
Journal of Physics G:
Nuclear and Particle
Physics

     

TOPICAL REVIEW • OPEN ACCESS

Baryon number violation: from nuclear matrix
elements to BSM physics
To cite this article: Leah J Broussard et al 2025 J. Phys. G: Nucl. Part. Phys. 52 083001

 

View the article online for updates and enhancements.

You may also like
Detector characterization for a new
12C+12C reaction study at LUNA
R M Gesuè, S Turkat, J Skowronski et al.

-

Theoretical tools for neutrino scattering:
interplay between lattice QCD, EFTs,
nuclear physics, phenomenology, and
neutrino event generators
L Alvarez-Ruso, A M Ankowski, S Bacca
et al.

-

Motivations for early high-profile FRIB
experiments
B Alex Brown, Alexandra Gade, S Ragnar
Stroberg et al.

-

This content was downloaded from IP address 193.204.141.48 on 21/12/2025 at 15:53

https://doi.org/10.1088/1361-6471/adf081
https://iopscience.iop.org/article/10.1088/1361-6471/ade0dc
https://iopscience.iop.org/article/10.1088/1361-6471/ade0dc
https://iopscience.iop.org/article/10.1088/1361-6471/ade0dc
https://iopscience.iop.org/article/10.1088/1361-6471/adae26
https://iopscience.iop.org/article/10.1088/1361-6471/adae26
https://iopscience.iop.org/article/10.1088/1361-6471/adae26
https://iopscience.iop.org/article/10.1088/1361-6471/adae26
https://iopscience.iop.org/article/10.1088/1361-6471/adb449
https://iopscience.iop.org/article/10.1088/1361-6471/adb449


Topical Review

Baryon number violation: from nuclear
matrix elements to BSM physics

Leah J Broussard1 , Andreas Crivellin2 ,
Martin Hoferichter3,∗ , Sergey Syritsyn4 ,
Yasumichi Aoki5 , Joshua L Barrow6 ,
Arnau Bas i Beneito7,8 , Zurab Berezhiani9,10 ,
Nicola Fulvio Calabria11 , Svjetlana Fajfer12,13 ,
Susan Gardner14 , Julian Heeck15 , Cailian Jiang16 ,
Luca Naterop2,17 , Alexey A Petrov18 , Robert Shrock19 ,
Adrian Thompson20 , Ubirajara van Kolck21,22,23 ,
Michael L Wagman24 , Linyan Wan24 ,
John Womersley25 and Jun-Sik Yoo26

1 Oak Ridge National Laboratory, Oak Ridge, TN 37831, United States of America
2 Physik-Institut, Universität Zürich, Winterthurerstrasse 190, 8057 Zürich,
Switzerland
3 Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics,
University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
4 Center for Nuclear Theory, Department of Physics and Astronomy, Stony Brook
University, NY 11794-3800, United States of America
5 RIKEN Center for Computational Science, Kobe 650-0047, Japan
6 The University of Minnesota, Minneapolis, MN 55455, United States of America
7 Departament de Física Teòrica, Universitat de València, 46100 Burjassot, Spain
8 Institut de Física Corpuscular (CSIC-Universitat de València), Parc Científic UV, C/
Catedrático José Beltrán, 2, 46980 Paterna, Spain
9 Dipartimento di Fisica e Chimica, Università di L’Aquila, 67010 Coppito AQ, Italy
10 INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi AQ, Italy
11 INFN Sezione di Bari and Politecnico di Bari, Dipartimento Interuniversitario di
Fisica, Bari, Italy
12 Department of Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana,
Slovenia
13 Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
14 Department of Physics and Astronomy, University of Kentucky, Lexington, KY
40506-0055, United States of America
15 Department of Physics, University of Virginia, Charlottesville, Virginia 22904,
United States of America
16 Nanjing University, Nanjing, People’s Republic of China
17 Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
18 Department of Physics and Astronomy, University of South Carolina, Columbia, SC
29208, United States of America
19 C. N. Yang Institute for Theoretical Physics and Department of Physics and
Astronomy, Stony Brook University, Stony Brook, NY 11794, United States of
America

Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 52 (2025) 083001 (28pp) https://doi.org/10.1088/1361-6471/adf081

© 2025 The Author(s). Published by IOP Publishing Ltd 1

https://orcid.org/0000-0001-9182-2808
https://orcid.org/0000-0001-9182-2808
https://orcid.org/0000-0002-6449-5845
https://orcid.org/0000-0002-6449-5845
https://orcid.org/0000-0003-1113-9377
https://orcid.org/0000-0003-1113-9377
https://orcid.org/0000-0003-1189-2940
https://orcid.org/0000-0003-1189-2940
https://orcid.org/0000-0003-4096-8836
https://orcid.org/0000-0003-4096-8836
https://orcid.org/0000-0002-7319-3339
https://orcid.org/0000-0002-7319-3339
https://orcid.org/0000-0001-9417-1430
https://orcid.org/0000-0001-9417-1430
https://orcid.org/0000-0002-4156-1686
https://orcid.org/0000-0002-4156-1686
https://orcid.org/0000-0003-3590-2808
https://orcid.org/0000-0003-3590-2808
https://orcid.org/0000-0002-1485-7553
https://orcid.org/0000-0002-1485-7553
https://orcid.org/0000-0002-6166-5546
https://orcid.org/0000-0002-6166-5546
https://orcid.org/0000-0003-2653-5962
https://orcid.org/0000-0003-2653-5962
https://orcid.org/0000-0002-3280-0542
https://orcid.org/0000-0002-3280-0542
https://orcid.org/0000-0003-1586-1519
https://orcid.org/0000-0003-1586-1519
https://orcid.org/0000-0002-4945-4463
https://orcid.org/0000-0002-4945-4463
https://orcid.org/0000-0001-6541-0893
https://orcid.org/0000-0001-6541-0893
https://orcid.org/0000-0002-9235-0846
https://orcid.org/0000-0002-9235-0846
https://orcid.org/0000-0001-5740-4047
https://orcid.org/0000-0001-5740-4047
https://orcid.org/0000-0001-7670-1880
https://orcid.org/0000-0001-7670-1880
https://orcid.org/0000-0001-5524-6137
https://orcid.org/0000-0001-5524-6137
https://orcid.org/0009-0002-2691-5981
https://orcid.org/0009-0002-2691-5981
https://orcid.org/0000-0001-6272-4790
https://orcid.org/0000-0001-6272-4790
https://doi.org/10.1088/1361-6471/adf081


20 Northwestern University, Evanston, IL 60208, United States of America
21 European Centre for Theoretical Studies in Nuclear Physics and Related Areas
(ECT*), Fondazione Bruno Kessler, 38123 Villazzano Trento, Italy
22 Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
23 Department of Physics, University of Arizona, Tucson, AZ 87521, United States of
America
24 Fermi National Accelerator Laboratory, Batavia, IL 60510, United States of
America
25 University of Edinburgh, United Kingdom
26 Los Alamos National Laboratory, Theoretical Division T-2, Los Alamos, New
Mexico 87545, United States of America

E-mail: hoferichter@itp.unibe.ch

Received 30 April 2025, revised 26 June 2025
Accepted for publication 16 July 2025
Published 7 August 2025

Abstract
Processes that violate baryon number, most notably proton decay and ¯nn
transitions, are promising probes of physics beyond the Standard Model
(BSM) needed to understand the lack of antimatter in the Universe. To
interpret current and forthcoming experimental limits, theory input from
nuclear matrix elements to UV complete models enters. Thus, an interplay of
experiment, effective field theory, lattice QCD, and BSM model building is
required to develop strategies to accurately extract information from current
and future data and maximize the impact and sensitivity of next-generation
experiments. Here, we briefly summarize the main results and discussions
from the workshop ‘INT-25-91W: Baryon Number Violation: From Nuclear
Matrix Elements to BSM Physics,’ held at the Institute for Nuclear Theory,
University of Washington, Seattle, WA, 13–17 January 2025.

Keywords: Baryon number violation, proton decay, neutron-antineutron
oscillation, nuclear matrix elements, effective field theory, lattice QCD

1. Introduction

Testing the possible violation of symmetries is a very promising avenue in the search for
physics beyond the Standard Model (BSM). In this context, baryon number violation (BNV)
is particularly interesting, probing the highest scales of all BSM searches, exceeding
1015 GeV in the most sensitive search channels in proton decay. This, therefore, sets the most
stringent limits on the BSM scales of the associated higher-dimensional operators and the
viability of grand-unified-theory (GUT) scenarios [1–3].
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Further, BNV is a key prerequisite for baryogenesis via Sakharov’s conditions [4]. Baryon
number (B) needs to be violated to produce the observed baryon asymmetry in the Universe,
yet still has to be discovered experimentally. Efforts to directly observe BNV are ongoing in
searches for nucleon decays (in particular proton decay)—in the future further pushing the
sensitivity with Hyper-Kamiokande [5], DUNE [6], and JUNO [7]—and planned in searches
for neutron–antineutron ( ¯nn) transitions with NNBAR [8]. A selection of current limits as
listed by the Particle Data Group (PDG) [9] is shown in table 1. These include flagship
processes such as p → π0ℓ+, ℓ = e, μ [10], n̄ +p K [11], and other single-meson final states
[12–16], but also vector-meson and radiative final states [15, 16] as well as inclusive limits
[17, 18]. Best bound and free limits on ¯nn transitions are also given [19, 20].

Digesting these experimental capabilities has far-reaching implications. A positive signal
would provide unambiguous direct evidence of the breakdown of a key prediction of the SM
and might even hint at some low-scale baryogenesis mechanism. Just as importantly, non-
observation provokes many questions for the fundamental physics community. How should
we contextualize these measurements when rendered, and what does this generally mean for
theories of baryogenesis? Would it be possible for various models of proton decay and ¯nn

Table 1. Limits on nucleon lifetimes for various decay channels studied in water-
Cherenkov detectors and on ¯nn oscillation times, with equivalent free oscillation times

¯tnn, all at 90% confidence level (C.L.) [9].

Channel Limit (1030 y) Reference

p → π0e+ 2.4 × 104 [10]
p → π0μ+ 1.6 × 104 [10]

¯p n +p 3.9 × 102 [12]
p → K0e+ 1.0 × 103 [13]
p → K0μ+ 3.6 × 103 [14]

n̄ +p K 5.9 × 103 [11]
p → ηe+ 1.0 × 104 [15]
p → ημ+ 4.7 × 103 [15]

n → π−e+ 5.3 × 103 [15]
n → π−μ+ 3.5 × 103 [15]

¯p nn 0 1.1 × 103 [12]
n̄n K 0 1.3 × 102 [13]

¯hnn 1.6 × 102 [16]

p → ρ0e+ 7.2 × 102 [15]
p → ρ0μ+ 5.7 × 102 [15]
p → ωe+ 1.6 × 103 [15]
p → ωμ+ 2.8 × 103 [15]
p → K

*,0e+ 84 [16]
n̄ +*p K , 51 [16]

p → e+γ 6.7 × 102 [16]
p → μ+γ 4.8 × 102 [16]

p, n → e+X 0.6 [17]
p, n → μ+X 12 [18]

Channel Limit (1030 y) ¯tnn (108 s) Reference

bound ¯n n 3.6 × 102 4.7 [19]
free ¯n n 0.86 [20]
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transitions to be differentiated if either signal were observed? If not, what constraints on
models are possible? Can certain B-violating models be eliminated? What does this imply for
other hypothetical physical mechanisms operating at higher scales, e.g. GUT-scale bar-
yogenesis and Seesaw models?

From the perspective of nuclear theory, these questions are intimately related to the
calculation of nuclear matrix elements, though single-nucleon matrix elements or nuclear-
matter effects may (also) require assessment. At the high scale, BNV can be parameterized via
effective operators in SM effective field theory (SMEFT), but the observables are defined at
the low, nuclear scale where the experiments are performed. For a robust calculation of these
observables in terms of the underlying Wilson coefficients, one therefore needs both renor-
malization group evolution (RGE) and, crucially, the hadronization of the effective operators.
During the workshop ‘INT-25-91W: BNV: From Nuclear Matrix Elements to BSM Physics,’
held at the Institute for Nuclear Theory, University of Washington, Seattle, WA, 13–17
January 2025 [21], these interrelated questions were discussed. In particular, the workshop
addressed how to extract the maximum amount of information from the available data from
current and future experiments and determine their impact on the BSM landscape. In
sections 2–4 we report on some of the main discussion outcomes, followed by short sum-
maries of frontier developments in section 5, reflecting perspectives from experiment, EFT,
lattice QCD (LQCD), and BSM model building.

2. Experiments

The workshop opened with presentations from ongoing and future experiments probing BNV
including proton decay at Super-/Hyper-Kamiokande, DUNE, and JUNO (see sections 5.1,
5.2, and 5.4), as well as ¯nn transitions at DUNE, JUNO, and HIBEAM/NNBAR (see
sections 5.3, 5.4, and 5.5). These presentations initiated detailed discussions about analysis
strategies, sensitivities, and theory input for the interpretation of measurements, e.g. related to
the modeling of the nuclear interaction in proton-decay searches and the conversion of ¯nn
transitions in a nucleus to the free-neutron ¯nn transition rate. There was strong interest from
the theory side to also consider channels besides the golden modes p→ e+π0 and p→ νK+ to
close other flat regions in EFT parameter space. An important revelation was that the Super-
Kamiokande lifetime limits for p→ e+γ (4.1 × 1034 y) and p→ μ+γ (2.1 × 1034 y) from [22]
are not yet published. These limits currently do not feature in the PDG’s review [9], despite
being the largest lifetime limits ever reported, exceeding the current official limits by two
orders of magnitude. Accordingly, the analysis should be pushed forward to publication. In
view of possible resonance enhancement of the matrix elements, the feasibility of searches
with vector-meson final states was also discussed, see section 3.

In addition, to capture a multitude of many-body decay channels, it was proposed to
conduct more inclusive searches. These inclusive searches will be less sensitive to specific
channels than corresponding exclusive searches, due to the exclusive searches utilizing final-
state topologic and kinetic constraints to reject atmospheric neutrino backgrounds. Reporting
inclusive searches in energy differential bins would mitigate this disadvantage. This approach
allows the experiment to recover part of the background rejection handle in kinetic constraints
and facilitates easier application to specific theory-motivated channels while maintaining the
nature of being inclusive. For example, in the case of p→ e+ + anything, instead of assuming
two-body invisible decay [23] or certain final states (e.g. [10, 15, 24, 25]), we propose to first
construct an inclusive sample with at least one e+ in the events regardless of other features,
and report the e+ energy spectrum as well as the conversion into proton lifetime constraint
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assuming a mono-energetic signature. The uncertainty budget in inclusive searches is typi-
cally dominated by statistical uncertainty, due to the worse background rejection and the
absence of the usually dominant uncertainty when modeling nuclear effects in proton decay.
When applying the inclusive search limit to an exotic channel with e+ in the final state that
does not have a dedicated exclusive search, for example, p → e+π0νν, one will first calculate
the probability density spectrum of the e+ in e+ energy, then convolve it with the inclusive
search result of p → e+ + anything differential in e+ energy. Nuclear uncertainty should be
applied to the probability density spectrum estimation when feasible. We envision in the
future, exclusive searches will provide proton lifetime limits for theoretically well-motivated
channels, while such kind of differential inclusive searches provide a wide coverage of proton
decay and BNV processes.

In the context of ¯nn and ¯pn searches, it was observed that the inference of expected
branching fractions from isospin symmetry [19] via ¯pp [26, 27] and ¯np [28] experiments
could be improved by decomposing the various final states into isospin components and
thereby disentangling the isospin-0 and -1 contributions, see [29] for the ¯ pNN 2 case
(N ä {p, n}). The observation that (4–6)-pion states have the largest branching fraction can be
explained by analogy to hadronic vacuum polarization e+e− → hadrons [30]. In this case, at
e+e− center-of-mass energies that correspond to ¯NN , multi-pion channels dominate over, e.g.
the two-pion mode, since at these higher energies, resonances couple increasingly strongly to
high-multiplicity channels and the threshold suppression fades away.

3. Effective field theory and lattice QCD

To make the connection between the low-energy scale at which the experimental searches
proceed and the high-energy scale at which the BNV physics occurs, there were two pre-
sentations featuring SMEFT. A comprehensive one-loop analysis, see section 5.6, showed
that some channels were critical in resolving flat directions in parameter space, most notably
the p→ e+η channel, due to different flavor structure compared to the golden mode p→ e+π0

[31]. For the η channel, no direct LQCD calculations of the proton matrix elements are
currently available due to the complications associated with disconnected diagrams [32]. The
relevance for the SMEFT program motivates such calculations. There was also a presentation
on the ongoing program to extend the RGE analysis to two-loop order [33] (section 5.7), since
the large separation of scales suggests that the sensitivity of BNV processes to two-loop
corrections should be enhanced. However, it was emphasized that a consistent analysis
requires the calculation of one-loop matching corrections at both the high-energy scale and in
the nuclear matrix elements, i.e. even radiative corrections in the latter if QED running is to be
included.

In the ¯nn context, there was a presentation highlighting the intricacies of the calculation of
the nuclear conversion factor for the ¯nn transition in deuterium, especially the sensitivity to
the power counting in the nuclear EFT [34], see section 5.8. Currently, the precision is limited
by two-nucleon contact terms, which could conceivably be determined from LQCD, as an
application of the ongoing spectroscopy program in the NN sector, see section 5.11. In this
way, the calculation for deuterium could be improved, the power counting tested, and better
few-nucleon amplitudes provided for nuclear-structure calculations in heavier nuclei. In
contrast, two- and more-nucleon effects can, to a very good approximation, be neglected for
proton decay [35].

Regarding proton-decay matrix elements (see sections 5.10 and 5.12), the feasibility of
performing LQCD calculations for resonance final states such as p → ρ0ℓ+ or p → K*,+ν was
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discussed, given the potential extended sensitivity in case the matrix elements for these states
indeed display some resonance enhancements. Critically, given the substantial theoretical
effort, better projections for the expected experimental sensitivity were called for, and the
p → K*,+ν channel was identified as one case in which limits could become competitive. In
this regard, a potentially interesting connection to p → ℓ

+γ was identified, in which vector-
meson-dominance arguments could potentially be used to relate the more complicated
resonance matrix elements to photon ones to get a first estimate.

Finally, EFT methods can also be used to establish connections to the third generation
[36], including BNV B-decays and proton decays involving an off-shell τ (section 5.9). In this
case, flat directions in the EFT can still be closed, but the BNV scale can be lower. On the
theory side, it would be interesting to validate factorization assumptions necessary for some
matrix elements with LQCD calculations, while the momentum dependence of BNV form
factors can also be reconstructed using dispersion relations [37]. Moreover, in case of third-
generation-induced nucleon decays, higher-multiplicity final states occur due to the decays of
the τ lepton, further motivating the consideration of inclusive searches discussed in section 2.

4. BSM and astrophysics connections

The landscape of possible, distinct BNV scenarios is vast, and can be organized, for instance,
by B ± L and Lℓ, ℓ = e, μ, τ quantum numbers [38] (L referring to total lepton number and Lℓ
that of a given flavor). Interestingly, even for higher-dimensional operators BSM realizations
exist that avoid at the same time contributions at lower dimensions, see section 5.13. To fully
probe the BNV landscape, one would need to measure an unrealistically large number of
channels, including high-multiplicity final states. This motivates the consideration of inclu-
sive limits, ideally including information on the spectrum, together with a few theory-moti-
vated exclusive modes. Besides the golden modes p → π0ℓ+ and p → K+ν, these could
include p → ηℓ+ to break degeneracies in flavor space, p → ρℓ+ or p → K*,+ν due to the
potential resonance enhancement, and p → ℓ

+γ due to large sensitivity reach. In the latter
case, however, estimates of the matrix elements do suggest a suppression by the fine-structure
constant α, but refined calculations especially in view of the (unpublished) limit from [22]
appear well motivated.

As specific BSM realizations, leptoquark models were discussed (section 5.14)—in which
proton decay can be absent at tree level but induced by loop effects—as were scenarios in
which ¯nn transitions would be the dominant manifestation of BNV (section 5.16). Finally,
connections to astrophysics in the context of BNV and neutron disappearance to dark-sector
final states were explored, together with possible connections to dark matter, late-scale bar-
yogenesis models, and the tension in the neutron lifetime between beam and bottle mea-
surements [39], see sections 5.15, 5.17, and 5.18.

5. Theory and experiment frontier developments

5.1. Search for proton decay in the Hyper-Kamiokande experiment

Nicola Fulvio Calabria
The discovery of proton decay would provide direct evidence of BSM physics. The search

for the two flagship decay modes p → e+π0 and p → νK+ has been carried out in Super-
Kamiokande, a 50 kton underground water-Cherenkov detector in operation since 1996 in the

J. Phys. G: Nucl. Part. Phys. 52 (2025) 083001 L J Broussard et al

6



Kamioka mine, Japan. This has led to the establishment of the most stringent partial lifetime
limits for both of them [10, 11].

Hyper-Kamiokande is the next-generation underground water-Cherenkov detector cur-
rently under construction in the Tochibora mine, Japan, featuring a broad scientific program
spanning from neutrino physics to the search for BNV. Hyper-Kamiokande is scheduled to
start its operation in 2027, taking advantage of its huge fiducial mass (186 kton) and its new
20" photomultiplier tubes, which feature detection efficiency and timing resolution improved
by a factor 2 with respect to Super-Kamiokande, to achieve an unprecedented sensitivity to
proton decay.

Hyper-Kamiokande is expected to probe proton partial lifetimes one order of magnitude
higher than the best current limits, extending up to 1035 yr [5], thus playing a central role in
exploring the future of particle physics.

5.2. Exploring baryon number violation at the deep underground neutrino experiment: a brief
discussion of capabilities and possible future strategies

Joshua L Barrow
The Deep Underground Neutrino Experiment’s (DUNE’s) far detector complex of

4 × 17 kt liquid argon time projection chambers (LArTPCs) will have a rich set of physics
topics [6], including neutrino oscillation and BSM physics [40]. Of great importance to the
latter of these goals is BNV [41], especially including nucleon decay [42–44], ¯nn transfor-
mations [45–49], and dinucleon decay, all of which hope to exploit DUNE’s particle
calorimetry, low particle kinetic energy thresholds [50, 51], and exceptional particle tracking
capabilities with ∼mm-scale spatial resolution. All suffer from atmospheric neutrino back-
grounds, which at times mimic these rare events’ unique topologies. Here, we review recent
results in this vein with a focus on proton decay (PDK) using the DUNE Far Detectors, as
well as some of DUNE’s principal experimental capabilities, and look forward to some
possible upcoming analyses with new strategies discussed at the INT.

DUNE’s calorimetry and spatial resolution are key features to its future success in BNV
searches, directly exploiting the topological characteristics [46–48] of rare signals. Coupled
with low charged particle kinetic energy thresholds (especially for charged hadrons [51]) and
good particle identification via usage of dE / dx and associated Bragg peaks—or lack thereof
—near complete final states can in principle be reconstructed. This said, much work continues
within the collaboration on improvements to a plethora of reconstruction tools to better
capture the full richness of complex final states.

Much attention has been paid within the DUNE collaboration to the predominately
supersymmetric GUT-motivated mode of n̄ +p K , e.g. the ‘golden channel’ of DUNE
[6, 40, 42–44], so-called due to LArTPC’s very low kinetic energy thresholds for trackable
charged hadrons compared to that of water-Cherenkov detectors [51]. Ideally, this channel
leads to a topological signature of a highly-ionizing charged kaon before decaying a majority
of the time into an antimuon, which subsequently decays into a Michel electron (positron).
This triple track topology is hopefully reconstructed completely with visible and consecutive
Bragg peaks. However, such a signal can in principle, among many other potential back-
grounds, be confused with quasielastic-like charged current atmospheric neutrino scattering,
wherein a highly-ionizing proton is produced in conjunction with a muon, which in principle
could then decay into an electron if not captured. Such a background would similarly produce
a triple track topology, although without consecutive connected Bragg peaks. Charged kaons
of sufficient energies are indeed trackable within LArTPCs [52–55], though it should be noted
that the reconstructability of lower momentum kaons similar to those expected from
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intranuclear PDKs with momenta comparable to the Fermi momentum have not been widely
studied within LArTPCs. Actively supporting and pursuing low-energy charged kaon beam
studies could be considered to strengthen this understanding.

Of course, there are many other possible modes of BNV beyond ‘golden channel’ PDK.
Compared to its water-Cherenkov oriented competitors, DUNE is expected to shine not only
in low-energy charged hadron tracking but more generally should excel in the reconstruction
of high-multiplicity charged particle final states thanks to its spatial resolution and three-
dimensional tracking. A classic example of such a search includes ¯nn transformation, a
specific form of the more general dinucleon decay, which is expected to rely on high-
multiplicity pionic final states due to the antineutron’s annihilation with an intranuclear
nucleon partner [45–48, 56]. Exploiting the unique kinematics of such final states with novel
reconstruction variables [49] is expected to be achievable within a LArTPC such as DUNE,
hopefully enhancing the final sensitivity to such a search; being able to tag and reject charged
current neutrino interactions as backgrounds is of course a key feature. Similarly, high-
multiplicity leptonic final states could also be pursued with regard to proton or neutron
decays, though no such sensitivity study has yet been performed.

Other possibilities for BNV searches are abundant, and search strategies could go beyond
the mere enumeration of all relevant channels by the PDG [9]. Per discussions at the INT,
consideration of (semi-)inclusive final states, such as mN → ne± + X, mN → nμ± + X,
mN → nπ± + X, K, mN → ntracks + X, K, mN → n showers + X, etc., for
{n, m} = {1, 2,K}, could also be pursued for continuous values of X masses, wherein a
continuous sensitivity limit could in principle be placed dependent upon identified particle
kinematics. Given the (semi-)inclusive nature of such searches, background is expected to
dominate, and so only lower-than-ideal limits would be expected to be placed, likely in
merely a complementary manner. This said, setting individual limits on all such channels is of
course possible. However, the scope of such (semi-)inclusive searches also points to the
possibility of generic BNV searches as a form of ‘anomaly’ detection within LArTPCs such
as the DUNE far detectors, wherein powerful machine learning algorithms such as
NuGraph [44, 57] could be leveraged with broad binary classifiers alongside leading particle
identification capabilities to select on BNV above atmospheric neutrino backgrounds.

5.3. Search for neutron–antineutron transition in large neutrino detectors

Linyan Wan
¯nn transition is a BNV process with ΔB = 2, providing a unique insight into the potential

explanation of the baryon asymmetry in our Universe, especially in the context of post-
sphaleron baryogenesis. Studies have been conducted in various neutron-rich environment
including free neutron sources [20], neutron stars [58], and bound neutrons in large neutrino
detectors [19, 59–64], neutron stars, and bound neutrons in large neutrino detectors, among
which the large neutrino experiments [19] obtained the most stringent constraints.

At Super-Kamiokande, we searched for ¯n n oscillation with bound neutrons in the 16O
nucleus of their water target, most recently with the full dataset from its first four run periods,
representing an exposure of 0.37 megaton yr. The search used a multivariate analysis trained
on simulated ¯n n events and atmospheric neutrino backgrounds featuring variables
describing the kinematics, isotropy, particle multiplicity, and particle identification. It resulted
in 11 candidate events with an expected background of 9.3 events, in the absence of statis-
tically significant excess, yielding a lower limit on n̄ appearance lifetime in 16O nuclei of
3.6 × 1032 yr and on the ¯nn oscillation time of ¯t > ´4.7 10nn

8 s at 90% C.L. [19].
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Large future neutrino detectors such as Hyper-Kamiokande and DUNE are expected to
push and extend the current limit and explore more into the theoretical predicted parameter
space. Hyper-Kamiokande, a next-generation water-Cherenkov detector, has a fiducial
volume eight times that of Super-Kamiokande [5], indicating a naively scaled up sensitivity of

´ ´8 3.6 1032 yr. DUNE, a 40 kton detector utilizing liquid argon time projection tech-
nology, features a significantly lower detection threshold for hadrons compared to water-
Cherenkov detectors. This enhancement improves the efficiency for ¯n n signals by a factor
of 2 at the same background rate [6]. Ongoing efforts using machine learning reconstruction
to study the topological features will provide additional insights.

5.4. Search for nucleon decay in JUNO

Cailian Jiang
The conservation of B is an accidental symmetry in the SM of particle physics, and no

fundamental symmetry guarantees the proton’s stability. BNV is one of three basic ingre-
dients to generate the cosmological matter–antimatter asymmetry from an initially symme-
trical universe [4]. On the other hand, B is necessarily violated, and the proton must decay in
GUTs [65], which can unify the strong, weak, and electromagnetic interactions into a single
underlying force.

JUNO is a 20 kton multipurpose underground liquid scintillator (LS) detector under
construction in China, with a 650 m rock overburden (1800 m water equivalent) for shielding
against cosmic rays [7, 66, 67]. The LS detectors have distinct advantages in the search for
some nucleon decay modes, such as n̄ +p K [68–70] and the neutron invisible
decays [71, 72].

The proton decay mode n̄ +p K is one of the two dominant decay modes predicted by a
majority of GUTs [73]. In the JUNO LS detector, the decay will give rise to a three-fold
coincidence feature in time, which is usually composed of a prompt signal by the energy
deposit of K+, a short-delayed signal (τ= 12.38 ns) by the energy deposit of decay daughters
of K+, and a long-delayed signal (τ= 2.2 μs) by the energy deposit of the final Michel
electron. To discriminate the n̄ +p K signals from the enormous amount of backgrounds,
we design a series of selection criteria based on the simulation data sample. The basic event
selection about the visible energy is firstly applied. Then we employ all delayed signals
selection of n̄ +p K and atmospheric neutrino events, including the Michel electron and
neutron capture. Besides the common cuts on energy, position, and temporal features,
additional criteria have to be explored since about 6.8% of the total atmospheric neutrino
events would survive. The key part of the selections is based on the triple coincidence
signature in hit time spectrum. We use the multi-pulse fitting method to reconstruct the time
difference and energy of the K+ and its decay daughters. After applying all criteria, the total
efficiency for n̄ +p K is estimated to be 36.9%, while the expected background level
corresponds to 0.2 events in 10 yr. Thus, the JUNO sensitivity on n̄ +p K at 90% C.L. with
200 kton yr would be ( ¯ )/t n > ´+p KBr 9.6 1033 yr, which is higher than the current
best limit of 5.9 × 1033 yr from the Super-Kamiokande experiment [11]; see figure 1(left).

We also explore the decay of bound neutrons into invisible particles (e.g. n → 3ν or
nn→ 2ν) in the JUNO liquid scintillator detector, which do not produce an observable signal.
The invisible decay includes two decay modes: n → inv and nn → inv. The invisible decays
of s-shell neutrons in 12C will leave a highly excited residual nucleus. Subsequently, some de-
excitation modes of the excited residual nuclei can produce a time- and space-correlated triple
coincidence signal in the JUNO detector. Based on a full Monte Carlo simulation informed
with the latest available data, we estimate all backgrounds, including inverse beta decay
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events of the reactor antineutrino n̄e, natural radioactivity, cosmogenic isotopes, and neutral
current interactions of atmospheric neutrinos. Pulse shape discrimination and multivariate
analysis techniques are employed to further suppress backgrounds. With two years of
exposure, JUNO is expected to give an order of magnitude improvement compared to the
current best limits. After 10 yr of data taking, the JUNO expected sensitivities at 90% C.L. are
τ/Br(n → inv) > 5.0 × 1031 yr and τ/Br(nn → inv) > 1.4 × 1032 yr; see figure 1(right).

5.5. The HIBEAM and NNBAR projects at the European spallation source

John Womersley
The European Spallation Source (ESS) [74] is now under construction in Sweden. Once

operational, it will be the world’s most intense neutron source. In addition to neutron scat-
tering studies for materials and life sciences, the ESS has a dedicated mandate for funda-
mental physics research. A prioritization exercise in 2018 identified the absence of a
dedicated beamline for particle physics as being a missing scientific capability of the highest
importance, with the potential for exploring free ¯nn oscillations at a level of sensitivity
significantly beyond the current state of the art from ILL [20].

A conceptual design for a new 200 m beamline and experiment NNBAR has been carried
out [8]. This would make use of a new large beam port and ideally a second moderator under
the present ESS target wheel. Detailed MCNP and GEANT4 simulations of beamline and
detector demonstrate that a sensitivity to observation of ¯n n ∼ 1000 × greater than ILL
can be achieved. This clearly shows the potential for ESS to explore new regions of parameter
space, but priorities and funding remain constrained in the short term. The chosen way
forward is therefore to pursue a new, shorter particle physics beamline in the existing East
experimental hall. The High-Intensity Baryon Extraction and Measurement (HIBEAM) col-
laboration is now designing this beamline and related infrastructure. The HIBEAM detector
will make use of the existing WASA [75] crystal calorimeter to keep costs down. Detailed
modeling shows the potential to go a factor of 10 beyond ILL in discovery reach (a factor of
∼3 in lifetime sensitivity) with 3–5 yr of running at 5 MW, as shown in figure 2. HIBEAM
can also explore other physics including searches for sterile neutrons and axion dark matter.

Currently, ESS council has approved 1.1 M€ for the neutron extraction system. Pre-
paratory support has been secured from the European Commission and the Swedish Research

Figure 1. Left: the JUNO sensitivity for n̄ +p K as a function of running time at 90%
C.L. Right: JUNO sensitivities to n → inv and nn → inv as a function of the running
time at 90% C.L. SNO+ and KamLAND give the current best upper limits in the
search of n → inv and nn → inv based on experimental data, respectively.
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Council, and construction and testing of annihilation detector prototype components, vali-
dation and simulation, and system integration at the ESS test beam line are all underway. The
collaboration involves institutes from Sweden, USA, Israel, France, Italy, Brazil, Australia,
with co-spokespersons G. Brooijmans (Columbia) and D. Milstead (Stockholm). The project
is ready to move forward when construction funding is secured (∼15M€ is required for the
minimum configuration).

5.6. A bottom-up approach to nucleon decay: RGEs, correlations, and connection to UV

Arnau Bas i Beneito
Motivated by the upcoming series of experiments searching for proton decay [5, 6, 66],

this work focuses on BNV from a bottom-up perspective. Specifically, we characterize
nucleon decay in a model-independent framework based on SMEFT [76–78], highlighting the
importance of searching for both |Δ(B − L)| = 0, 2 nucleon decay modes. These modes are
often indistinguishable from an experimental standpoint, yet their observation would point to
different SMEFT operators, which originate from distinct UV models.

In particular, we analyze the lowest-dimensional BNV SMEFT operators of dimension six
and seven [79–83]. We incorporate the RGE effects of such operators and perform a complete
running procedure from the BNV scale, LB , down to the proton mass scale, passing through
the relevant EFTs [84, 85]. The nucleon decay rates are then computed using baryon chiral
perturbation theory and the so-called indirect method [32, 86], with results that remain
consistent with those obtained via the direct method [87]. By leveraging the power of EFT,
we derive model-independent limits on LB , consistently obtaining more stringent bounds
when running effects are included.

Additionally, we present an analysis of the simultaneous presence of pairs of BNV
operators, demonstrating how complementary searches in different decay channels can help
break degeneracies. Particular attention is given to channels involving an η meson in the final
state. We also provide numerical expressions for the decay widths of various nucleon decay

Figure 2. Limits or sensitivity to the ¯n n lifetime τ for a selection of published
(circles) and planned (triangles) experiments. Blue symbols show model-dependent
results from experiments using bound nucleons, and red symbols show results with free
neutrons. The HIBEAM data point shows the expected sensitivity of HIBEAM with the
WASA calorimeter at 5 MW.
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observables in terms of SMEFT Wilson coefficients at LB , assuming they are generated by
integrating out heavy UV multiplets. The running effects are incorporated in all cases, and
numerical coefficients for the decay rates are available online [31, 88], serving as a bridge
between specific UV models and low-energy BNV observables.

Finally, we present a table of correlations among different BNV operators and the strength
of their signals in various nucleon decay channels, normalized to the current experimental
bounds on the proton lifetime [10–12]. These results suggest that detecting signals in two or
three channels could indicate specific operators and thus guide the search for viable UV
completions, such as GUTs [1–3]. The detection of the long-sought proton decay within the
next decade would mark a groundbreaking milestone in particle physics. In such a scenario,
identifying the operator responsible for the observed decay mode and investigating its pre-
dicted associated processes would be the primary course of action. Should that day arrive, the
necessary ingredients for its analysis may be found here.

5.7. Two-loop anomalous dimensions of ΔB operators

Luca Naterop
EFTs provide powerful tools in searches for BNV, as required to explain the baryon

asymmetry of our Universe. Prominent theories, such as GUTs, differ by up to 15 orders of
magnitude in energy from experimental approaches such as proton decay searches. A
separation of scales by EFT methods is therefore crucial in order to improve perturbation
theory through resummation of large logarithms, and for consistent combination of con-
straints across energy scales and observables.

Beyond the one-loop order, where the RGE of the relevant dimension-six ΔB operators is
known [89–91], only partial results exist. The two-loop RGE available in the literature [92]
lacks proper scheme definition and includes only QCD corrections. But in a desired com-
prehensive EFT analysis of the proton decay, where bounds are evolved across vast energy
scales, electroweak effects are expected to be of similar size due to approximate unification of
forces.

Here, we explain an on-going effort towards a full determination two-loop ΔB RGE at
dimension six, paving the way for comprehensive future EFT analyses. Even though the
considered sector does not lead to problems related to γ5, the two-loop RGE is still scheme
dependent. We discuss scheme dependencies that arise in ΔB sectors and we provide two
well-defined schemes to be used: one in naive dimensional regularization and a second one in
the ’t Hooft–Veltman scheme for γ5 [93]. Our schemes feature advantages such as: restoration
of spurion chiral symmetry and proper definition and handling of evanescent operators [94].
We also discuss a practical method for the calculation of the desired two-loop RGE. The
method uses the well-known R operation, which constructs all counterterms automatically,
but must be adjusted to respected our schemes. The method has already proven useful in
higher-loop EFT renormalization calculations [33]. We find results [95] that pass all con-
sistency checks such as: gauge invariance, pole relations, and restoration of spurious chiral
symmetry. The results are part of a broader community effort towards two-loop anomalous
dimensions and, more generally, next-to-leading logarithmic EFT analyses [96–99].

5.8. How A > 1 can help with |ΔB| = 1, 2

Ubirajara van Kolck
Most experiments probe BNV through the decay of nuclei with the disappearance of one

(ΔB = 1) or two (ΔB = 2) nucleons. The relation between a possible signal and in-vacuum
processes, such as proton decay and ¯nn oscillations, requires an understanding of the nuclear
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environment: effects of both ΔB = 0 and ΔB ≠ 0 internucleon interactions need to be
assessed.

EFTs allow tracking ΔB ≠ 0 interactions from their manifestation in SMEFT as dimen-
sion-six (|ΔB| = 1) [79–81] or nine (|ΔB| = 2) [100–103] operators at the electroweak scale
∼100 GeV down to the nuclear scale ∼100MeV. At the lower scale, nuclear EFTs [104]
provide a systematic treatment of all internucleon interactions, with model independence
ensured by order-by-order renormalizability. The low-energy constants (LECs) can be
determined from few-nucleon observables calculated with LQCD, and ‘ab initio’ many-body
methods can then be deployed to predict properties of larger nuclei [105]. In Chiral EFT, the
different chiral symmetry properties of ΔB ≠ 0 operators [82, 106] dictate the relative
magnitudes of their contributions to various observables [34, 35], enabling in principle the
identification of a dominant operator, if it exists.

These virtues can be exemplified with the lifetime of the deuteron, which is dilute enough
for pion exchange to be perturbative [107]:

• ΔB = 1 [35]: Once the energetic products of nucleon decay are integrated out, the LECs
of ΔB = 0 nuclear interactions acquire imaginary parts. Up to and including next-to-
leading order (NLO), the deuteron decay rate is given by the sum of the decay rates of the
free proton and neutron. The first nuclear correction is expected to contribute at the few-
percent level and comes with an undetermined LEC. These conclusions are in qualitative
agreement with results from phenomenological potentials [108, 109].

• ΔB = 2 [34]: The relative importance of the ¯nn transition and dinucleon decay depends
on the ΔB = 2 operator at the quark level. For most operators, the ratio of the deuteron
lifetime to the square of the ¯nn oscillation time is fixed at LO and agrees with results for
short-range potentials [110–113]. At NLO, there are calculable, small corrections and a
so-far unknown short-range dinucleon LEC. Estimating this LEC with dimensional
analysis, the result, which is analytical and has a quantified uncertainty, is smaller by a
factor ∼2.5 than estimates based on potential models [112, 114]. For the remaining
operator, there is no direct link to the ¯nn oscillation time.

Details might change for heavier, denser nuclei, where the perturbative-pion expansion is
expected to, at best, converge slowly. However, the main conclusions should survive [34, 35].

5.9. Indirect constraints on the third-generation baryon number violation

Alexey A Petrov
As baryon and lepton numbers are accidental symmetries of the SM, there is no reason to

be conserved in general. The non-observation of BNV suggests that the scale of BNV
interactions at zero temperature is comparable to the GUT scale. However, the pertinent
measurements involve hadrons made of the first-generation quarks, such as protons and
neutrons. One may, therefore, entertain the idea that new flavor physics breaks baryon
number at a much lower scale, but only in the coupling to a third-generation quark, leading to
observable BNV b-hadron decay rates. This motivation led to numerous searches for BNV
decays of the B mesons, Λb baryons [115, 116], and other heavy states [37, 38, 117].

We show [36] that indirect constraints on the new physics scale ΛBNV from the existing
bounds on the proton lifetime do not allow for this possibility. For this purpose, we consider
the three dominant proton decay channels ¯n n +p ℓ ℓ , ¯p n +p , and p → π0ℓ+ mediated by
a virtual bottom quark. To write a set of effective operators mediating this transition, we
consider all BNV operators in SMEFT that contain at least one b-quark and match them into
the Weak Effective Theory at the weak scale. We show that the operators with the left-handed
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b-quarks can yield the suppression of the order of ∼|Vub|ΛGUT, so only the operators with the
right-handed quarks should be considered.

Integrating out the b-quark, we are left with the effective Hamiltonian
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for ¯p n +p and p → π0ℓ+. Note that the tree-level matching coefficient is 1/mb for all
operators, and the subscripts refer to the BNV and weak currents, respectively, and X = L, R.
Computing the matrix elements of dim-9 operators and comparing the results to the
experimental constraints from ¯n n +p ℓ ℓ , ¯p n +p , and p → π0ℓ+, we conclude that for all
transitions ∣ ∣/L ´C a few 10iBNV

9 GeV [36], which implies that the obtained lower
limits on the scale of highly generation-dependent BNV favoring the third family exclude the
possibility of observing such BNV directly in b-hadron decays in any presently conceivable
experiment.

5.10. Proton decay matrix element on the lattice

Jun-Sik Yoo
Proton decay is a major prediction of GUTs [1–3, 79–81, 118, 119], and its observation

would indicate BNV, a key requirement for baryogenesis [4]. However, despite extensive
searches spanning several decades, no definitive proton decay signal has been observed,
leading to stringent constraints on its rate and ruling out some of the simplest GUT models.
The decay rate depends not only on BNV interactions, but also on the hadronic matrix
elements that encode the transition amplitudes between the proton and the final-state mesons
and antileptons. These matrix elements, which arise from three-quark operators, are inherently
nonperturbative and require first-principles calculations to be determined accurately.

We present results from a nonperturbative LQCD calculation of the proton decay matrix
elements for the most commonly studied two-body decay channels into a meson and an
antilepton [32]. Our simulations are conducted with physical light and strange quark masses
on lattices with spacings a ≈ 0.14 and 0.20 fm, allowing us to systematically control
uncertainties related to discretization and quark mass dependence. In addition to computing
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the direct three-quark matrix elements, we also evaluate the proton-to-vacuum matrix ele-
ments, α and β, which serve as important inputs for phenomenological models of proton
decay. We employ nonperturbative renormalization to match our results to continuum
schemes, ensuring robust predictions. Furthermore, we perform a careful excited-state ana-
lysis to mitigate contamination from higher-energy states, improving the reliability of our
results.

Our findings largely agree with previous LQCD calculations that used heavier quark
masses [86, 120–125], reinforcing the conclusion that the quark mass dependence of hadron
structure does not significantly alter the exclusion of certain simple GUT models [126, 127].
Moreover, our study lays the groundwork for extending these calculations to other possible
proton decay channels, further broadening the scope of LQCD contributions to constraining
GUT scenarios. Future work will explore additional decay modes and extend the precision of
these matrix element computations by incorporating finer lattice spacings and larger volumes.

5.11. Towards baryon number violation in nuclei from lattice QCD

Michael L Wagman
¯nn oscillations, which violate B and B − L, are predicted as low-energy signatures of BSM

post-sphaleron baryogenesis scenarios [128, 129]. Experimental bounds on the ¯nn transition
time, ¯tnn, have been obtained from searches for free neutron transitions [20] as well as
intranuclear ¯nn [19, 61]. New discoveries or limits will be set for free neutrons at the ESS
[130] and for intranuclear ¯nn by Hyper-Kamiokande and DUNE [131].

Relating ¯tnn to BSM parameters is accomplished in SMEFT by introducing a complete
basis of six-quark operators, QI [1, 101]. Predictions for particular BSM theories are encoded
in the Wilson coefficients CI of the Hamiltonian ¯ = å C Qnn I I I . Its matrix element gives the

¯nn transition rate ∣⟨ ¯∣ ∣ ⟩∣¯ ¯t =- n nnn nn
1 . LQCD has been used to compute the ⟨ ¯∣ ∣ ⟩n Q nI in a

convenient basis [106] where the QI renormalize multiplicatively and there are only four non-
zero matrix elements [132, 133]. For example, in the left-right symmetric model of [134], the
ILL bound and these LQCD results provide a bound of 350(22) TeV on the scale of B
violation.

Further complications arise in relating ¯tnn to intranuclear ΔB = 2 rates. Chiral EFT has
been used to relate the deuteron lifetime G-

d
1 constrained by SNO to ¯tnn using Kaplan–

Savage–Wise (KSW) power counting in [34] and using Weinberg power counting in [114].
The results differ by a factor of two, indicating that higher-order effects (in at least one power
counting) are significant. To constrain these higher-order Chiral-EFT effects, LQCD calcu-
lations of ¯nn in multi-nucleon states are needed.

The simplest multi-nucleon matrix element of QI for LQCD is ⟨ ∣ ∣ ⟩Q nn0 I , with nn being the
two-neutron ground state. The corresponding quark-line diagram is simply the crossed ver-
sion of the diagram describing ¯nn. Further, this matrix element can be identified as an
‘overlap factor’ in a two-point correlation function involving QI and an operator for the nn
ground state. Conveniently, such two-point functions were recently computed in variational
studies of the nn spectrum by the NPLQCD Collaboration in [135]. The QI operator does not
appear to couple strongly to the nn ground state and has significantly larger overlap with the
states coupling to plane-wave product operators n(k)n(−k) with non-zero k. This suggests
that intranuclear ¯nn rates could have significant dependence of the neutron momentum dis-
tributions of nuclei.

Current LQCD results only constrain the bare ⟨ ∣ ∣ ⟩Q nn0 I , and quantitative results must wait
for determinations of the corresponding renormalization factors. Further challenges associated
with energy-eigenstate identification for multi-nucleon systems can be mitigated using a new
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analysis framework based on the Lanczos algorithm that can provide rigorous two-sided
bounds on the systematic errors associated with excited-state contamination [136–138].
Complete LQCD determinations of ⟨ ∣ ∣ ⟩Q nn0 I , for two-neutron ground and excited states,
could then be matched to Chiral EFT to constrain the relation between G-

d
1 and ¯tnn. After

matching LQCD and Chiral EFT in the two-nucleon sector, the same relations would inform
Chiral-EFT predictions relating intranuclear ¯nn rates to ¯tnn in larger nuclei.

5.12. Lattice QCD computations of proton decay matrix elements

Yasumichi Aoki
Proton decay matrix elements for the final states of one lepton and a pseudoscalar meson

are computed with LQCD utilizing physical-point ensembles of the PACS collaboration using
nonperturbatively ( ) a improved Wilson fermions. The form factors necessary to compute all
of these processes with all possible three-quark operators are studied. The latest but pre-
liminary results are available in [139]. This computation uses finer lattices than [32], at the
cost of violating lattice chiral symmetry. With different characteristics, two computations
would provide a good crosscheck. In the following we sketch important ingredients for the
lattice computation.

Necessary steps for computing the matrix element in a certain renormalization scheme and
scale are (1) computation of the matrix elements from three-point functions and (2) renor-
malization and matching of the BNV three-quark operators. There is a well-established way
for (1), first done by JLQCD [121]. The difference from that to the current state-of-the-art
computation is the use of dynamical fermion ensembles generated for the physical average
up- and down-quark mass and physical strange-quark mass. (2) is done using the Rome–
Southampton, RI/MOM [140] (regularization independent, momentum subtraction) non-
perturbative renormalization scheme constructed for proton-decay operators [141]. The RI/
MOM scheme acts as an intermediate renormalization to bridge the lattice results to more
convenient renormalization schemes like MS , and is designed to absorb the lattice dis-
cretization details. The rest, matching to, e.g. MS , can be done in continuum perturbation
theory.

There are several different RI/MOM schemes used so far. For the quark wavefunction
renormalization we typically utilize the vertex functions of bilinear operators with vanishing
anomalous dimension, such as vector and axial vector operators. To avoid contamination of
IR physics effect, RI/SMOM schemes [142–144] making use of non-exceptional momenta
are applied for the bilinear vertex functions.

For the three-quark vertex, in the original RI/MOM scheme [141], all three momenta
flowing in from three external quark legs are set equal (p), which makes the momentum flow
from the three-quark operator 3p. A new scheme discussed in [145], which is used in
[32, 139], sets the momentum flow from the three-quark operator to zero. In these schemes
there is an imbalance in the momenta involved: p versus 3p or p versus zero. In [32] the old
and new schemes are called MOM3q and Symm3q. There is a better choice of the momentum
configuration following the discussion in [142], where the sizes of all four momenta are set
equal. The matching computation for such a scheme is reported in [146], but has not been
used in LQCD computations yet.

One combination of the schemes of the bilinear vertex and the three-quark vertex defines
one scheme for the three-quark operator. As the perturbative matching factor to a given order
of αs for one combination differs from another, multiple schemes constructed in such a way
can be used for the estimate of the truncation error of perturbation theory.
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5.13. Opening up baryon-number-violating operators

Julian Heeck
As shown by Weinberg [79], BNV first arises at mass dimension d= 6 in SMEFT and

leads to clean ΔB = ΔL = 1 two-body nucleon decays, even if the operators contain second-
or third-generation fermions [36, 38, 117]. Most, but by far not all, of these decays are under
experimental scrutiny at Super-Kamiokande and will be further improved with the upcoming
detectors Hyper-Kamiokande and DUNE [147].

Alas, as also emphasized by Weinberg [148], the naively-dominant d= 6 operators could
be suppressed or even forbidden if U(1)B × U(1)L is broken in non-trivial directions [149].
For example, if B+ L remained conserved, the d= 7 ΔB = − ΔL = 1 operators would
dominate, leading to different two-body nucleon decays; if U(1)L is conserved, the d= 9 ΔB
= 2 operators dominate, leading to ¯nn transitions, etc. The unparalleled sensitivity of nucleon-
decay experiments allows them to see effects from d ? 6 operators, which could indeed
dominate due to their special U(1)B × U(1)L numbers. Since d ? 6ΔB operators generically
lead to multi-body final states, it is more challenging to cover them experimentally. A few
dedicated searches [22, 24] for particularly clean d� 10 operators [150] have been per-
formed, but exhaustive coverage along these lines appears unfeasible. Inclusive searches
could provide broad coverage with comparatively minimal effort [149].

Imposing U(1)B × U(1)L subgroups or flavor symmetries is not the only way to push ΔB
to d > 6: as yet again shown by Weinberg [148], new particles sometimes only generate a
select few d > 6ΔB operators even without imposing any symmetries. In an effort to sys-
tematically explore such accidentally protected operators, we have constructed tree-level UV
completions of all non-derivative d� 14ΔB operators [151]. We can then find all UV
completions of an operator  at a given d that do not generate ΔB at lower d. If  carries
(ΔB, ΔL) that do not appear at lower d, this is just a UV completion with an accidental
U(1)B × U(1)L symmetry and the same phenomenology as the symmetry-protected operators.
However, if carries the same (ΔB, ΔL) as lower-d operators, those will be induced through
loops, automatically providing all genuine/finite loop D B realizations. Importantly, it is not
always clear that the loop-induced operators dominate the phenomenology, despite their
lower d, because they can come with additional suppression factors, e.g. Yukawa couplings.
A careful study of these operators is thus necessary. The surprising outcome of our study up
to d= 12 so far is that almost all ΔB operators can be realized in this way, just by picking the
right UV completion! Theoretically, almost any ΔB operator at any mass dimension could
serve as the starting point, vastly enlarging the landscape of interesting ΔB operators.

Despite half a century of work, we have but scratched the surface of BNV. With the newly
established vast landscape of potentially-dominant ΔB operators and models, it is now up to
the theorists to calculate the signatures (this includes operators with more than three quarks
and eventually also derivatives) and experimentalists to efficiently search for the new
channels.

5.14. Scalar leptoquarks in loop-induced proton decays

Svjetlana Fajfer
Baryon number is conserved in the SM due to an accidental symmetry, while in many

BSM approaches baryon number is violated. Wigner already, in 1949, proposed to test baryon
number conservation [152]. Since then, several experiments have bounded the proton life-
time, with the most recent bounds coming from the Super-Kamiokande experiment, which
found that the proton is stable up to 1034 yr [9]. The lifetime of the decay p → π0e+ is the
most constrained among all decay modes [147]. This decay mode was investigated from the
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eighties [79, 80, 148] till today (see, e.g. [65, 149]). The authors of [31, 87, 149] relied on the
effective Lagrangian approach instead of using a specific model. Within this approach,
operators can have the dimension six or higher [36, 87, 149, 153, 154]. Some operators result
from the loop diagrams [87, 153, 154]. In particular, heavier quarks or leptons mediate the
BNV process at the loop level [36].

In addition to the box diagrams [154], we have noticed that the triple-leptoquark inter-
actions might generate proton instability for two different decay topologies under the
assumption that scalar leptoquarks of interest couple solely to the quark–lepton pairs [153].
The first topology has the tree-level structure and yields three-body proton decays at leading
order [153]. The other topology, one-loop, generates two-body proton decay processes
instead. The tree-level topology has been previously analyzed in the literature (see, e.g.
[155–158]), while the one-loop level one has not been studied in the former studies. Inter-
estingly, we find out that the one-loop level topology produces more stringent bounds on the
scalar leptoquark masses than the tree-level topology branching ratio bounds [153]. Using the
latest experimental input [9], we determined a lower limit on the mass scale associated with
the leading-order proton decay signatures for both topologies within one of several possible
scenarios. We found the limit on this scale for the one-loop level process p → π0e+ to be
Λ� 1.8 × 104 TeV when the charged lepton in the loop is an electron. From the tree-level
topology process p → e+e+e−, we determined that Λ� 1.2 × 102 TeV. We assume that the
scale Λ is equal to the masses of all those leptoquarks that participate in a given BNV process
and set all of the dimensionless couplings to one. Also, we relied on the assumption that
leptoquarks couple solely to the first-generation SM fermions. We also specified the most
prominent proton decay signatures due to the presence of all non-trivial cubic and quartic
contractions involving three scalar leptoquark multiplets, where in the latter case, one of the
scalar multiplets is the SM Higgs doublet.

The decay widths for the nucleon to an antilepton and a photon are not so well bounded
experimentally as nucleon decays to a pion and lepton. Using an effective Lagrangian
approach, we related the decay widths of N → ℓγ to the decay widths of N → ℓπ. Our model-
independent result indicated a factor 103 suppression of the decay widths Γ(p → ℓ

+γ) and
( ¯ )ngG n compared to the decay widths Γ(p → ℓ

+π0) and ( ¯ )npG n 0 , respectively [159].

5.15. Baryon violation in cosmic rays: UHECR and cosmic antinuclei

Zurab Berezhiani
Dark matter in the Universe may exist in the form of mirror (M) matter represented by the

parallel hidden sector of particles which is an exact replica of ordinary (O) particle sector.
Then all O particles: electron e, proton p, neutron n, neutrinos ν, etc. must have their M twins

n¢ ¢ ¢ ¢e p n, , , etc., which are sterile to the SM interactions, but have their own SM¢ gauge
interactions (for a review, see [160]). Cosmological bounds require M sector to be colder than
O sector, /= ¢x T T 1, which can be realized by asymmetric reheating [161] and by
demanding the out-of-equilibrium condition on cross-interactions between the O and M
particle species at post-inflation epoch [162]. Namely, M baryons pass the cosmic-micro-
wave-background and large-scale-structure tests if x < 0.2 or so [163]. In M sector, being
colder and helium-dominated, stars are formed earlier and evolve faster [164], and their
collapse can produce heavy black holes which may dominate galactic halos along with M
stars in solar mass range.

A specific feature of this scenario is that any neutral O particle, elementary (e.g. neutrinos)
or composite (as, e.g. the neutron) can have a mixing with its mass degenerate M twin. Such
mixings can be induced by L- or B-violating cross-interactions between O and M leptons and
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quarks whose interactions, remarkably, can generate Baryon asymmetries in both sectors. In
particular, the same mechanism which induces ν–n¢ mixings and makes M neutrinos natural
candidates for sterile neutrinos [165, 166], also suggests the co-leptogenesis scenario [167]
which naturally explains the cosmological concordance between the ordinary and dark matter
fractions in the Universe, /W W¢ 5B B [168], and also predicts that the baryon asymmetry in
M sector must have the sign opposite to that of O sector [169].

As for the mass mixing term ¯ ¢+ nn h.c. between the neutron and M neutron, the present
experimental data allow a maximal n– ¢n oscillation in vacuum with a characteristic time
τò = ò−1 much shorter than the neutron decay time τn ≈ 880 s [170–172]. The effects of n– ¢n
oscillation strongly depend on background conditions, and it could explain the neutron
lifetime anomaly [173]. It may also have interesting astrophysical consequences, in particular
for the ultra high energy cosmic rays (UHECR) [174, 175] and for the neutron stars (NS)
[176]. These observations triggered intense search of n– ¢n transitions at the cold and ultra-
cold neutron facilities. Results of several dedicated experiments are summarized in
[177, 178]. They set lower bounds on τò, typically 1–100 s depending on experimental
conditions. Situation remains controversial: some of experiments show from 3σ to 5σ
deviations from null-hypothesis.

Here I discuss recent astrophysical hints which would be hard to explain without invoking
n– ¢n mixing. These are the following: (A) two years ago it was reported that the AMS-2
experiment had observed 10 candidate events for anti-helium nuclei in cosmic rays [179].
Discovery of a single anti-nucleus with A� 4, if confirmed definitely, would challenge all
known physics and cosmology, and its impact can be comparable to that of the positron
discovery in 1932. (B) paradoxical situation in the UHECR: cosmic ray fluxes detected by
two giant experiments, Pierre Auger Observatory (PAO) mostly exposed to South Hemi-
sphere and Telescope Array (TA) exposed to North Hemisphere, are perfectly compatible at
energies below the GZK cutoff EGZK ; 50 EeV but become discrepant at higher energies,
most notably at E > 100 EeV. In addition, since the propagation length of such energetic
UHECR is typically ℓ ∼ 10Mpc, they should come from potential sources closer than 30Mpc
or so. However, their arrival directions have no correlations with the nearby sources, and it
seems that they rather come from the most empty regions of the sky. In particular, the extreme
energy event (E= 244 EeV) recently detected by TA collaboration [180] points towards the
center of the Local Void.

These phenomena can be explained as follows:
(A) In fact,  ¢n n conversion can gradually transform a NS into a mixed star having the

core of M matter [176]. The transformation time can be estimated as ( )/t~ ´ t 1 s 102 15 yr,
while constraints from the NS internal heating imply tò > 1015 yr or so. Thus, a typical old NS
of mass M ; 1.5Me of the age t ∼ 10 Gyr would produce ( )/= ´ ´¢ N t t 2 10B

57 mirror
baryons in its interior. If ¢ <B 0, the mirror NS (NS¢) should consist of ¯¢n , and the reverse
process ¯ ¯¢ n n would produce the same amount ¯NB of ordinary antibaryons in their interiors.
The latter should form, via nucleosynthesis processes, a core of anti-nuclei which can be
released after the gravitational mergers of the mirror NS [181]. The cosmic anti-baryons
injection rate, ¯ N R2 B , by taking ¯ ~N 10B

53 and adopting the LIGO rate
¢ ~ - -R 10 Gpc yr3 3 1 for the NS¢–NS¢ mergers, nicely fits the anti-helium flux observed by

AMS-2.
(B) As far as M sector is colder, /= ¢ <x T T 0.2 or so, the UHECR from M sources

practically do not suffer the GZK cutoff and their flux can be 2–3 orders of magnitude larger
than that of ordinary ones, since their propagation length scales as  /¢ xℓ ℓ 3 and it can be as
large as 1 Gpc or so [174]. Nevertheless, mirror UHECR with energies E > x−1EGZK, in their
collisions with mirror relic photons, can produce the M neutrons ¢n which, provided that
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τò = τn, can promptly oscillate into ordinary neutrons n and then produce protons via β decay
n̄n pe . The energetic protons produced in this way within the ordinary GZK radius (i.e. in

the nearby sky at distances d < 30Mpc or so), can safely reach us [175]. Interestingly, the
condition for ¢n –n oscillation to not be effective reads as (τò/1 s)(B/1 fG) < 1, and it can be
satisfied only in cosmic voids where magnetic fields can be as small as B < 1 fG. This would
naturally explain why the most of extreme energy events come from the voids. In addition,
since the Northern Sky is more ‘voidy,’ and namely the Local Void is mostly exposed to the
TA experiment, this can also explain the difference between the PAO and TA fluxes at
E > 100 EeV.

Summarizing, the situation looks very optimistic for the ongoing and planned searches at
different neutron facilities at the PSI, ILL, ORNL, and ESS [182–184]. The NS bounds on
n– ¢n conversion imply τò > 1 s or so [176], and in this case production of antimatter via
¯ ¯¢ n n in the cores of mirror NS can explain the paradox (A) on the cosmic anti-helium flux.
On the other hand, solution of the paradox (B) quests for τò < 100 s or so. This gives a hope
that under the systematic search these experiments may indeed discover n– ¢n oscillation in the
range τò = (1–100) s.

5.16. Some recent results on n �n transitions

Robert Shrock
The violation of baryon number is one of the necessary conditions for baryogenesis. In

addition to proton decay, an interesting possibility for BNV is ¯nn transitions [134]. Although
the SM conserves B perturbatively, BNV is present in many BSM theories. Here, we first
review the basic formalism describing ¯nn transitions in quasi-free neutron propagation
experiments and in matter, and then discuss a model in which proton decay can be suppressed
well below current experimental limits while ¯nn transitions and associated ΔB = −2
dineutron decays can occur near to current limits [185–187]. Thus, in this model, ¯nn tran-
sitions and associated ΔB = − 2 dineutron decays are the main manifestation of BNV, rather
than proton decay. This model features a certain number of extra compactified spatial
dimensions, with left- and right-handed chiral components of SM fermion fields having wave
functions that are strongly localized at various different points in the extra dimensions. It has
the appeal that it can naturally explain the generational hierarchy in quark and charged lepton
masses [188], and can also explain the masses and mixings of neutrinos [189]. The effective
4D Lagrangian and coefficients of six-quark operators responsible for the ¯nn transitions are
calculated by integrating over the corresponding operators in the extra dimensions. This
model provides further motivation for the future planned ¯nn search experiment at the ESS
[183], see also [190, 191]. Further, we discuss an analysis of the effects of ¯nn transitions in
neutron stars [58]. Each ¯nn transition leads to ΔB = −2 annihilation, releasing ∼2mn energy.
We calculate the effect on the luminosity of the neutron star and find that it is negligibly
small. We also calculate the effects on the rotation of neutron stars and on the periods of
binary pulsars, again finding these to be negligibly small.

5.17. Binary pulsars, baryogenesis, and Majorana GeV Dark Matter

Adrian Thompson
Rare processes in the laboratory and within astrophysical environments can be highly

sensitive probes of BNV interactions across a multitude of search strategies [192]. Motivated
by baryogenesis, some solutions to the dark matter and baryon number coincidence puzzle
predict BNV operators that involve a GeV-scale dark sector field. These operators would
ordinarily give rise to proton decay, but can be forbidden kinematically by the mass of the
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dark sector particle ψ in the final state. However, the dense nuclear matter in neutron stars lifts
the center-of-mass frame energy of baryons [193, 194] such that baryon decays, e.g. yg
to these dark sector particles can become kinematically accessible inside the star.

In [195] we demonstrate the sensitivity of neutron star observables to constrain BNV by
considering a minimal extension of the SM involving a TeV-mass color-charged scalar
mediator and a GeV-scale Majorana fermion ψ [196, 197]. The low energy effective theory
leads to a new operator in the chiral perturbation theory Lagrangian,

[ ˆ ] ( )†b yÉc C u B uTr , 4TP
R

R

where BR is the meson octet, /= F pu e fi for the meson octet Φ, β is related to the proton-to-
vacuum matrix element, Ĉ

R
is a 3 × 3 spurion matrix, and BRψ is a shorthand for

[ ] ¯† s y y- =*b i bPL
c

R
2

R where bR are the right-handed baryon fields. Expanding this trace and
additionally utilizing the baryon magnetic dipole moment, we find that an effective ΔB = 2
mass loss process can take place in neutron stars via n → ψγ decays (inspired by [198–203]
for example), and the subsequent scattering ψn → π−K+, similar to ‘induced nucleon decay’
processes whose phenomenology has been explored in other contexts [204–209]. This two-
step mass loss process faces stringent constraints on the model parameter space. These
constraints follow from the observed rate of orbital period decay in several binary systems
[210–213]. Crucially, the Majorana nature of ψ and the induced nucleon decay channel does
not permit a sizable population of ψ to build up in the star. In that case, the impact on the
neutron star equation of state (EoS) and mass-radii relations or neutron star heating could be
considered instead, like in the case of n– ¢n mixing [176, 181, 214] and in other yg
scenarios where the dark sector states do not completely annihilate [200–203].

However, the constraints we derive from pulsar timing when ψ annihilation does take
place still exclude much of the parameter space for mψ  1.4 GeV at a comparable level to
those without ψ annihilation. These limits become much stronger in the model under con-
sideration due to the possibility of Λ → γψ decays at the tree level, if the neutron star EoS is
hyperonic. Meanwhile, the neutron–ψ mixings that drive n → ψγ are generated at one loop
and have various amounts of CKM matrix element suppression. We compare these con-
straints, for several model EoS, with ongoing and future collider experiments [215–220], n–n̄
oscillation experiments [8, 19, 48, 61, 101, 221], and dinucleon decay searches (pp → K+K+

[23, 222, 223]) across the landscape of couplings in the model that give rise to different flavor
structure. We also motivate a dark matter direct detection search from ψn → π−K+ induced
nucleon decay, but find that typical sensitivity to this channel is not as powerful as the bounds
from binary pulsars and pp → K+K+ unless the latter constraints can be evaded in a model-
dependent scenario; in this case, 21 cm limits on decaying dark matter severely restrict the
parameter space, see, e.g. [224]. We find that the binary pulsar bounds on couplings can be
significantly tighter for specific flavor combinations, while other flavor coupling combina-
tions have more CKM suppression in the n → ψγ lifetimes that drive the baryon loss, leading
to a higher degree of complementarity with terrestrial search strategies.

5.18. Probing new mechanisms of baryon number violation through pulsar-timing constraints in
neutron stars

Susan Gardner
BNV is a predicted outcome in many BSM models. Here we enlarge the definition of

‘BNV’ to include apparent BNV in which a neutron disappears to a final state with non-SM
particles and no baryons [211]. Neutron stars offer an enormous baryon reservoir in which
such processes can be probed, with some 1057 neutrons expected in a ∼1.4Me neutron star
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[225]—a number some 1023 the volume of any terrestrial proton-decay experiment [211].
This and the existence of precisely determined energy-loss constraints in neutron stars, par-
ticularly through pulsar-timing observations in binary-pulsar systems [226], limit not only the
total baryon loss rate across the star but also the parameters of the particle physics models that
can produce such loss [195, 210].

BNV is one of the Sakharov conditions for baryogenesis in the early Universe [4], but in
low-scale baryogenesis models with ‘hidden’ sectors that explain both dark matter and the
cosmic baryon asymmetry, as in, e.g. [197, 204, 227], the noted conditions can be sufficient,
rather than necessary. A common feature of such scenarios is a generalized definition of
baryon number, across visible and hidden sectors [228]. Even in the event that the total such
baryon number is zero, a cosmic baryon asymmetry arises from generating net baryon number
in the visible sector, making processes that link baryons and hidden-sector baryons necessary.
These models can also be ‘EDM safe,’ in that they can yield baryogenesis even in the absence
of new sources of CP violation. Here, in collaboration with Jeffrey Berryman and Moham-
madreza Zakeri, we compute baryon decays to particles of a hidden sector, in the dense
nuclear medium found at the core of a neutron star [210]. Our computational framework
employs the techniques of relativistic, nuclear mean-field theory [193, 229] and uses different
neutron-star equations of state [194, 230], but the detailed limits also depend on the new-
physics model we employ.

An intriguing anomaly of decades-long standing lies in determinations of the neutron
lifetime, in that its measured value depends on whether a surviving neutron or its decay
products are counted [231]. The lifetime difference is about a 1% effect. Perhaps the neutron
decays to a non-SM final-state, explaining why counting ‘living’ neutrons yields a shorter
lifetime [232, 233], though severe constraints on this arise from the measured V − A structure
of the SM weak currents in neutron decay [39] and the observed neutron star masses
[200, 234, 235]. Yet, even so, the rate of baryon disappearance to exotic final states may
grossly exceed that of neutron decay with BNV to SM final states. Intriguingly, a model with
a baryon-number-carrying scalar that produces n → χγ [232], where χ is a dark baryon, also
operates as a dynamical ingredient in “B-mesogenesis”—a low-scale, dark co-genesis model
[199, 227]. There, out-of-equilibrium decays of a scalar to a ¯BB meson pair, with CP vio-
lation, yields B (or B̄) decay to c̄ ( ¯c ); and a rate excess to the channel with a SM baryon 
generates the cosmic baryon asymmetry. To do this, a dark-sector interaction must be chosen
to mediate χ decay, to avoid washout and to generate a dark-matter candidate—and different
choices and neutron-star scenarios [213] are possible. At very low energies, these models lead
to n–χ mixing at some strength. If dark-sector particles do not accumulate in the star, its
structure is fixed by its central energy density εc as per the solution to the Tolman–Oppen-
heimer–Volkoff equations for a star with a fixed equation of state. Supposing a quasi-
equilibrium condition ΓBNV = Γweak, where the latter characterizes the Urca (neutrino
emission) rates [236], this implies that as εC changes from n disappearance, the structure of
the star is still fixed by SM physics [211]. Thus, given a rate of change of , we can predict
changes in the macroscopic parameters of the star and limit microscopic (dark-decay) models
using relativistic mean-field theory. Using a suitable hidden-sector choice, we have followed
this path to find severe constraints on n–χ mixing, noting that different choices of binary-
pulsar systems help us to sample the possible parameter space, and thus to exclude this
mechanism as a fractional explanation of the neutron lifetime anomaly—and also to constrain
the flavor structure of the noted co-genesis model [210].
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