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1. Introduction

The HIBEAM-NNBAR program [1, 2] is a multi-stage series of experiments to be conducted
at the European Spallation Source (ESS). The primary aim is to investigate the possibility of
neutrons undergoing conversion or oscillation into antineutrons (n — 1), as well as the potential
transformation of neutrons into sterile neutrons (n — n’). The detection of such phenomena would
imply baryon number violation (BNV), a crucial criteria outlined by Sakharov for baryogenesis
[3]. Neutron transformations represent a promising avenue for testing the validity of the Standard
Model (SM) of particle physics beyond the neutrino sector.

2. Motivation

2.1 Why baryon number violation?

Baryon number ($8) conservation was first postulated by Hermann Weyl in 1929, primarily as
a way to explain the apparent stability of matter through proton stability, similarly to how charge
conservation is used to explain electron stability [4].

Although this explanation might appear appealing, the Standard Model (SM) itself does not
require any such quantity to be conserved a priori and there is no symmetry in the SM requiring
baryon number conservation. As it is well known, baryon number is only an accidental symmetry
of the SM, meaning that by taking its particle content, the full set of possible renormalizable
interactions of the model preserves baryon number, without having it required in the first place.
This fact has naturally raised questions about the stability of protons. In contrast to the well-
established stability of electrons, which is firmly grounded in the conservation of electric charge
(since electrons are the lightest particles with electric charge), the stability of protons lacks an
equivalent underlying "fundamental" symmetry. Unlike the electromagnetic gauge invariance that
gives rise to electric charge conservation - a genuine local symmetry accompanied by the photon
as a gauge boson - proton stability relies on baryon number, which is merely a global symmetry
without an associated mediator.

On the other hand, taken together with lepton number (L), the quantity 8 — £ is exactly
conserved in the SM, and any violation of it would immediately signal the presence of beyond
Standard Model (BSM) physics.

Moreover, baryon number violation in the SM, although technically allowed, can only occur in
the non-perturbative regime of the electroweak theory and is only expected to occur at exceptionally
high temperatures, being thus unobservable today. Indeed, BNV has long been considered [3] one
of the fundamental conditions to explain the observed baryon asymmetry of the Universe (BAU)
and might be the key link between dark matter and ordinary baryonic matter, e.g, if baryon number
is apparently violated, but conserved across dark and visible sectors [5, 6].

The observation of BNV in laboratory experiments would, therefore, not only be a solid and
unmistakable signal of BSM physics, but a breakthrough in our understanding of a nonzero cosmic
baryon asymmetry.
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2.2 Why neutron oscillations?

As experimental limits on proton decay are highly stringent [7], it is tempting to think that
these constraints would apply to neutron-oscillations as well. However, proton decay is a AB =1
process, while neutron oscillations are AB = 2 processes, and as such, can be of complete different
physical origin [8—17] and are also much less constrained [14, 15]. Crucially, processes that violate
baryon number by two units do not need to lead to nucleon decay at all. If one invokes a new scale
at which 8 — £ is broken, implying new BSM dynamics at play, AB = 2 processes can be generated
while leading to small or even vanishing impact on proton decay (see [18] and references therein).

Furthermore, even if one disregards proton decay limits, neutron oscillations are still a bet-
ter/cleaner process to study BNV, since in such processes, only baryon number is violated, while
single nucleon two-body decays such as p — n%* or p — x*v always require lepton number
violation as well in order to ensure angular momentum conservation.

Observation of neutron oscillations is therefore the experimental smoking gun of BNV, which
is, in turn, a fundamental condition to explain the observed BAU.

The existence of neutron-antineutron oscillations is also of great importance from a pure
fundamental particle physics perspective, as it would demonstrate that the neutron has a Majorana
mass, since the existence of fundamental Majorana dynamics is signalled by the breaking of 8 — L
symmetry by the baryon number violating process by two units. This is the exact analogous
of demonstrating the Majorana nature of the neutrino should neutrinoless double beta decay be
observed.

3. The European Spallation Source

The European Spallation Source (ESS), currently being constructed in Lund [19], will emerge
as the world’s leading facility for neutron-based research. It will surpass all existing nuclear
reactor facilities in terms of neutron flux, offering neutron beams that are up to two orders of
magnitude brighter than any other neutron source. ESS is structured as a European Research
Infrastructure Consortium (ERIC) and presently comprises 13 member states: Czech Republic,
Denmark, Estonia, France, Germany, Hungary, Italy, Norway, Poland, Spain, Sweden, Switzerland,
and the United Kingdom.

The high neutron flux at ESS can be attributed to the fact that it will host the world’s most
powerful particle accelerator measured in terms of megawatts (MW) of beam on target. It will
feature a 62.5 mA proton beam accelerated to 2 GeV. With a pulse structure of 14 Hz, each pulse
lasting 2.86 ms, ESS will generate an average power of 5 MW and a peak power of 125 MW. For
experiments focused on fundamental physics that prioritize total integrated neutron flux, the ESS
concept offers a singular opportunity.

Figure 1 provides an overview of the ESS beamlines and instruments. Currently, there are 15
instruments being constructed at ESS, which represents a subset of the full suite of 22 instruments
required for the facility to achieve its scientific objectives, as outlined in the ESS statutes. The an-
ticipated location of the proposed ESS fundamental physics beamline, which would host HIBEAM,
is indicated at beamport ES5 in the figure. The prospective beamline leading to NNBAR is also
depicted.
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Figure 1: Overview of the ESS, beamlines and instruments. The locations for the proposed HIBEAM and NNBAR
experiments are also shown.

4. The HIBEAM-NNBAR Experiment

The initial stage of the HIBEAM-NNBAR program is referred to as High Intensity Baryon
Extraction and Measurement (HIBEAM) and focuses on investigating processes involving sterile
neutrons, induced by non-zero magnetic field values. The assumption is that sterile neutrons exist
in a hidden sector and would be impacted by a sterile magnetic field. Depending on the strength
of the magnetic field being used, sensitivity increases of more than an order of magnitude can
be achieved [1]. Beyond introducing a new opportunity to explore sterile neutron phenomena, a
pilot experiment on the conversion between neutrons and antineutrons is also in the scope of the
HIBEAM program. This search can potentially match the precision of the previous search at the
Institut Langevin (ILL) [20], and even exceed it for an appropriate choice of material in the guide
wall [21-25]. The second stage (NNBAR), will exploit the ESS Large Beam Port (LBP), a unique
component of the ESS facility to search for free neutron-antineutron oscillations, with which the
search sensitivity would be increased by three orders of magnitude compared to the ILL search.

4.1 Free Neutron Oscillation Experiments: HIBEAM and NNBAR

A diagrammatic representation of an experiment involving free neutron oscillations is presented
in Figure 2. A stream of moderated (slow/cold) neutrons is directed from the source, guided through
a magnetically shielded region with a length L', and targeted at a thin carbon disk (approximately
100 pum thick). Virtually 100% of antineutrons are expected to undergo annihilation within the
target. Another method for investigating the possibility of » — 7 transitions entails a different
approach. In this scenario, the transformation from neutrons to antineutrons (n — 1) would occur
through sterile neutron transitions, as proposed in Ref. [26]. Here, magnetic field scans of the
volumes through which the neutrons are traveling are required, as opposed to the neutrons being in
a quasi-free state, as would be needed in the experimental arrangement depicted in Figure 2. The
crucial aspect for detecting both types of searches is that, the resulting interaction of an antineutron

IThe propagation length of neutrons would be around 200 m for NNBAR and 50 m for HIBEAM.
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Figure 2: A schematic view of a free n — 71 experiment showing the expected pionic final state.

with a nucleon in the target disk will lead to an annihilation process, which gives rise to a distinct
final state involving multiple pions. This striking final state must be reconstructed by a detector
surrounding it.

4.2 The Annihilation Detector

Various technologies and designs are being evaluated for the annihilation detector [27-29],
which are being carefully investigated using the GEANT4 simulation software [28, 30]. The central
components of the current baseline detector, arranged radially outward, are as follows: a) the
annihilation target, a 100 um thick carbon disk, initially with a 1 m diameter for the HIBEAM stage
and later expanded to a 2 m diameter for the complete NNBAR second stage; b) a charged particle
tracker designed for tracking, pion identification, and determination of the annihilation vertex. The
inner tracking is achieved using a silicon layer situated within a 2 cm thick aluminum beampipe.
The beampipe is encompassed by a Time Projection Chamber (TPC), which enables particle
identification by measurement of the specific continuous energy loss, %; ¢) for measuring charged
pions, there is a hadronic range detector constructed with 10 scintillator slats arranged orthogonally.
Additionally, to measure photons (essential for neutral pion reconstruction), an electromagnetic
calorimeter made of lead-glass modules is employed; d) encircling the main detector, a cosmic
ray background veto system based on scintillator technology will be positioned. Work is currently
in progress to build a prototype detector system consisting of these components [31], with the
exception of the active cosmic veto system. Figure 3 provides an overview of the NNBAR detector.
It extends over 600 cm along the longitudinal (z) axis. Across the transverse (x — y) plane, the
detector spans 515 cm in both width and height. The diagram includes labels denoting the various
detector components and their corresponding dimensions.

5. Conclusion

The HIBEAM-NNBAR experimental program for the European spallation source will con-
duct a series of precise experiments to search for neutron conversions using free neutrons. An
improvement in sensitivity by three orders of magnitude compared to the last search is expected.
These conversions, if observed, would be unmistakable evidence of baryon number violation,
which addresses important questions in fundamental physics, including the baryon asymmetry of
the universe.
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Figure 3: Schematic overview of the NNBAR detector design in the x-y (a) and y-z (b) views.
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