23]), these two assumptions are tested,
showing moderate disagreement.

(2) Employing a single nucleon momentum distribution
described by a nonlocal, relativistic Bodek-Ritchie
[22,25] Fermi gas [the radial dependence of the
annihilating (anti-) nucleons’ momenta are ignored].

(3) Only ∼10 annihilation channels (a la [18]) are
assumed to be necessary to describe the annihilation
products. This seems low, as ∼100 are known, many
of them containing heavier resonances; these heavier
species can be responsible for ∼40% of all pion
(π0;�) production.

(4) A true cascade model has not yet been employed,
and instead has been approximated as a single
effective interaction (GENIE’s Intranuke hA2015
[22] was used for previous results).

(5) There also exists no deexcitation model(s) (nucleon
evaporation etc.) within current publicly available
builds of GENIE for 40

18Ar
(6) No comparison tests against antinucleon annihila-

tion data have yet been considered.
(7) Only a rough estimation of the nuclear suppression

factor of 40
18Ar has thus far been used to approximate

lower limits on the transformation period.
There is no doubt that some of these current technical-

ities proceed directly from the secondary nature of the
GENIE n → n̄ module’s genesis, a consequence of
GENIE’s top-down structure and first-and-foremost focus
on neutrino interactions. This being said, similar issues or
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inconsistencies are known to exist in other work [26], and
detailed explanations of past simulations’ internal proc-
esses are quite lacking [18,27], but to individually contend
these here is not the goal of this article.

D. This work

Instead, a new and antinucleon-data-tested model is
offered here which does not ignore or grossly approximate
these effects. In this work, first, the intranuclear oscillation
and subsequent annihilation of an n̄ is considered using
the Sternheimer equation and a proper handling of neutron
wave functions. For each neutron shell of 40

18Ar, we
calculate the induced n̄-component by solving the
Sternheimer equation with a realistic n̄A interaction, as
done in previous works by Dover et al. From this, the shell-
by-shell and average radial annihilation probability distri-
butions are derived, the first calculation of its kind for 40

18Ar
and now an integral part of the Monte Carlo simulations
discussed later in this work. As a consequence of this study,
the first calculation of the intranuclear n → n̄ transforma-
tion suppression factor for 40

18Ar has been completed,
finding a value of TAr

R ∼ 5.6 × 1022 s−1, some ∼12%
smaller than previous coarse estimates taken from 56Fe
[21]. Secondly, the first discussion and implementation of
novel annihilation pair dynamics in the presence of a
realistic n̄ potential are completed, where mass defects
and momentum modification have now been taken into
account within these simulations in a self-consistent way.
Third, we consider how changes to our model compare to
experiment and past simulation work in extranuclear p̄12C
annihilation at rest [28] before moving on to consider
extranuclear n̄C, and then intranuclear n → n̄ and n̄N
annihilation within 40

18Ar. Finally, we analyze our inves-
tigation and slight perturbation of GENIE’s publicly
available n → n̄ module, attempting to understand the
commonalities and differences across both simulations;
critically, a discussion is begun as to how ignorance of
some particularly physically relevant correlations may
affect the eventual feasibility of a true event’s observation
in the DUNE.

II. THE INTRANUCLEAR n̄ LIFETIME OF
DEUTERIUM AND 40Ar

A. Concepts and pertinent questions

Assuming that the n → n̄ transformation does occur in a
vacuum, an interesting question arises: what are the
consequences for a nucleus? Of course, if an intranuclear
n becomes an n̄, an annihilation will eventually take place
within the nucleus, releasing ∼2 GeV of rest-mass energy,
from which ∼4–5mesons are emitted on average. After this
point, the wounded nucleus evaporates several nucleons
and perhaps breaks into unstable daughter nuclei. Several
questions are immediately raised.

(1) When an n tentatively becomes an n̄, it ceases
feeling a smooth potential of ≲50 MeV and instead
experiences a (complex) potential whose magnitude
is ≳100 MeV. How much is such a transformation
suppressed by this change in potential?

(2) A deep annihilation could produce multiple frag-
ments, with the primary mesons ultimately being
absorbed. Alternatively, a peripheral annihilation [24]
would probably release a large fraction of the primary
mesons and at most rip out only a few nucleons, albeit
with a more asymmetric topology. So, where, pref-
erentially, does the annihilation take place?

(3) Many measurements were accumulated at Brook-
haven throughout the 1960s and 1970s, and later at
CERN thanks to the LEAR facility (1982–1996),
which benefited from a pure, intense, and cooled
antiproton (p̄) beam. For a review, see, e.g., [29,30].
However, LEAR was shared by many experiments
with various aims dealing with fundamental sym-
metries, strangeness physics, exotic mesons, etc.,
and experiments providing knowledge of vital sys-
tematics for N̄N and N̄A measurements were not
given top priority. With this in mind, is our knowl-
edge of antinucleon-nucleon (N̄N) and antinucleon-
nucleus ðN̄AÞ interactions sufficient to carry out such
an investigation?

(4) Some concerns have been expressed about the
reliability of the estimate of the n → n̄ lifetime
inside nuclei within a straightforward nuclear-phys-
ics approach; see, e.g., [31,32]. Can one face these
criticisms and demonstrate stable and consistent
results?

In this section, a review of these questions is discussed with
methods based on the Sternheimer equation (see, e.g., [33],
and references therein), as used by Dover et al. and
Friedman et al. [23,34–36] throughout past discussions
of these topics. Such methods are then applied to the 40Ar
isotope, which comprises the main component of the
DUNE detector. For completeness, the main steps of these
calculations are repeated.

B. Lifetime of the deuteron

As a brief warm-up, consider a simplified deuteron,
consisting of a pure s-wave bound state of a proton (p) and
neutron (n). One may adopt the wave function by Hulthen,
which has been tuned to reproduce the correct binding
energy and spatial extension. It reads (see, e.g., [37,38])

Ψn ¼
1ffiffiffiffiffiffi
4π

p unðrÞ
r

;
Z

∞

0

unðrÞ2dr ¼ 1;

unðrÞ ¼ Nn½expð−λ1rÞ − expð−λ2rÞ�; ð1Þ

where Nn is a normalizing factor, r is in GeV−1,
λ1 ¼ 0.2316ℏc, and λ2 ¼ 5.98λ1. It has been checked that
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using another wave function does not change the following
results significantly, provided it fits the deuteron energy
and radius.
In the presence of n → n̄ transformations, the wave

function becomes

1ffiffiffiffiffiffi
4π

p
�
unðrÞ
r

jpni þ wðrÞ
r

jpn̄i
�
: ð2Þ

Assuming an arbitrary strength γ ¼ 1=τ for the n → n̄
transition, the induced n̄ component w is given by the
Sternheimer equation

−
w00ðrÞ
m

þ VwðrÞ − EwðrÞ ¼ −γunðrÞ: ð3Þ

This gives an exact estimate of the first-order correction to
the wave function and, hence, of the second-order correc-
tion to the energy without involving a summation over the
unperturbed states. Here, E is the unperturbed energy and V
the antineutron-proton optical potential, resulting in a width

Γ ¼ −2
Z

∞

0

jwðrÞj2ImVðrÞdr ð4Þ

¼ −2γ
Z

∞

0

unðrÞImwðrÞdr: ð5Þ

This immediately implies the scaling law Γ ∝ γ2, or for
the lifetime T ¼ Γ−1 of the deuteron

T ¼ TRτ
2; ð6Þ

where TR, sometimes called the “intranuclear suppression
factor,” is actually a reduced lifetime. For the optical
potential VðrÞ, there are some models that are tuned to
reproduce the main features of low-energy antinucleon-
nucleon scattering and have predicted the shift and broad-
ening of the low-lying levels of the protonium atom. A
method to solve Eq. (3) is discussed in [23], which is
similar to the one used in the earlier studies [34,35], and
involves the matching of several independent solutions
corresponding to various limiting conditions. The alter-
native below directly provides the desired solution. First, to
get the neutron wave function from the neutron potential
VnðrÞ, one should solve the radial equation

−un00=μþ VnðrÞunðrÞ ¼ EunðrÞ; ð7Þ

subject to unð0Þ ¼ unð∞Þ ¼ 0. A method adapted from
aircraft engineering [39] consists of the change of variables
r ¼ r0x=ð1 − xÞ, where r0 is a typical distance, and, for the
wave function unðrÞ ¼ ũnðxÞ, of an expansion

ũnðxÞ ¼
XN
j¼1

aj sinðjπxÞ ð8Þ

in which the coefficients aj are closely related to the
values of the function at the points xi ¼ i=ðN þ 1Þ, for
i ¼ 1; 2;…N. This results in an N × N eigenvalue equation
AUn ¼ EUn, where A is the discretized Hamiltonian and
Un is the vector of the ð1 − xiÞũnðxiÞ. See, for instance,
[40], for an application to quarkonium in potential models.
For the Sternheimer equation (3), one gets a simple matrix
equation,

ðĀ − E1ÞW ¼ γUn; ð9Þ
where the N × N matrix Ā is the discretized Hamiltonian
for the n̄, E is the n energy, andW ¼ fð1 − xiÞw̃ðxiÞg is the
vector containing the n̄ wave function. This calculation is
fast and robust.
Besides the deuteron energy E0 ¼ −0.0022 GeV and

wave function un, solving Eq. (3) requires a model for the
antineutron-proton potential V. As shown by Fermi and
Yang [41], the long-range part of the N̄N potential in
isospin I is deduced from the NN interaction in isospin I by
the G-parity rule: if a meson (or set of mesons) with G ¼
þ1 is exchanged, it gives the same contribution, while
under G ¼ −1 exchange, the sign is flipped. The complex
short-range part of V is fitted as to reproduce the low-
energy data on p̄ scattering and protonium. The so-called
DR2 model [42,43] has been adopted, and it was checked
that variants such as the Kohno-Weise potential [44]
produce very similar results. Of course, the isospin
I ¼ 1 of the potential is used for the full calculation of
the deuteron lifetime.
However, an annihilation requires both the presence of a

neighbor nucleon and an n̄, so the annihilation must take
place at a slightly less peripheral site than the n̄ density
itself; examples of this disparity can be seen in Fig. 1. For
the deuteron, the reduced lifetime is estimated to be about
TD
R ≃ 3 × 1022 s−1. This result shows great consistency

with other recent calculations such as [45]. A calculation
by Oosterhof et al. [32], based on chiral effective field
theory, is in some disagreement, but it has been revisited
very recently by Haidenbauer et al. [46] who found a
perfect agreement with the old estimate by Dover
et al. [34].
This estimate is remarkably stable. For instance, increas-

ing the core of the n̄p interaction by a factor of 10 results in
only a 20% increase of TR. Even with a large jVj, the n̄
transformation is more suppressed, but it actually annihi-
lates more efficiently. Remarkably, there is an almost exact
cancellation between these two effects. It can also be seen
that the calculation is sensitive mainly to the value of VðrÞ
near 0.8–1 fm. This is fortunate, as low-energy p̄ scattering
on nucleons and the shift of the antiprotonic hydrogen atom
probes essentially this region and so one cannot determine
the interaction at closer distances.1

1J-. M. R. thanks Femke Oosterhof for discussions on this
point.
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In Ref. [34], it is shown that adding a realistic D-wave
component, and a Sternheimer equation attached to it, does
not modify the result significantly.

C. Lifetime of the 40Ar nucleus

In Refs. [23,34], there are estimates of the lifetime of
nuclei that were important to analyze some past under-
ground experiments, in particular 16O [18] and 56Fe [17]. In
the present paper, we study the case of 40Ar which is
relevant for the DUNE experiment.
The detailed properties of atomic nuclei are well

accounted for by sophisticated Hartree-Fock calculations.
For many applications, it turns out to be rather convenient
to use ad hoc shell-model wave functions that are tuned to
reproduce the main properties of the nuclei, in particular the
spatial distribution of p’s and n’s. This was done in
connection with the compilation of nuclear data; see,
e.g., [47]. In the present study, besides a more efficient
handling of the Sternheimer equation, our variant consists
in using the strategy outlined within and neutron wave
functions from [48]; these wave functions correspond to a
fit of the main static properties of the nucleus of interest.
The p and n wave functions have been calculated for us by
Karim Bennaceur, in the so-called “filling approximation”:
the nucleus is supposed to be spherical, implying that the
states of each shell are populated with the same (integer or
fractional) occupation number.
The second ingredient of our work is the n̄-nucleus

potential. With the noticeable exception of the OBELIX
collaboration having studied antineutron scattering [49,50],
most data deal with the p̄-nucleus interaction, either via p̄
scattering or antiprotonic atom formation. The question is
whether one can reasonably assume that the n̄- and p̄-
nucleus potentials are nearly equal.
The most striking feature of N̄N cross sections is the

smallness of the charge-exchange component, already
stressed by the team having discovered the antiproton
[51], and confirmed in further measurements [30].
Indeed, a one-pion exchange alone would make the charge
exchange the largest contribution to the total cross section.
This implies a large cancellation of the isospin I ¼ 0 and
I ¼ 1 amplitudes, resulting in a somewhat isospin-inde-
pendent N̄N interaction, and is confirmed by the available
experimental data. If one compares the p̄p and n̄p total
cross sections, they almost coincide, and differ only in
tentative extrapolations towards lower energies; see
[50,52]. This is confirmed by a comparison of the angular
distribution of p̄ scattering on the isostopes 16O and 18O at
the same energy by the PS184 collaboration, with practi-
cally no differences [53].
Considering this, we soon see in the text which

follows that changes in the n̄-nucleus interaction, such
as its departure from understood p̄-nucleus interactions,
results in only very small modifications of the estimated

lifetimes. Of course, the p̄-nucleus potential fitting
scattering experiments and antiprotonic-atom data is
the strong-interaction part, and Coulomb effects have
been adequately removed.
For each n shell, there is an induced n̄ wave function

governed by an equation analogous to (3), with a
centrifugal term for p, d and f states, where V is now
the n̄-39Ar potential, and m the corresponding reduced
mass. In Fig. 2, some details are given for one of the
external shells which contributes most to the instability,
namely 1d5=2. It is seen that n̄ are produced in the tail of
the n distribution, with subsequent annihilation at the
surface of the matter distribution; the pattern is similar
for all other shells.
For comparison, the distribution of the 1f7=2 shell is

shown in Fig. 3: the peripheral character of the antineutron
component is even more pronounced, though still decays

FIG. 1. The n̄ radial distribution (red), arbitrarily rescaled to fit
the figure, as compared to the nominal neutron distribution (blue)
for the deuteron.

FIG. 2. The n̄ radial distribution (red), arbitrarily rescaled to fit
the figure, as compared to the nominal neutron distribution (blue),
and the annihilation density of (5), also arbitrarily rescaled
(dashed black), for the 1d5=2 shell of 40

18Ar.
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exponentially as in all other shells.2 The resulting radial n̄
distributions for all shells are shown in Fig. 4.
If one now adds up the contributions of each neutron to

the width, calculates the average width per n, and estimates
the corresponding reduced lifetime, one gets a value of
TAr
R ∼ 5.6 × 1022 s−1. As in the case of the deuteron, this

value is remarkably stable against changes in the param-
eters of the n̄-nucleon interaction. Thus, a similar uncer-
tainty of ∼20% is estimated.
This stability in the width can be understood: if one

increases the absorptive potential, the n → n̄ transition is
more suppressed, but, on the other hand, the antineutron
annihilates more efficiently. In Fig. 5 the factor γ is shown,
by which the width of the 1d5=2 level is modified when the
real n̄-nucleus potential is multiplied by fr and its imagi-
nary part by fi. If one changes these values by �20%, far
beyond what can be admitted to keep a good fit to the
antinucleon-nucleus data, modifications to the width are

less than 10%. The same pattern is observed for the other
levels. A consequence of this stability is that the estimated
suppression factor TR keeps the same order of magnitude
from one nucleus to the other, even from the deuteron
to 40

18Ar.
One can also illustrate how intranuclear n → n̄ trans-

formation and subsequent annihilation is a surface phe-
nomenon. In Fig. 6, the absorptive potential is modified
near r ¼ rc by applying as a factor a “glitch” function with
the form 1þ 0.4 expð−20ðr − rcÞ2Þ, where rc is varied.
The width is seen to be modified only near the surface, and
is insensitive to what happens in the center of the nucleus.
Again, the example shown is 1d5=2, but the other levels
exhibit a similar behavior.
To end this section, it is instructive to compare the

method based on an exact solution of the perturbation
equation (3) in the approximation where the n and n̄ spatial
distributions are not distinguished. If, furthermore, the n

FIG. 3. Same as for Fig. 2, but for the 1f7=2 shell.

FIG. 4. Antineutron densities for the shells of 40
18Ar.

FIG. 5. The relative change to the width of the 1d5=2 shell is
shown when a factor fr is applied to the real potential, and fi to
the imaginary part.

FIG. 6. The factor γ multiplying the width of the 1d5=2 shell
when a factor 1þ 0.4 expð−20ðr − rcÞÞ (r is in fm) is applied to
the absorptive potential.

2Some questions have arisen from colleagues regarding the
possibility of an annihilation occurring on another nucleus within
the larger (detector) medium; this is not permitted due to the
exponential decay of the n̄ density distribution over internuclear
distances, just as an n is not found inside another nucleus.

BARROW, GOLUBEVA, PARYEV, and RICHARD PHYS. REV. D 101, 036008 (2020)

036008-6



and n̄ nucleus do not differ too much in their real part, then
the width is given by (see, e.g., [54])

Γ ≈ −2=W̄; W̄ ¼
Z

∞

0

junðrÞj2WðrÞdr: ð10Þ

For the low-lying shells of 40Ar, the difference is small with
respect to our estimate. For the most external shell, the
width is overestimated by a factor of about 3.5, over-
emphasizing the suppression of the process.

III. INTRANUCLEAR n̄ DYNAMICS

A. The need for a more precise accounting
of nuclear effects

As a rule, the intranuclear cascade (INC) model used for
simulations of inelastic interactions of particles within the
nucleus is assumed to hold at energies ≳30–40 MeV (the
conditions of applicability of the model are considered in
detail in [28]). The influence of other intranuclear nucleons
on an incident particle is taken into account by the
introduction of some averaged potential UðrÞ, and so
within the nucleus a cascade particle changes its energy
by the amount of this potential. In the local Fermi gas
approximation used within the INC model, the intranuclear
nucleons are bound in the nucleus by a nuclear potential
VNðrÞ ¼ −TFðrÞ − ϵN , where TF is the Fermi energy of the
nucleon, and ϵN the average binding energy per nucleon.
Since the energies of the particles participating in the
cascade are sufficiently large, a simplified account of the
influence of the nuclear environment is justified and does
not lead to distortion of the simulation results
However, after modeling the interaction of a very slow n̄

with a 12C nucleus [28], some questions arose about the
legitimacy of particular physical approximations which
could no longer be ignored, requiring that a more correct
accounting of the nuclear environment be attained in both
cases of an extranuclear and intranuclear transformation
and subsequent annihilation. We discuss these pertinent
changes in our model, which have been incorporated into
all extranuclear and intranuclear simulations.

B. The n̄-nucleus intranuclear potential and how n̄
modifies the nuclear medium

The influence of the nuclear environment on an incom-
ing extranuclear (in the case of European spallation source
(ESS) using 12C [28]) or intranuclear n̄ leads to the
modification of the n̄’s vacuum four-momentum p̃n̄¼
ðEn̄;pn̄Þ (p̃2

n̄ ¼ E2
n̄ − p2

n̄ ¼ m2
n ¼ m2

n̄) inside the target
nucleus due to an effective scalar attractive nuclear
potential of the form [55]

Un̄ðrÞ ¼ V0

ρðrÞ
ρ0

; ð11Þ
where ρðrÞ is the local nucleon density normalized to the
atomic mass number A of the nucleus, ρ0 is the saturation

density, V0 is the n̄ potential depth at this density, and r is
the distance between the n̄ and the center of the nucleus.
Using inferences from Fig. 5, one may assume that the

n̄A and p̄A nuclear potentials are effectively the same. With
this potential, a parameter of the model, the total n̄ energy
E0̄
n in the nuclear interior of ordinary nuclei can be

expressed in terms of its in-medium mass m�̄
n, defined as

[55,56]3

m�̄
nðrÞ ¼ mn̄ þUn̄ðrÞ ð12Þ

and its in-medium three-momentum p0̄
n, as in the free

particle case, is [56]

E0̄
n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�2

n̄ þ p02
n̄

q
: ð13Þ

Analysis [56] of p̄ production in proton-nucleus and
nucleus-nucleus collisions at kinetic energies of a several
GeV showed that the p̄ potential at normal nuclear matter
density is in the range of −100 to −150 MeV for outgoing
p̄ momenta below 2.5 GeV=c. Studies of p̄ production
at AGS energies [58,59] suggest p̄ potentials of
≃ − 250 MeV and ≃ − 170 MeV at density ρ0 for p̄
annihilation events at rest with respect to the nuclear matter
and for p̄ with momentum of 1 GeV=c, respectively. The
real parts of a p̄ optical potential in the center of the nucleus
of −ð150� 30Þ MeV and of −ð220� 70Þ MeV were
extracted in [60] from the data on p̄ absorption cross
sections on nuclei and on the annihilation spectra of πþ ’s
and p’s, correspondingly. Combined analysis [61] of data
on antiprotonic x rays and of radiochemical data showed
that at the center of the nucleus the p̄ potential is
approximately −110 MeV in depth. So, in spite of various
attempts to fix this potential, its depth at density ρ0 still
remains rather uncertain presently. For the sake of definite-
ness, in the subsequent calculations, a realistic value of
V0 ¼ −150 MeV is used within Eq. (11).
The in-medium momentum p0̄

n is related to the vacuum
momentum pn̄ by the following expression:

E0̄
n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�2

n̄ þ p02
n̄

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

n̄ þ p2
n̄

q
¼ En̄: ð14Þ

For example, with V0 ¼ −150 MeV, this shows that for
n̄ annihilation at rest, i.e., when pn̄ ¼ 0, the n̄ momentum
jp0̄

nj in the center of the nucleus and at its periphery,

3The potentialUn̄ is the effective n̄A scalar potential. The value
of this potential in the center of the nucleus, V0, is actually a free
parameter of the model. This determines the total in-medium n̄
energy through the “free space” dispersion relation (13) and is not
the usual Lorentz scalar potential UN̄

S , determining along with the
Lorentz vector potential UN̄

V the total in-medium antinucleon

energy E0̄
N via the dispersion relation E0̄

N¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmN−UN̄

S Þ2þp02
N̄

q
−

UN̄
V [57].
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corresponding to 10% of the central density, is equal to 510
and 167 MeV=c, respectively.
Within the noninteracting local Fermi gas model4 used in

our MC simulations [28], for the bound target nucleon total
energy E0

N in the medium at the annihilation point r the
formula [62,63]

E0
N ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

N þ p02
N

q
þ VNðrÞ ≈mN þ p02

N

2mN
þ VNðrÞ ð15Þ

is used, where for every ith concentric zone of a spherical
nucleus we have

Vi
NðrÞ ¼ −

PF
i
N
2ðrÞ

2mN
− ϵN; ð16Þ

with

Pi
FNðrÞ ¼ ½3π2ρðrÞ=2�1=3: ð17Þ

Here,p0
N is themomentumof the nucleonN (N ¼ fp; ng) in

the Fermi sea, PFNðrÞ is the boundary Fermi momentum at
the local point r, and the quantity ϵN ≈ 7 MeV is the average
binding energy per nucleon; at this point, 0 ≤ jp0

N j ≤
PFNðrÞ. Within the representation of Eqs. (13)–(15), the
invariant collision energy s for the interaction of an n̄with a
nucleon bound in the nucleus at the point r is

s ¼ ðE0̄
n þ E0

NÞ2 − ðp0̄
n þ p0

NÞ2
¼ ðEn̄ þ E0

NÞ2 − ðp0̄
n þ p0

NÞ2: ð18Þ

The total collision energy En̄ þ E0
N entering into the

second relation of Eq. (18) in the nonrelativistic limit
appropriate to our case can be calculated as

En̄ þ E0
N ¼ mn̄ þmN þ p2

n̄

2mn̄
þ p02

N

2mN
þ VNðrÞ: ð19Þ

Contrary to the on-shell interaction, for n̄ annihilation at
rest, from Eq. (19) it is seen that this energy is always less
than mn þmN and its maximum value is mn þmN − ϵN .

If a bound target n is transformed into an n̄ (for the
40
18Ar case), we assume that its total energy E0

n, defined by
Eq. (15), is equal to that E0̄

n of the n̄, determined by Eq. (13)
above. Namely,

E0
n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

n þ p02
n

q
þ VNðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�2

n̄ þ p02
n̄

q
¼ E0̄

n: ð20Þ

It is interesting to note that, for pFð0Þ ¼ 250 MeV=c,
Eq. (20) gives for the n̄ momentum jp0̄

nj the values of 430
and 40 MeV=c if the transition n → n̄ of the target n at rest
occurs in the center of the nucleus and at its periphery,
respectively (corresponding to 10% of the central density).
The value of s for the intranuclear 40

18Ar case is given by
the first relation of formula (18).

IV. MONTE CARLO SIMULATION METHODS

In the preceding sections, we have attempted to sum-
marize new theoretical additions to the dynamics of our
MC simulation. We review the stages of our generator,
accompanied by some discussion of other recent changes
given new antinucleon annihilation data, and show some
differences from previously published outputs [28].

A. Fundamentals

Most all of the background concerning our MC generator
can be found in our recent work [28]; however, we mention
some improvements which have been implemented here.
We can briefly summarize the content of the model as
follows:
(1) Unlike the optical approach used in our previous

work [28] to calculate the radial annihilation posi-
tion distribution of a slow external antineutron
annihilating on 12C, in this work, an intranuclear
annihilation point is taken from a corresponding
probability distribution shown later for 40

18Ar in
Fig. 12. This point lies within a particular zone of
a set of eight concentric spherical shells representing
the volume of the nucleus. Each shell has its own
uniform nuclear density and each its own single
nucleon momentum distribution, thus acting as a
zoned local Fermi gas.

(2) The annihilation occurs, producing π’s and higher
mass resonances such as η, ω, and ρ’s, according to
tabulated channels with branching ratios taken from
[28]. After the decay of all resonances, on average
∼4–5 mesons are produced from the initial annihi-
lation process.

(3) The annihilation products are then transported
through the nuclear environment quasiclassically
using a full intranuclear cascade model (a local
nuclear density decrease is also included). Meson
resonances are decayed according to their individual
lifetimes inside and outside the nucleus, though

4The usual model of a degenerate Fermi gas is one of free
nucleons enclosed within a spherical potential well with a sharp
border. The intranuclear nucleons fill all energy levels of this well
and have momentum from 0 to the boundary value PFN , which is
itself a function of the nuclear density. In this case, the
momentum of the nucleon does not depend on its position in
the nucleus, and so we are thus considering a nonlocal (degen-
erate) Fermi gas model. Usually, in order to take better account of
the influence of the diffuse nuclear boundary, the nucleus is
divided into concentric layers (zones), each with a constant
density and each with boundary values Pi

FN . Thus, there now
exists a correlation between the position of the nucleon in the
nucleus and its momentum, and so we are now considering a local
or zoned (degenerate) Fermi gas model. Ample description of this
is contained in [28].
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particularly long-lived species are treated as stable
inside the nucleus.

(4) The products are ejected from the nucleus and the
nuclear remnant(s) is allowed to deexcite, evaporat-
ing nucleons and fragments of higher mass.

B. Improvements from OBELIX and
Crystal Barrel data

The annihilation model was created in 1992 [64],
originally using experimental branching ratios obtained
before this time. Later analysis of experimental data from
p̄p annihilation at rest obtained from the LEAR (CERN) p̄
beam by the OBELIX [65] and Crystal Barrel [66]
collaborations are now integrated into the internal annihi-
lation model. Note that all tables in all proceeding sections
are outputted from samples of 10,000 events. In Table I we
see the absolute changes in the branching fractions of
individual annihilation channels in accordance with this
newer experimental data. The first column shows the
annihilation channel, the second shows the value of this
channel’s branching fraction in the corresponding table in
[28], and the third shows the new branching fraction of this
channel changed in accordance with the experimental
data [65,66]. Once summed, all channels are then renor-
malized to unity with these new fractions taken into

account. A comparison of the elementary processes for
p̄p annihilation was carried out taking into account
experimental data [65,66] and annihilation simulations
from our recent work [28].
Table II shows the average multiplicities of mesons

produced in p̄p annihilation at rest. The first column
represents the simulation results from Table IV in [28],
while the second column presents the results of modeling
when taking into account data from [65,66]. The third
column also represents the experimental data itself [28,67–
70] for ease of comparison. It follows from Table II that the
average multiplicities of annihilation mesons with changes
in the branching ratios of some individual channels do not
change significantly and the difference between the two
calculation options is within the uncertainty of the exper-
imental data. Nevertheless, in this and all future simula-
tions, this new table will be used for modeling all p̄p
annihilations.

C. Model modifications and a new comparison with
experimental p̄C annihilation at rest

The branching fraction modifications shown in Table I
were implemented into the optical-cascade model, most
recently discussed in [28]. Now, let us analyze how these
changes affect the description of experimental data for p̄C
annihilation at rest. The first line of Table III presents the
experimental multiplicities of the emitted π’s and the
energy carried away by those π’s and γ’s. The second line
of the table shows the results of a calculation with our
original optical-cascade model from [28] before any
modifications. The third line (calculation #1) presents

TABLE I. A list of several p̄p annihilation products and their
respective old [28] and new branching fractions with inclusion of
data from [65,66].

Channel
Probability

(%) from [28]
Probability (%)

used for this work

p̄p → πþπþπ−π− 2.74 3.64 [65]a

p̄p → π0π0 0.02 0.154 [66]
p̄p → ηη 0.01 0.0312 [66]
p̄p → π0ω 0.58 0.460 [66]
p̄p → ηω 0.34 0.960 [66]
p̄p → π0π0π0 1.12 0.610 [66]
p̄p → π0π0η 0.54 0.514 [66]
p̄p → ωω 1.57 0.358 [66]
p̄p → π0π0ω 0.79 1.53 [66]
p̄p → ηπ0ω 0.30 0.60 [66]
p̄p → π0ωω 0.37 0.344 [66]
p̄p → π0π0π0ω 0.40 1.24 [66]

aOBELIX gives data for p̄p→πþπþπ−π− with a branching
ratio of BRðp̄p → πþπþπ−π−Þ ¼ 6.4� 0.09% (a gas target).
This value includes both resonant and independent production of
these four charged π’s. To avoid double counting, we have
subtracted from this value all the fractions of all of the channels
that give rise to πþπþπ−π− in the final state. Thus, in the p̄p
annihilation table contained in [28], we have experimental
data showing BRðp̄p→ρ0ρ0Þ¼0.67%, BRðp̄p → πþπ−ρ0Þ ¼
2.02%, and importantly BRðp̄p → πþπ−ωÞ ¼ 3.03%, whose
contribution to the full channel of p̄p → πþπþπ−π− (including
BRðω → πþπ−Þ ¼ 2.3% is 3.03 × 0.023 ¼ 0.07. From all of
these considerations, we introduce the final ratio to the table
as 6.4 − 0.67 − 2.02 − 0.07 ¼ 3.64%.

TABLE II. Meson multiplicity comparisons from previous
work [28] and the new generator as described here, which
include experimental integration of more recent OBELIX [65]
and Crystal Barrel [66] data sets.

p̄p
Simulation
from [28]

p̄p Simulation
with the

new model p̄p experiment

MðπÞ 4.91 4.95 4.98� 0.35 [67],
4.94� 0.14 [68]

Mðπ�Þ 3.11 3.09 3.14� 0.28 [67],
3.05� 0.04 [67],
3.04� 0.08 [68]

Mðπ0Þ 1.80 1.86 1.83� 0.21 [67],
1.93� 0.12 [67],
1.90� 0.12 [68]

MðηÞ 0.09 0.09 0.10� 0.09 [69],
0.07� 0.01 [67]

MðωÞ 0.20 0.27 0.28� 0.16 [69],
0.22� 0.01 [70]

MðρþÞ 0.19 0.19 � � �
Mðρ−Þ 0.19 0.18 � � �
Mðρ0Þ 0.19 0.18 0.26� 0.01 [70]
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the results of a simulation taking into account the changes
in the annihilation table described above. The last line
(calculation #2) presents the results of a simulation
accounting for both the changes in the annihilation table
and modifications related to the nuclear environment. In
both cases, an antinucleon potential of 150 MeV in the
center of the nucleus, and varying in accordance with the
nuclear density, is included.
From analysis of the table, it follows that the average

multiplicities vary slightly with the modification of the
annihilation table and dynamics. Multiplicities of π’s
increase slightly with the modifications associated with
the influence of the nuclear environment, and everywhere
are within the experimental error. At the same time, the
multiplicity of p’s and n’s emitted during the cascade
development and emitted in the process of deexcitation was
significantly reduced in calculation #2. This suggests that
the dynamics of meson-nuclear interactions and energy
dissipation in the residual nucleus change somewhat with
the introduction of the influence of the environment.
Clarification of this issue requires data on proton and
neutron emission from p̄A annihilation experiments, along
with further detailed study. Since the present work is
devoted to experiments to search for transformations that

are planned to be registered through the observation of
predominately spherically symmetric, multipionic topol-
ogies (so-called π stars), we focus on the characteristics of
these topologies and their associated quantities.
Figure 7 shows the spectrum of πþ emitted during p̄C

annihilation at rest in comparison to experimental data from
[68] (green triangles), and [71] (blue squares). Just as in the
average multiplicities shown in Table III, there are no
significant differences in the spectrum for these two
variants of calculation, though a comparison to the old
calculation reveals a slightly better fit to the data in the
region around 250 MeV (the Δ resonance).
In our proceeding simulations for the 40

18Ar nucleus to be
discussed in later sections, we use a model analogous to
calculation #2 that includes effects related to the influence
of the nuclear environment.

V. NEW RESULTS FOR SIMULATIONS OF n̄A
ANNIHILATION

A. Changes in extranuclear n̄C annihilation simulations

Despite the absence of significant differences in the
description of available p̄C experimental data, there are
certain aspects of the two variants of the models where
differences are very noticeable. The changes discussed
above lead to some rather important differences in anni-
hilation stages as compared to previous work in [28],
examples of which can be seen in Figs. 8–11. These can
make possible different observable final states after the
intranuclear cascade which are important for experiments
planning to utilize smaller nuclei (such as the NNBar
Collaboration at the European Spallation Source). Note that
all plots in all proceeding sections are outputted from
samples of 10,000 events.
For the intranuclear cascade, the operating energy con-

servation law for the annihilation process of an extranu-
clear neutron is written as

Eann þ E� ¼ E0̄
n þ E0

N; ð21Þ

where E0̄
n is the total energy of the n̄ inside the nucleus at

the point of annihilation, E0
N is the total energy of the

nucleon annihilation partner at the same point, and E� is the
excitation energy of the nucleus after the annihilation. In
the degenerate Fermi gas model, this is defined as

TABLE III. A list of updated multiplicities from experimental data, our original work concerning 12
6 C [28], and two new calculations

taking into account the newest versions of p̄ annihilation branching ratios while also considering a new intranuclear antinucleon
potential with an associated nuclear medium response.

MðπÞ MðπþÞ Mðπ−Þ Mðπ0Þ Etot (MeV) MðpÞ MðnÞ
p̄C experiment 4.57� 0.15 1.25� 0.06 1.59� 0.09 1.73� 0.10 1758� 59 � � � � � �
p̄C old calculation 4.56 1.21 1.63 1.72 1736 1.14 1.21
p̄C calculation #1 4.56 1.21 1.63 1.72 1738 1.11 1.20
p̄C calculation #2 4.60 1.22 1.65 1.73 1762 0.96 1.03

FIG. 7. The momentum distribution for πþ emitted from p̄C
annihilation at rest. The dashed red histogram shows the
distribution generated from calculation #1mentioned in Table III,
while the solid black shows calculation #2. All points are taken
from experimental data in [68,71].
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E� ¼ Ti
FN − Ti

N; ð22Þ

varying from 0 to Ti
FN , where i is the zone number in which

the annihilation takes place, Ti
FN is the boundary Fermi

energy of the ith zone, and Ti
N is the Fermi energy of the

annihilation partner in the same zone. If one takes into
account relations (14)–(16) and (19) from Sec. III, it
follows that

Eann þ E� ¼ mn̄ þmN − ϵN; ð23Þ

where ϵN ¼ 7 MeV=nucleon.
In Fig. 8, we see the distributions (old and new) of the

initial amount of total energy carried by the two annihilat-
ing nucleons. Due to the fact that the previous iteration of
our calculations did not include a true n̄-potential or
consider intranuclear nucleons to be off shell, the skew
of this distribution was always greater than the available
rest-mass energy of an annihilating pair; this was dis-
counted as a kind of virtual intranuclear effect, which later
disappeared and showed conservation of energy and
momentum once entering the final state. This is now
changed and made internally consistent, showing a proper
distribution less than the combined free rest masses of the
pair of annihilating nucleons. Secondarily, the strength of
the n̄-potential can be seen to smooth out the zoned
structure present in the previous calculation.
The dynamical (position-correlated) momentum of the

initial annihilation pair (and, by conservation, their anni-
hilation products) can be studied in Fig. 9. In the old variant
of the model, the n̄ was assumed to come from a trans-
formation down-range of a cold n source with a mean
energy of only ∼meV, ignoring the n̄-potential. Thus, the
original momentum distribution of the annihilation

products (dashed line) was effectively a direct observation
of the noninteracting zoned local Fermi gas single nucleon
momentum distribution folded with the radial annihilation
probability distribution. In the new variant of the model
described above, shown in the solid histogram, the mass
of the n̄ is defined by expression (12) and the momentum of
the n̄ follows from (14). The direction of the momentum of
the nucleons is isotropically distributed, and thus the total
momentum of the annihilation products varies in absolute
value from jP0̄

n − P0
N j to jP0̄

n þ P0
N j, smoothing and spread-

ing out the structure associated with the presence of zones
in the target nucleus. The peak in the histogram in the
region just below 100 MeV=c corresponds to annihilations
on the outside of the nucleus (within the diffuse eighth
zone), where the n̄-potential is taken to be 0 while no off-
shell mass is accounted for, and so the momentum of the
annihilating pairs is equal to the momentum of the nucleon
partner within the seventh zone.
The most impressive new figures in consideration of n̄C

extranuclear annihilation are most likely Figs. 10 and 11.
Here we see the total available initial and final mesonic/
pionic and photonic parameter space for an n → n̄ signal,
most commonly shown via total momentum versus invari-
ant mass plots (similar to Fig. 2 in [18]) at the annihilation
point before any nuclear transport is completed. The results
of new modeling are shown at the top, and the old version
of the model is shown below. In Figs. 10, the effect of the
antineutron potential and off-shell nature of nucleon masses
are clearly seen in the top plot, while the bottom plot shows
a small momentum range due to the absence of the
antineutron momentum; the rightward inclination of the
old parameter space is a consequence of the on-shell mass
effects on the overall kinematics of the annihilation. Thus,
we have significantly different initial conditions for the
transport of annihilation mesons through the nucleus.

FIG. 9. The old (dashed line) and new (solid line) total n̄N pair
(or generated meson) momentum is plotted.

FIG. 8. The new (solid line) and old (dashed line) total energy
available to annihilating (anti-) nucleons (and generated mesons)
is plotted.
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Figures 11 show the same variables after transport, but
rescattering, Δ resonance, and absorption of annihilation
mesons leads to an overall decrease in the observed
invariant mass, lessening the apparent final state differences
between the two simulation variants. Overall, the new
parameter space is slightly more spatially if not statistically
constrained, which could lead to higher hypothetical
experimental efficiencies for future experiments.

B. Intranuclear n̄Ar annihilation simulations

As mentioned previously, there now exist multiple
generators for n → n̄ within the particle physics commu-
nity, notably developed in [21] using GENIE [22]. While
we believe that the demonstration of our independent
generator’s capabilities [28] in the reproduction of anti-
nucleon data is well established for 12C [28], such a
complete set of physical observables does not readily exist
to constrain the model for larger nuclei, especially not for
40
18Ar. Thus, out of a need for ample comparisons, we
endeavor to show the commonalities and differences
between each of these n → n̄ generators for intranuclear
n̄39Ar annihilation useful to DUNE. We do this by
attempting to make some of the same assumptions

(roughly) as GENIE, and vice versa. For instance, we
can and do generate events by simulating the annihilation
position sourced from a Woods-Saxon (WS) distribution
within our generator (alongside the more modern version as
developed in Sec. II); similarly, with little work, we have
perturbed the default settings of the GENIE n → n̄ gen-
erator module to utilize a noninteracting local Fermi gas
nuclear model along with a full intranuclear cascade. The
inclusion of an n̄-potential within GENIE has not yet been
investigated; implementation of the modern annihilation
position probability distribution (Sec. II C) is currently
underway. While none of these comparisons across gen-
erators are ever to be exact, their approximately equivalent
formalism can serve to inform us as to the stability of
quantities which characterize the possible final state
topologies of a true n → n̄ signal event with respect to
their associated backgrounds. This stability across models,
and their interplay with model detector reconstruction,
will be studied in detail in future work with DUNE
collaborators.
Two of the probability distributions of intranuclear radial

position upon annihilation for these generators are shown in
Fig. 12 in orange and blue, and are surprisingly similar even

FIG. 10. The new (top) and old (bottom) total mesonic initial
parameter space is shown for extranuclear n̄C annihilation.

FIG. 11. The new (top) and old (bottom) total mesonic/pionic/
photonic final state parameter space is shown for extranuclear n̄C
annihilation.
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with quite different physical assumptions. The quantum
mechanical, shell-by-shell distributions discussed in
Fig. 4 are all taken in a weighted average to create
the final orange curve, from which our generator can
source its initial annihilation positions in a binned
fashion; this position is thrown, a nearest neighbor
nucleon found within a given zone (and then “moved”
to the annihilation position), a Fermi momentum com-
puted for each of the pair given their initial positions, and
then a total phase space calculated. All GENIEv3.0.6
events source their annihilation positions from a smooth
Woods-Saxon (nuclear density) distribution [22] incred-
ibly similar to our own continuous parametrization for
the nuclear density, from which we derive our local zone
densities,

ρArWS ¼
�
1þ exp

�
r − 3.6894
0.5227

��
−1
; ð24Þ

GENIE also similarly throws momenta from (non-) local
single nucleon momentum distributions. When this curve
is multiplied by r2, one generates the blue annihilation
probability distribution. These curves effectively demon-
strate how even the most simple of assumptions, some
only quasiclassical, can lead to quite good approxima-
tions; however, we note the preponderance of events even
further toward or beyond the surface of the nucleus using
a quantum-mechanical formalism. The increased like-
lihood of such surface annihilations, along with their

associated correlation with lower momenta and higher
final state meson multiplicity, will be shown in the
coming figures to be an arguably critical part in the
proper evaluation of future experimental efficiencies and
possible lower limits on mean intranuclear n → n̄ trans-
formation time; the interplay of these quantities and
any changes in the final state π-star topology observable
in the DUNE detectors have not yet been completely
investigated. For similar plots and discussions, see
[28,64,72–74].
Some of the differences between this work and

GENIEv3.0.6’s generator pertain to the initial dynamics
of the intranuclear annihilation. An example of this can be
seen in Fig. 13, showing the initial annihilation mesons’
total energy for this work (using the orange curve in
Fig. 12) and GENIE (using the blue curve in Fig. 12),
each using a version of a local Fermi gas nuclear model.
Like the extranuclear n̄ annihilation described on 12C
above, energy balance in the annihilation point is given
as Eann þ E� ¼ E0̄

n þ E0
N , taking into account that we have

E0̄
n ¼ E0

n, and that

E� ¼ Ti
Fn − Ti

Fn þ Ti
FN − Ti

N; ð25Þ

we have the total energy

Eann þ E� ¼ mn̄ þmN − 2ϵ ¼ 1.866 GeV: ð26Þ

It can be seen in Fig. 13 that our distribution of energies
available to an annihilation is always less than 1.866 GeV.
GENIE’s distribution (which assumes a similar binding
energy per nucleon as our model) can be explained simply
by considering the minimum/maximum potential magni-
tudes of annihilation pair momentum (corresponding to an
anti/coparallel intranuclear collision) while assuming an

FIG. 12. Two plots are shown for various generator assump-
tions. In blue, we see the naive intranuclear radial position of
annihilation probability distribution generated by a WS, as
presented in GENIE. In orange, we see the modern, quantum-
mechanically derived, shell-averaged, true intranuclear radial
position of annihilation probability distribution as developed in
Sec. II, present in our generator. Probability distributions are
normalized to the same arbitrary integral for a direct comparison,
and the scale is arbitrary.

FIG. 13. The distributions of total initial annihilation meson
energy are shown for this work (solid line) and GENIEv3.0.6
(dashed line) using local Fermi gas models. Via conservation,
each of these is equivalent to the distributions of the annihilating
n̄N pair.
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approximately constant intranuclear defect nucleon mass of
∼910 MeV=c2. The sharp rise of the GENIE distribution
around 1.82 GeV can be seen to correspond to the addition
of momentum distribution shapes around zero momentum
(see Fig. 14).
One can see the different initial single nucleon momen-

tum assumptions in Figs. 14. The GENIE nonlocal Bodek-
Ritchie or local Fermi gas nuclear models mentioned here
serve effectively as a set of initial conditions which enable
certain nucleon momentum and radial position correlations
(or lack thereof). The nonlocal Bodek-Ritchie has been
considered the default operating model for n → n̄ simu-
lations; however, for most of the rest of this article, we
compare local Fermi gas models to each other for a succinct
simplicity. Note the different characteristic ranges of
momenta; in general, the shapes and ranges of each nucleon
local Fermi gas model (solid lines, top and bottom figure)
are incredibly similar, while the nonlocal Bodek-Ritchie is
quite unique (dashed lines), especially with its phenom-
enological, short-range “correlation” tail. For GENIE, we
see that the shapes of all distributions are identical:

pfðn̄Þ ¼ pfðnÞ ≈ pfðpÞ; this is not the case for our model,
where pfðn̄Þ ≠ pfðnÞ ≈ pfðpÞ due to the n̄-potential.5

The most important aspect of correlated behavior which
has been previously unaccounted for in GENIE-affiliated
work on n → n̄ is that of initial (anti-) nucleon momentum
and radius. In Figs. 15, we show comparisons between our
and GENIE’s local Fermi gas nuclear models, which by
definition preserves these correlations, alongside the inher-
ently nonlocal Bodek-Ritchie nuclear model. All figures
assume a (zoned or smooth) Woods-Saxon-like annihila-
tion position probability distribution for easier direct
comparisons; all outputs from our simulations using the
modern annihilation probability distribution from Sec. II
appear somewhat similar when graphed in these coordi-
nates, and so are not shown here to conserve space. The n̄-
potential is apparent in the top plot, which appears
smoothed and lacking of any zoned discontinuities due
to the strength of the interaction (as seen in the middle plot,
showing correlations for n̄ annihilation partners). All local
models correctly predict a falling-off of nucleon momen-
tum at higher radii, a key consideration for event
reconstruction and background rejection. This behavior
is not present within GENIE when using the default
nonlocal Bodek-Ritchie nuclear model, shown at the
bottom; the asymmetry present in this plot is due to the
Fermi momentum cutoff, above which only phenomeno-
logically short-range correlated n̄’s populate.
The initial annihilation meson total momentum distri-

bution is seen for our and GENIE models in Fig. 16; these
distributions are equivalent to the initial two-body annihi-
lation pair momentum distributions by conservation. Each
histogram shares a Gaussian-like shape due to the ran-
domized momentum selection from underlying distribu-
tions, though our output shows much higher available
momentum due to the interaction of the n̄with the modified
nuclear medium.
All of this leads us to consider the available initial (and

final) mesonic parameter space, again à la Fig. 2 of [18]. As
seen in Figs. 17, this serves as an initial condition of the
annihilation-generated mesons before intranuclear trans-
port; thus, for GENIE, hA/hN2018 models (see Secs. 2.5.4
and 2.5.5 of the GENIE v3.0 manual [22] for full
discussions) are at this stage equivalent. Due to the non-
dynamical off-shell masses of annihilation pairs, GENIE
predicts higher invariant masses, while our model shows
them decrease due to off-shell mass defects in correlation
with radial position. Overall, the space is quite differently

FIG. 14. Top: This work, showing the initial (anti-) nucleon
momentum distributions, using a zoned local Fermi gas model
with an additional n̄ potential. Bottom: the same for the
GENIEv3.0.6, showing a local Fermi gas model and the default
nonlocal Bodek-Ritchie model.

5For simplicity, throughout this section we have labeled certain
plots with “Golubeva-Richard-Paryev” (for original work done
with the modern shell-model-derived annihilation position prob-
ability distribution and modification of the nuclear medium due to
n̄ interactions), “Golubeva-WS-Paryev” (for original work done
with a Woods-Saxon-derived annihilation position probability
distribution and nuclear medium modification), and then the
various GENIEv3.0.6 model identifiers [22].
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filled for each model, though considering this is before the
intranuclear cascade, one cannot necessarily predict much
about the final state.
The follow-up to these figures can be studied in the

comparison of Figs. 18, where our and GENIE generated
events proceed through a full intranuclear cascade (hN2018
only is shown here). Note that our model includes photons
in the final state from high-mass resonance decays, while
GENIE does not. The disconnected regions toward the left
of the plots are signs of single π emission after at least one
or more meson absorptions. While overall the distribution
of events is rather consistent, critically, the high density of
events with large invariant mass and low momentum
(bottom right of plots) among these local Fermi gas models
shows the importance of modeling correlations between
position and momentum as they imply a comparatively
large number of escaping (and possibly visible) π’s in the
final state. It is with these areas that one may hope to find a
significant rejection of background events, possibly
allowing for an actual observation of an n → n̄ event. A
full characterization of these effects across many nuclear
model configurations within the DUNE detectors is forth-
coming within the DUNE Nucleon Decay Group.
We end the comparison of these generators with Table IV

and Figs. 19 and 20, which show many similarities and
some differences across them. Multiplicities in Table IVare
seen to be most different between our model and GENIE in
the realm of outgoing nucleons (resulting from nucleon
knock-out or evaporative deexcitation); this should not be
surprising, as GENIE does not currently contain a public
version of an evaporation model within either its hN2018
(full intranuclear cascade) or hA2018 (single effective
interaction) models. Exciting work by GENIE developers
in this regime is expected to be completed soon, and we
look forward to being able to compare our results. Small
differences can also be seen in the π0;� multiplicities, which
are partially due to the fact that we predict more n → n̄

FIG. 15. Two-dimensional n̄ and n momentum-radius correla-
tion plots for thiswork (top two plots, using a zoned local Fermi gas
and zonedWoods-Saxon annihilation position distribution) along-
side GENIEv3.0.6’s local Fermi gas and nonlocal Bodek-Ritchie
single (anti-) nucleon momentum nuclear models (bottom two
plots, also with a smooth Woods-Saxon initial n̄ annihilation
position distribution).

FIG. 16. The distributions of total initial annihilation meson
momentum are shown for this work (solid line) and GENIEv3.0.6
(dashed line) using local Fermi gas models.
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events toward or beyond the surface of the nucleus (see the
blue and orange radial annihilation position probability
distributions of Fig. 12), but there are also nontrivial
dependencies given the larger number of possible branch-
ing channels we simulate [28] compared to GENIE [22].
To give a more complete context to Table IV, we plot

several (absolute magnitude) final state momentum spectra

for πþ and p species, two key constituents in the eventual
experimental search for n → n̄ in DUNE; note that the π0;−

distributions are quite similar. In Fig. 19, we see that our
models agree quite well with the full intranuclear cascade
simulation from GENIE (using hN2018) in both multiplic-
ity and shape; there is some lack of structure around the
Δ-resonance within the hA2018 simulation (recall this

FIG. 17. The initial mesonic parameter space (total momentum
versus invariant mass) is compared for multiple generators: top,
this work; bottom, GENIEv3.0.6. The no resonances phrase
refers to a GENIE Mother particle status code cut which removes
virtual contributions to invariant mass.

FIG. 18. The final state mesonic/pionic parameter space (total
momentum versus invariant mass) after intranuclear transport is
compared for multiple generators: top, this work; middle and
bottom, GENIEv3.0.6 local Fermi gas and nonlocal Bodek-
Ritchie, respectively. Differences in these may lead to different
detector signal efficiencies.
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models the cascade as a single effective interaction using
tabulated reaction rates), a sign of the competition between
cross sections (or rates) of processes such as Δ decay and
pion absorption.

In Fig. 20, we see the outgoing proton spectra. Here, our
model and GENIE differ greatly (and GENIE even among
itself) across lower momenta. Though there is a full
intranuclear cascade model within GENIE (hN2018), it
can be directly seen that it does not yet include any nucleon
evaporation currently. In some respect, these differences
should be expected due to the novel nature of the phenomena
we are modeling (transporting ∼4–5 mesons is no easy
business), and the fact that our generator was comparatively
purpose built to reproduce antinucleon annihilation data.We
note, however, that if one takes a more experimental view-
point, these are not actually so disparate; indeed, if we
consider an approximate, conservative, minimum proton
kinetic energy detectability threshold in liquid 40

18Ar to be
≳100 MeV (i.e.,≳450 MeV=c) [75], we see that above this
value much of the shape and magnitude of all distributions
are quite similar. Thus, in some respect, we expect these
models to appear rather degenerate for protons when taking
detector response into account.

VI. CONCLUSIONS AND OUTLOOK

In this work, we have endeavored to give an update to the
community on recent developments in the modeling of n̄A
annihilation events in service of future BSM n → n̄
searches. Critical among the findings of this paper is
the calculation of a new intranuclear suppression factor
for 40

18Ar, TAr
R ∼ 5.6 × 1022 s−1, along with a new and

associated calculation of the 40
18Ar intranuclear radial

annihilation probability distribution. Also, efforts have
been made to implement this and other important n̄N
annihilation dynamics into an independently developed,
antinucleon-data-driven MC generator to service both the
ESS NNBar Collaboration and DUNE. Samples of
100,000 events for both communities are now being
prepared and will be made available upon reasonable
request to the authors. Comparisons and discussions of
differences and similarities have been made to data where
available, previous MC results, and other publicly avail-
able event generators such as GENIE.
Within this work, a kind of forward path has been

illuminated for the (intranuclear) BSM (di-) nucleon decay

FIG. 19. The outgoing πþ momentum spectrum is shown for
several local Fermi gas models.

FIG. 20. The outgoing p momentum spectrum is shown for
several local Fermi gas models.

TABLE IV. Final state average stable particle multiplicities for several 10,000 event samples across multiple n̄Ar annihilation MCs.
Also included is the initial total annihilation energy. See [28] for a full description of the zoned local Fermi gas and the intranuclear
cascade used in this work. See the GENIE v3.0 manual [22] for discussions of nuclear models and intranuclear cascades.

MðπÞ MðπþÞ Mðπ−Þ Mðπ0Þ MðpÞ MðnÞ Etot
o (MeV)

n̄3918Ar Golubeva-Richard-Paryev (zoned local Fermi gas, INC) 3.813 1.239 1.008 1.566 3.459 4.823 1.846

n̄3918Ar Golubeva-Woods-Saxon-Paryev (zoned local Fermi gas, INC) 3.781 1.22 0.998 1.563 3.63 4.896 1.845

n̄3918Ar GENIEv3.0.6 (default Bodek-Ritchie, hA2018) 3.610 1.183 0.991 1.436 3.021 3.151 1.925

n̄3918Ar GENIEv3.0.6 (default Bodek-Ritchie, hN2018) 3.280 1.159 0.968 1.153 6.192 6.654 1.922

n̄3918Ar GENIEv3.0.6 (local Fermi gas, hA2018) 3.594 1.173 0.9776 1.444 3.045 3.174 1.908

n̄3918Ar GENIEv3.0.6 (local Fermi gas, hN2018) 3.24 1.155 0.956 1.129 6.269 6.718 1.905
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community, showing the importance of some initial physi-
cal correlations in the modeling of BSM signals, most
importantly that of the event constituent’s momenta and
intranuclear position. However, the effects of final state
interactions cannot be understated. It is with these findings,
and our associated event generator, that we hope to
empower future experiments to better understand probable
signal topologies for rare decays. Collaboration is ongoing
with DUNE community members within the Nucleon
Decay Working Group to study the implications of this
modeling work on possible efficiencies, atmospheric neu-
trino background rejection rates, and lower limits on the
n → n̄ mean transformation time inside simulated DUNE
detector geometries.
Another future step elucidated by this work is the critical

nature of current and future collaborations’ endeavors to
holistically evaluate and compare various n̄A interactions
using common formalisms for the calculation of (anti-)
nucleon wave functions, radial annihilation probability
distributions, and intranuclear suppression factors for all
pertinent nuclei. This is a rather monumental task, but one
which should be completed in the same way as for other
rare decay searches, such as within the 0νββ community.
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H. M. Steiner, and T. Ypsilantis, Phys. Rev. 108, 1553
(1957).

[52] D. V. Bugg et al., Phys. Lett. B 194, 563 (1987).
[53] G. Bruge et al., Phys. Lett. 169B, 14 (1986).
[54] K. G. Chetyrkin, M. V. Kazarnovsky, V. A. Kuzmin, and M.

E. Shaposhnikov, Phys. Lett. 99B, 358 (1981).
[55] W. Cassing, Nucl. Phys. A700, 618 (2002).

[56] A. Sibirtsev, W. Cassing, G. I. Lykasov, and M. V. Rzjanin,
Nucl. Phys. A632, 131 (1998); W. Cassing and E. L.
Bratkovskaya, Phys. Rep. 308, 65 (1999).

[57] I. N. Mishustin, L. M. Satarov, T. J. Bürvenich, H. Stöcker,
and W. Greiner, Phys. Rev. C 71, 035201 (2005).

[58] V. Koch, G. E. Brown, and C. M. Ko, Phys. Lett. B 265, 29
(1991).

[59] C. Spieles, M. Bleicher, A. Jahns, R. Mattiello, H. Sorge, H.
Stöcker, and W. Greiner, Phys. Rev. C 53, 2011 (1996).

[60] A. B. Larionov, I. A. Pshenichnov, I. N. Mishustin, and W.
Greiner, Phys. Rev. C 80, 021601 (2009).

[61] E. Friedman, A. Gal, and J. Mares, Nucl. Phys. A761, 283
(2005).

[62] V. K. Magas, L. Roca, and E. Oset, Phys. Rev. C 71, 065202
(2005).

[63] S. V. Efremov and E. Ya. Paryev, Eur. Phys. J. A 1, 99 (1998).
[64] E. S. Golubeva, A. S. Ilinov, B. V. Krippa, and I. A.

Pshenichnov, Nucl. Phys. A537, 393 (1992).
[65] P. Salvini et al. (OBELIX Collaboration), Eur. Phys. J. C 35,

21 (2004).
[66] C. Amsler et al. (Crystal Barrel Collaboration), Nucl. Phys.

A720, 357 (2003).
[67] E. Klempt, C. Batty, and J.-M. Richard, Phys. Rep. 413, 197

(2005).
[68] E. D. Minor, T. A. Armstrong, R. Bishop, V. Harris, R. A.

Lewis, and G. A. Smith, Z. Phys. A 336, 461 (1990).
[69] G. Levman, R. Singer, and T. Fields, Phys. Rev. D 21, 1

(1980).
[70] R. Hamatsu et al. (Bombay-CERN-College de France-

Madrid Collaboration), Nucl. Phys. B123, 189 (1977).
[71] P. L. Mcgaughey et al., Phys. Rev. Lett. 56, 2156 (1986).
[72] E. S. Golubeva, A. S. Ilinov, and L. A. Kondratyuk, Anti-

neutron annihilation event generator for n → n̄ search
experiment, in Proc. Int. Workshop Future prospects of
baryon instability search in p decay and n → n̄ oscillation
experiments, Oak Ridge, US, edited by S. J. Ball and Y. A.
Kamyshkov (1996), ORNL-6910, p. 295-305.

[73] E. S. Golubeva, A. S. Ilinov, and L. A. Kondratyuk, Yad.
Fiz. 60, 2188 (1997) [Phys. At. Nucl. 60, 2006 (1997)].

[74] E. S. Golubeva and L. A. Kondratyuk, Nucl. Phys. B, Proc.
Suppl. 56, 103 (1997).

[75] MicroBooNE Collaboration, Fermilab Public Note
No. 1025 (2017), p. 2.

PROGRESS AND SIMULATIONS FOR INTRANUCLEAR NEUTRON- … PHYS. REV. D 101, 036008 (2020)

036008-19

https://doi.org/10.1016/S0370-1573(02)00144-8
https://doi.org/10.1103/PhysRevD.28.667
https://doi.org/10.1103/PhysRevLett.122.172501
https://doi.org/10.1103/PhysRevA.1.321
https://doi.org/10.1103/PhysRevD.27.1090
https://doi.org/10.1103/PhysRevD.27.1090
https://doi.org/10.1103/PhysRevC.31.1423
https://doi.org/10.1103/PhysRevC.31.1423
https://doi.org/10.1016/0370-2693(94)01554-P
https://doi.org/10.1016/0370-2693(94)01554-P
https://doi.org/10.1103/PhysRevC.16.1231
https://doi.org/10.1103/PhysRevC.16.1231
https://doi.org/10.1016/0370-1573(92)90078-E
https://doi.org/10.1103/PhysRev.76.1739
https://doi.org/10.1103/PhysRevC.21.1466
https://doi.org/10.1103/PhysRevC.21.1466
https://doi.org/10.1016/0370-2693(82)91270-9
https://doi.org/10.1016/0370-2693(82)91270-9
https://doi.org/10.1016/0375-9474(86)90098-9
https://doi.org/10.1134/S0021364012010079
https://arXiv.org/abs/1910.14423
https://doi.org/10.1016/0375-9474(77)90415-8
https://doi.org/10.1103/PhysRevC.5.1050
https://doi.org/10.1103/PhysRevC.5.1050
https://doi.org/10.1007/BF02731106
https://doi.org/10.1007/BF02731106
https://doi.org/10.1016/S0370-2693(00)00086-1
https://doi.org/10.1016/S0370-2693(00)00086-1
https://doi.org/10.1103/PhysRev.108.1553
https://doi.org/10.1103/PhysRev.108.1553
https://doi.org/10.1016/0370-2693(87)90235-8
https://doi.org/10.1016/0370-2693(86)90676-3
https://doi.org/10.1016/0370-2693(81)90117-9
https://doi.org/10.1016/S0375-9474(01)01322-7
https://doi.org/10.1016/S0375-9474(97)00809-9
https://doi.org/10.1016/S0370-1573(98)00028-3
https://doi.org/10.1103/PhysRevC.71.035201
https://doi.org/10.1016/0370-2693(91)90008-E
https://doi.org/10.1016/0370-2693(91)90008-E
https://doi.org/10.1103/PhysRevC.53.2011
https://doi.org/10.1103/PhysRevC.80.021601
https://doi.org/10.1016/j.nuclphysa.2005.08.001
https://doi.org/10.1016/j.nuclphysa.2005.08.001
https://doi.org/10.1103/PhysRevC.71.065202
https://doi.org/10.1103/PhysRevC.71.065202
https://doi.org/10.1007/s100500050037
https://doi.org/10.1016/0375-9474(92)90362-N
https://doi.org/10.1140/epjc/s2004-01811-8
https://doi.org/10.1140/epjc/s2004-01811-8
https://doi.org/10.1016/S0375-9474(03)00912-6
https://doi.org/10.1016/S0375-9474(03)00912-6
https://doi.org/10.1016/j.physrep.2005.03.002
https://doi.org/10.1016/j.physrep.2005.03.002
https://doi.org/10.1007/BF01294119
https://doi.org/10.1103/PhysRevD.21.1
https://doi.org/10.1103/PhysRevD.21.1
https://doi.org/10.1016/0550-3213(77)90458-8
https://doi.org/10.1103/PhysRevLett.56.2156
https://doi.org/10.1016/S0920-5632(97)00260-0
https://doi.org/10.1016/S0920-5632(97)00260-0

