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Pontecorvo reactions are rare antinucleon annihilation processes that are forbidden on free nucleons
but allowed on nucleons bound within nuclei. The interest in studying this phenomenon lies in its
potential to provide insights into the annihilation mechanism and, particularly, the short-distance
dynamics between nucleons within the nucleus. Some measurements were performed in the past
at CERN’s Low Energy Antiproton Ring (LEAR) using antiprotons annihilating on a deuterium
target. However, no data exist for targets consisting of three nucleons, such as >He or *H. The
measurement of the rate of the process p>He — p + n would allow for distinguishing between
different theoretical models whose predictions vary by 1-2 orders of magnitude. The ASACUSA
collaboration is studying the feasibility of performing this measurement at CERN’s ELENA-AD. A
preliminary design of a simple measurement apparatus, utilizing plastic scintillators and degrader
layers, is presented, together with Monte Carlo simulations assessing its efficiency in measuring
the branching ratios of the aforementioned reaction and rejecting background from more probable

typical antiproton annihilations in the target.
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1. Introduction

The scientific activities at the AD/ELENA facility at CERN focus on advanced experiments
with antiprotons to test the fundamental laws of physics [1]. Key objectives include testing the
Weak Equivalence Principle with antihydrogen in Earth’s gravity [2—4] and verifying CPT invariance
through precision spectroscopy techniques. These include laser spectroscopy on antihydrogen [5-7]
and antiprotonic helium [8, 9], hyperfine microwave spectroscopy of antihydrogen [10, 11], and
single-particle quantum transition spectroscopy [12]. These studies aim to address critical questions
about the nature of the Universe, such as the origin of the observed unbalance between matter and
antimatter.

AD/ELENA also hosts nuclear physics activities, studying antiproton-nucleus interactions,
including exotic states like antiprotonic atoms [13, 14] and annihilation processes [15—19], offering
insights into nuclear structure and fundamental forces.

The annihilation of an antinucleon in matter is a process in which the antinucleon usually
interacts with a single nucleon in the target nucleus [20]. However, processes in which multiple
nucleons participate in the annihilation of the antinucleon are also possible. Pontecorvo reactions
are rare antinucleon annihilations that are forbidden on a free nucleons but permitted on nucleons
bound within nuclei. The Italian physicist Bruno Pontecorvo suggested their existence in 1956 [21],
just a few months after the discovery of the antiproton at the Bevatron. A typical example is the
annihilation of an antiproton on a deuteron, resulting in the production of one meson and one
nucleon (or a heavier baryon), such as pd — 7~ p and pd — K°A. In Pontecorvo reactions,
energy-momentum conservation is satisfied by allowing the process to proceed with the involvement
of at least two nucleons. Conversely, annihilation with a ’quasi-free nucleon’ in a deuteron, where
the other nucleon acts as a ’spectator,” necessitates producing at least two mesons.

The Pontecorvo reactions have been studied both theoretically and experimentally (for short
reviews, see [20, 22]) . The interest in this phenomenon lies in its potential to provide insights
into the annihilation mechanism and particularly the short-distance dynamics between nucleons
within the nucleus. However, making predictions based on first principles is challenging. Two main
distinct approaches are used. The first is a two-step process ("rescattering model") [23-28], while
the second is a statistical method ("fireball" or "bag model") [29-32].

Focusing on the deuteron as the target, in the two-step model, it is initially hypothesized that
the antinucleon annihilates with a nucleon, producing two mesons, one of which is absorbed by
the other nucleon, resulting in the formation of a nucleon or a baryonic resonance. For example:
pd — - (n*n) > n-porpd - 7~ (x*tn) — 7~ A*.

In the statistical model, the 3 anti-quarks of the antinucleon and the 6 quarks of the 2 nucleons
of the deuteron combine to form a compound system ("bag" or "fireball"), which, through quark
rearrangements and annihilations, evolves into the final state.

Before the advent of LEAR, knowledge of these reactions was limited to rare observations,
such as six bubble chamber events of the reaction pd — 7~ p [33]. Systematic exploration became
feasible with experiments at LEAR, including ASTERIX, OBELIX, and Crystal Barrel, which
utilized stopped antiprotons in gaseous and liquid deuterium to measure rare branching ratios [34—
40]. The LEAR experiments revealed small branching ratios (on the order of 1076 to 107>) for
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various channels, as reported in Table 1. More recent measurements of specific channels have
confirmed these results [41].

Reaction Branching ratio Experiment

pd —np 1.46 +0.08 x10™>  OBELIX (in gas) [35]
p_d - 7TOI’l 7.02 +£0.72 X10_6 Crystal Barrel [36]
pd — nn 3.19 £0.48 x1076 Crystal Barrel [36]
pd — wn 22.8 +4.1 %107 Crystal Barrel [36]
pd > n'n 8.2+3.4 x107° Crystal Barrel [36]
pd — ¢n 3.56 £0.20*%2  x10™®  OBELIX (in gas) [37]
pd — pp 2.9 +0.6 %1073 OBELIX (in gas) [38]
pd — 7~ A*(— %) 1.01 £0.08 %107 OBELIX (in gas) [35]
pd — 1°A%(— n7p) 1.12 +0.20 %1073 OBELIX (in gas) [35]
pd — 1°A%(— 7%%)  2.21 +0.24 %107 Crystal Barrel [39]
pd — 3OK° 2.15 +0.45 x107®  Crystal Barrel [40]
p_d - AKO 2.35 +£0.45 X10_6 Crystal Barrel [40]

Table 1: Branching ratios of Pontecorvo reactions measured at LEAR in liquid deuterium and in gas

Some observations challenged existing theoretical predictions, such as the ¢n production rate
violating the OZI rule. Ratios like R(¢/n) = 0.156 £ 0.029 echoed patterns seen in free nucleon
annihilations, suggesting contributions from nucleon short-range dynamics. For channels with
open strangeness, such as pd — AK? and pd — X°K?, the measured branching ratios contradicted
predictions from simple rescattering models. Instead, experimental results aligned better with a
phase-space-based approach.

These studies highlighted the importance of nuclear binding and short-range effects in de-
termining final states. Future investigations may extend these ideas to systems involving three
nucleons, potentially offering even more stringent tests of theoretical models.

2. Pontecorvo Reactions in 3-Nucleon Targets

In addition to the measurements of antiproton annihilation in deuterium, other Pontecorvo
reactions of significant interest remain unexplored experimentally.

Using deuterium as a target, the employment of antineutrons as projectiles would provide an
opportunity to investigate a series of channels analogous to those reported for antiprotons in Table 1.
Another possibility could involve the use of a deuteron beam [42]. Although such a high-intensity
beam is not currently available, it could, in the future, enable the observation of the Pontecorvo
reactionsd +d — p+p and d+d —ii+n

However, a more realistic approach would be to consider reactions involving antiprotons and
targets with three nucleons, such as:

7+ He >n+p (1)

p+H > n+n )
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Between these, the measurement of the latter reaction is challenging due to safety concerns related
to the use of tritium as a target. Conversely, the former reaction is experimentally feasible, and this
article proposes some methods for its implementation. An evident advantage compared to the study
in deuterium is that the rates predicted for the reaction (1) by the rescattering model and the fireball
model are very different, being on the order of 10~8 — 10~ for the former and 10~° for the latter. In
Figure 1, the graph of reaction (1) according to the rescattering model and the rerrangement graph
in the fireball model are shown.
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Figure 1: Graph of reaction (1) according to the rescattering model (left) and the rerrangement graph in the
fireball model (right).

For completeness, the analogous reactions involving antineutrons are: 7 +>He — p + p
and 7+H—-p+n

3. Antiproton Beams and a Simple Measurement Apparatus

The study of Pontecorvo reactions has always been conducted using continuous antiproton
beams and magnetic spectrometers as measurement apparatus. A continuous beam is essential
because it allows the identification of rare Pontecorvo events among the much more frequent
background of standard antiproton annihilations in the target, which must be rejected.

In this article, we discuss both potential antiproton beams and an alternative measurement
apparatus that could replace the traditional magnetic spectrometer, aiming for a more cost-effective
solution.

3.1 Antiproton Beam

Among the options considered, the antiproton beam from CERN’s ELENA facility offers
a viable solution for studying Pontecorvo reactions, provided that the slow extraction mode is
implemented [43]. Inits current operational mode, ELENA delivers pulsed beams with an antiproton
energy of 100 keV. Each pulse provides approximately 107 antiprotons every two minutes to four
experiments, with a bunch duration of a few hundred nanoseconds. If the same number of antiprotons
were distributed continuously over the two-minute interval, one could achieve an effective rate of
approximately 10° antiprotons per second.

In the absence of ELENA’s continuous beam mode, an alternative is the secondary beamline
from the ASACUSA experiment [44], specifically designed for nuclear physics studies. The
MUSASHI antiproton trap in ASACUSA can operate in two extraction modes: a pulsed extraction
mode for the antihydrogen experiment and a DC extraction mode intended for nuclear studies. Slow
extracted antiprotons from MUSASHI are transported to the annihilation target via the positron
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transfer line, spanning between the positron accumulator and the Cusp trap. Preliminary tests have
successfully transported antiproton beams from MUSASHI along this line, achieving approximately
25,000 antiprotons per spill, corresponding to a transport efficiency of about 8% [44] The efficiency
is expected to improve, enabling the transport of 100,000 antiprotons per spill to the target. However,
this intensity remains lower than that of ELENA’s beam and presents challenges, including the
requirement to accelerate the low-energy beam (hundreds of eV) to at least 100 keV to pass through
the thin window separating the beamline from the gaseous He target. Despite these limitations,
ASACUSA’s secondary line remains a posible alternative for studying Pontecorvo reactions in the
absence of ELENA’s continuous extraction capability.

3.2 Target

Simulations performed using Geant4 indicate that the maximum thickness of a plastic material
window, such as Mylar, that can be nearly fully traversed by 100 keV antiprotons is approximately
1.2 ym. Antiprotons exiting the window have an energy range of 0 to 30 keV. To stop these
antiprotons in a gaseous *He target with a cylindrical geometry (10 cm height and 10 cm base
diameter) aligned along the beam axis, the target density must correspond to a pressure of 200 mbar
at room temperature. However, under these conditions, the Mylar window would be too fragile, as
it would need to withstand a pressure differential of approximately 0.2 bar between the vacuum in
the beamline and the gaseous target. To address this issue, the target should be cooled to cryogenic
temperatures, reducing the pressure differential by two orders of magnitude and preventing the
Mylar from breaking.

An alternative is to use a commercial silicon nitride (SiN) window with a thickness of 500 nm
instead of Mylar. In this case, a 6 mm-wide SiN membrane would eliminate the need for cryogenic
cooling, as similar membranes can withstand pressure differentials between 1 and 2 bar [45] .

3.3 Measurement Apparatus

Magnetic spectrometers were used in experiments to measure the branching ratios of Pontecorvo
reactions in deuterium. These experiments investigated the interactions of antiprotons with nuclear
matter, requiring precise instruments to detect and analyze the particles produced.

The possibility of using a simpler and less expensive apparatus to detect the final state of the
reaction (1) is considered here. The apparatus, in addition to detecting the proton, must include an
efficient neutron detector and a veto system capable of rejecting background events, which consist
of all the antiproton annihilations on quasi-free nucleons of the target. When an antiproton at rest
interacts with a *He nucleus, it is initially captured to form an antiprotonic atom. After a radiative
cascade to lower energy levels, the antiproton in almost all cases annihilates with a proton or neutron
of the nucleus, contributing to the background of the measurement. This annihilation primarily
produces pions, with a mean multiplicity of 5 (including 2 neutral pions), and less frequently strange
particles such as kaons. The annihilation can also proceed through intermediate resonant states,
which subsequently decay into pions and kaons. Table 2 provides the measured branching ratios
for antiproton annihilation at rest in liquid hydrogen targets. Among the effects of the annihilation
is the fragmentation of the nucleus into neutrons, protons, or deuterons.

To enable the measurement system to distinguish these events, it must exclude all cases involving
neutral particles other than the fast neutron, particularly gamma rays arising from the decay of neutral
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Channel BNL (%) CERN (%) Channel BNL (%)  CERN (%)
ntn” 0.37+0.03 0.32+0.04 3nt3n~ 70 1.9+02 1.6+0.2
atrn 0 6.9 +0.35 7.3+0.9 nnl,n > 1 4.1+04 3.3+0.2
2nt2n~ 6.9+0.6 5.8+0.3 atrnaln > 1 35.8+08 345+1.2
27127 7% 19.6+0.7 18.7+0.9 272 nn%n>1 208+0.7 213=+1.1
3nt3n 2.1+0.2 1.9+0.2 3737 na%n>1 03+0.1 03+0.1

Table 2: Branching ratios for antiproton annihilation into pions in liquid hydrogen (from [46]).
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Figure 2: Illustration of the proposed apparatus.

pions formed during the annihilation of antiprotons on quasi-free nucleons in the target. Conversely,
to identify the reaction (1), its kinematics must be exploited, where the two nucleons are emitted
back-to-back with a kinetic energy of approximately 1 GeV.

A preliminary design of the apparatus, illustrated in Figure 2, was developed using Monte
Carlo simulations performed with GEANT4. It features an approximately cubic structure with a
side length of less than 1.5 meters and a geometric coverage of about 2/3 of the total solid angle.

At the center lies the 3He target, with linear dimensions of 10 cm, housed in an aluminum
container with a thickness of 0.32 mm. This thickness was chosen to allow spectator protons,
emitted in background events with energies of a few tens of MeV, to pass through and be detected,
thus improving the efficiency of background rejection. Surrounding the target are the veto system
and, further outward, the neutron detector, both based on plastic scintillators (PVT).

The veto system covers four faces of the cubic structure, leaving uncovered the face from
which the antiprotons enter and the opposite face. An exception is the innermost scintillator layer,
which also includes the cubic face opposite to the antiproton beam direction. For this innermost
layer, the faces parallel to the beam are extended with scintillators toward the antiproton source,
achieving nearly 47 str solid angle coverage relative to the apparatus center and allowing more
effective determination of the charged multiplicity of the annihilation products. The veto system
consists of a sandwich structure with 11 layers of plastic scintillators, each 6 mm thick, alternating
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with 10 layers of lead, also 6 mm thick, in a configuration similar to a sampling calorimeter. The
lead serves to promote the conversion of gamma rays, originating from the decay of neutral pions,
into charged particles easily detectable by the veto scintillators.

The neutron detector also covers four faces and consists of three layers, each 15 cm thick.
The total thickness of 45 cm represents a compromise between containing size and cost while
maintaining adequate neutron detection efficiency. According to GEANT4 simulations, a plastic
scintillator of this thickness can detect approximately 45% of neutrons with 1 GeV energy passing
through it perpendicularly.

The segmentation of the scintillators in both the veto system and the neutron detector was
designed to ensure high spatial resolution. This optimizes the discrimination of useful events,
effectively reducing background noise. The innermost scintillator of the veto system is divided into
20 x 20 cells for each of the five faces, with cell dimensions of 0.5 x 0.5 X 0.6 cm?® per cell. The
four extensions toward the antiproton source are 59 cm long and do not require segmentation.

The outermost veto scintillators, in contrast, have a coarser segmentation with 5 x 5 cells per
face. The total number of readout channels is 9672.

3.4 Event selection

To identify events associated with the Pontecorvo reaction (1), an event selection based on event
topology was developed. This requires that only a single hit be recorded in the innermost layer of
the veto system, considered as the signal of the proton emitted during the reaction. This criterion
rejects all background events with a measured charge multiplicity greater than one. Additionally,
to distinguish the fast proton produced in the reaction (1) from the slow spectator proton typical of
background events, the fast proton’s signal must be accompanied by at least one hit recorded in the
neutron detector along the charged particle path. Furthermore, a signal is required in the neutron
detector in the direction opposite to the proton impact. This signal is expected to originate from the
neutron produced in the Pontecorvo reaction (1).

To ensure the exclusion of background events, no signals should be detected in the veto
system far from the proton track. This combination of criteria allows for the optimization of the
identification of events of interest, significantly reducing background contributions and ensuring
more reliable data acquisition.

4. Simulation Results

Monte Carlo simulations with GEANT4 (version 10) evaluated the detection efficiency of
the Pontecorvo reaction and background rejection. A custom class generated reaction (1), while
built-in functionalities handled background events. Although GEANT4 approximates antiproton
annihilation products [18], its FTFP_BERT_HP + STD + HP Physics List was used due to a lack of
experimental data. A 500 keV detection threshold was applied to all detectors, with events generated
at the target’s center. By applying the event selection described above, the detection efficiency for
reaction (1) was found to be 11%. The background rejection power was on the order of 10%. A
similar result is also achieved for the reaction (2). Assuming that the production rate of Pontecorvo
reaction is 1076, consistent with predictions from the fireball model, the signal-to-noise ratio is 10.
With these results, if a continuous beam from ELENA were available, only 1 spill (2 minutes) would
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be necessary to observe a single Pontecorvo event. In contrast, using the ASACUSA secondary
line, approximately 90 spills, equivalent to 3 hours of data acquisition, would be required. It is
also worth noting that acquiring additional data on antiproton annihilation in hydrogen would be
valuable for further characterizing and reducing background contributions.

5. Conclusions

This study provides an overview of Pontecorvo reactions, which are useful for investigating
short-distance nucleon dynamics and antiproton annihilation mechanisms within nuclei. Facilities
such as CERN’s ELENA, provided it is modified to allow a slow extraction mode, and the ASACUSA
beamline offer viable options for conducting these experiments, particularly with three-nucleon
systems like *He and H. The proposed experimental setup, utilizing plastic scintillators and veto
systems, offers an alternative to traditional magnetic spectrometers. Simulations have shown that
such setups can achieve reasonable detection efficiency and effective background rejection, making
them suitable for the study of these rare processes.
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