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I. INTRODUCTION

The Standard Model (SM) of Particle Physics describes with high precision the properties of quarks

and leptons, and how they interact through the electromagnetic, weak and strong forces. There are

many reasons to believe that the Standard Model has to be modified. It is well-known that the SM does

not provide a mechanism for neutrino masses and it cannot explain the origin of the matter-antimatter

asymmetry in the Universe. Understanding the origin of baryon (B) and lepton (L) number violation is

crucial to explain the origin of neutrino masses, the mechanisms for the matter-antimatter asymmetry

in the Universe, and possible baryon and/or lepton number violating processes. As a result discovery

of these phenomena would have a profound impact and would guide us towards specific effective field

theory descriptions of the Standard Model.

In this report we discuss the main ideas about the origin of baryon and lepton number violation in

theories for physics beyond the Standard Model. We discuss theories such as grand unified theories

and supersymmetric theories where B and L are explicitly broken, and theories where one has the

spontaneous breaking of these symmetries at the low scale. In Fig. 1 we show the two ways to

understand the origin of B and L violation, in the case of explicit breaking one typically predicts

proton decay and Majorana neutrinos, while in the simple theories for spontaneous breaking the

proton is stable and the neutrinos could be Majorana or Dirac fermions. As is well-known, in any

theory with Majorana neutrinos one can make predictions for neutrinoless double beta and generically

one could have neutron-antineutron oscillations in theories predicting baryon number violation by two

units.

The predictions for extremely rare processes such as neutrinoless double beta decay, proton decay

and neutron-antineutron oscillations are discussed in detail. The discovery of any of these processes

can tell us about the nature of B and/or L violation, and the relevant scale related to the breaking of

these symmetries. We also discuss other more exotic processes where B and L are broken in more than

two units. The possibility to observe B and/or L signatures at colliders is discussed, emphasizing the

need to look for exotic signatures associated to the different seesaw mechanisms for neutrino masses,

signatures in theories with leptoquarks and in supersymmetric theories with R-parity violation. The

simplest mechanisms to explain the matter-antimatter asymmetry are discussed.

The discovery of any Baryon and/or Lepton violating signatures could provide an unique window to

physics beyond the Standard Model. The main goal of this report is to provide a complete discussion

of the main ideas in physics beyond the Standard Model where we can make predictions for B and L

violating processes.
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FIG. 1. Different ways to understand the origin of Baryon and/or Lepton number violation in physics beyond

the Standard Model and the possible predictions in the different class of theories. Here BLV stands for Baryon

and Lepton Number Violation. For more details see the discussion in section II.

This report is organized as follows: In section II we discuss the theories for baryon and lepton

number violation, in section III we discuss the theoretical predictions and experiments for neutrinoless

double beta decay, while in section IV we discuss the signatures of different theories for neutrino masses,

R-parity violating signatures and other exotics at collider experiments. We discuss the predictions for

proton decay and the experimental reach in section V, while in section VI we discuss the motivations

and experimental efforts to search for neutron-antineutron oscillations. In section VII we discuss more

exotic B and/or L violating processes, and in section VIII we provide a detailed discussion of the

different mechanisms for baryogenesis. Finally, we summarise our main ideas and recommendations

for the future of this field.

II. THEORIES FOR BARYON AND LEPTON NUMBER VIOLATION

Pavel Fileviez Pérez (Case Western Reserve University), Mark B. Wise (Caltech)

In the Standard Model baryon (B) and total lepton (L) number are accidental global symmetries

broken at the quantum level by SU(2) instantons. L and B violation first occur via dimension five
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and six operators, respectively, if one treats the Standard Model as an effective field theory [1]:

L ⊃ 1

ΛL
``HH +

1

Λ2
B

qqq`+ . . . .

Here H is the Standard Model Higgs, ` and q are the lepton and quark doublets, respectively. Naively,

the experimental bounds on neutrino masses demand ΛL . 1014 GeV, while proton decay experiments

tells us that ΛB & 1015 GeV [2]. It is important to emphasize that we do not know the scales for B

and L violation because these symmetries could be broken in different units. For example, the proton

could be stable if the effective B violation is ∆B 6= ±1 allowing ΛB to be close to the electroweak

scale. In cosmology B violation is a key ingredient needed to explain the matter-antimatter asymmetry

in the Universe [3]. From neutrino oscillation experiments we know that the Le, Lµ, Lτ symmetries

are broken in nature. L could be conserved and neutrinos can be Dirac fermions. Neutrinos can be

Majorana fermions if the effective L violation is ∆L = ±2.

The Standard Model does not provide a mechanism to explain the origin of neutrino masses. In the

case of Majorana neutrinos, ∆L = ±2, and one has several seesaw mechanisms that can explain the

smallness of their masses. In Type I (or canonical) seesaw [4–8] the neutrino masses are suppressed

by the masses of the right-handed neutrinos MR, i.e. mI
ν ∼ v2

W /MR with vW ∼ 102 GeV being the

electroweak scale. In the case of Type II seesaw the neutrino masses are proportional to the small

vacuum expectation value of a scalar SU(2) triplet, mII
ν ∼ v∆ [9–13]. Type III seesaw is similar to

Type I, but in this case neutrino masses are suppressed by the masses of the fermionic SU(2) triplets

Mρ, i.e. mIII
ν ∼ v2

W /Mρ [14]. In a similar spirit one can consider different simplified models for

∆B = ±2, see for example Ref. [15].

There are several theories that predict B and L violation. In grand unified theories (GUTs), B

and L are explicitly broken when quarks and leptons are unified in the same multiplet. The theories

based on SU(5) [16], and SO(10) [17, 18] are attractive extensions of the Standard Model. These

theories could describe physics at the high-scale, ΛGUT ∼ 1015−16 GeV, and one predicts generically

the decay of the proton. SO(10) GUTs predict the existence of Majorana neutrinos, ∆L = ±2, and

proton decay, ∆B = ±1. Unfortunately, the minimal theory based on SU(5) is ruled out because

one cannot explain the values of the gauge couplings at the electroweak scale. For simple realistic

non-supersymmetric GUTs based on SU(5) and SO(10), see for example the studies in Refs. [19–21].

The Minimal Supersymmetric Standard Model (MSSM) is an extension of the Standard Model

that could describe physics around the TeV scale. The MSSM predicts new interactions that explicitly

break B and L. The R-parity violating interactions could give rise to fast proton decay and provide

a mechanism for Majorana neutrino masses. These interactions can change the way we could discover
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Supersymmetry (SUSY) at colliders. For a review about R-parity violation see Ref. [22]. SUSY

provides a theoretical framework to understand the unification of gauge interactions [23–26] since

one achieves unification with good precision thanks to the new fields present in the MSSM. SUSY

GUTs [27, 28] could describe physics at a high scale, Λ ∼ 1016−17 GeV, but generally predict fast proton

decay mediated by colored Higgs(ino) fields if one does not assume heavy squarks and sleptons [2].

It is important to mention that in supersymmetric theories one has the B − L conserving dimension

five operator, q̂q̂q̂ ˆ̀/MPl, suppressed by the Planck scale that generically could give rise to fast proton

decay.

B and L violation at a low scale can occur in theories where these symmetries are defined as

local gauge symmetries. The idea of a local gauge theory for B was first mentioned in Ref. [29].

In these theories one can have the spontaneous B and L breaking close to the electroweak scale in

agreement with all the experimental constraints. Since B and L are not anomaly-free symmetries of

the Standard Model, one needs to add new fermions [30–33] to define an anomaly-free theory based

on U(1)B and/or U(1)L. The simplest realistic anomaly-free theories with these features contain only

four [34] or six [35] extra fermionic representations. These theories [34, 35] predict the stability of the

proton because B must be broken in 3 units and then one can have the spontaneous breaking of U(1)B

at the low scale. A fermionic dark matter candidate is also predicted in these models as a natural

consequence of anomaly cancellation. The cosmological constraints on the dark matter density imply

an upper bound on the B breaking scale about O(10) TeV [36].

B and L violation could play an important role in physics beyond the Standard Model. Experiments

looking for B and L violation could be crucial to establish a new theory for physics beyond the Standard

Model that can explain the origin of neutrino masses and explain the matter-antimatter asymmetry

in the Universe.

III. NEUTRINOLESS DOUBLE BETA DECAY

Vincenzo Cirigliano (INT, University of Washington), Andrea Pocar (UMass Amherst)

Neutrinoless double beta decay (0νββ) is the process where two neutrons inside an atomic nucleus

are transmuted into two protons and two electrons without the emission of neutrinos. An observation

of this process would indicate that lepton number (L) is not a good symmetry of nature (∆L = 2)

and that the neutrino mass has a Majorana component, implying that the mass eigenfields are self-

conjugate [37]. Observation of 0νββ would thus have profound implications on understanding the
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mechanism of neutrino mass generation [4, 5, 7], and would also give insight into leptogenesis scenarios

for the generation of the matter-antimatter asymmetry in the universe [38].

Current experimental searches pose very stringent limits [39–46], e.g. T 0ν
1/2 > 2.3 × 1026 yr for

136Xe [39, 45], with ‘ton-scale’ experiments aiming for one to two orders of magnitude sensitivity

improvement in T 0ν
1/2 [47–54]. When interpreted in terms of light Majorana neutrino exchange, this

sensitivity corresponds roughly to an effective Majorana mass mββ ≡ |
∑

i U
2
eimi| ∼ 10 meV, modulo

theoretical uncertainties in the nuclear matrix elements discussed below. This corresponds to covering

the region in which 0νββ occurs if neutrinos are Majorana particles and the spectrum follows the so-

called inverted ordering (often called inverted hierarchy), with the heaviest of the three light neutrino

having the largest electron-flavor component. While the simplest interpretation of 0νββ experiments

assumes that lepton-number violation (LNV) is due to the exchange of light Majorana neutrinos,

this only covers the scenarios in which LNV originates at very high energy (high-scale see-saw). In

many beyond-the-SM (BSM) constructions, other lower-scale sources of LNV exist that can induce

0νββ. For example, in left-right symmetric models, apart from the exchange of a light Majorana

neutrino, there appear contributions from the exchange of heavy neutrinos and charged scalars. In

other scenarios there may be light right-handed (sterile) neutrinos with masses much lower than the

electroweak scale. Given the breadth of mechanisms and scales associated with LNV sources (for a

review see [55]), ton-scale searches for 0νββ have a significant discovery potential that goes beyond

the ‘inverted hierarchy’ high-scale seesaw.

The current Snowmass planning exercise focuses on R&D for ‘beyond ton scale’ experiments. By

the end of the ton-scale program, we will be either still in a discovery mode or in a post-discovery

phase. In both scenarios further vigorous R&D will be needed:

(i) In one case, the emphasis will be on reaching the next discovery benchmark. A very well-

motivated benchmark is provided in the framework of light Majorana exchange by mββ ∼ 1 meV,

which covers the normal-ordering spectrum modulo a small finely tuned region in which the

Majorana phases conspire to suppress mββ well below its natural scale. Reaching this sensitivity

would provide the ultimate test of the high-scale seesaw paradigm. The corresponding factor of

∼100 in half-life reach would also push the sensitivity to multi-TeV scale LNV well beyond the

reach of high-energy colliders, thus probing uncharted territory.

(ii) In the other case, to capitalize on a discovered non-zero 0νββ rate, the emphasis will be on

uncovering the mechanism behind LNV and neutrino mass. LNV sources can be disentangled

by performing sensitive studies of single-electron spectra, electron angular distribution, and
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dependence of the 0νββ rate on the isotope, in conjunction with other probes such as pp →
ee+ 2 jets at colliders [56, 57], neutrino oscillations, and input from Cosmology.

This program requires developments in theory and experiment, and next we discuss the prospects for

both:

On the theory side, a full assessment of the impact of 0νββ searches for particle physics necessarily

requires bridging widely separated energy scales, from the scale where LNV originates all the way

down to the nuclear scale. Effective Field Theory (EFT) provides the framework for doing this, by

describing in a systematically improvable expansion in ratios of energy scales the LNV dynamics both

at high energy and at hadronic / nuclear scales. The EFT approach to 0νββ requires non-perturbative

input from lattice QCD and culminates in a set of LNV-mechanism-dependent nn → pp transition

operators to be used in nuclear many-body calculations. The combination of EFT, lattice QCD,

and first-principle nuclear many-body methods provides the only path towards reducing the current

O(1) uncertainties in 0νββ matrix elements [58], which currently plague the interpretation of 0νββ in

terms of LNV parameters (e.g. mββ) and preclude a credible diagnosing of LNV mechanisms even in a

scenario of multiple observations (e.g. the matrix elements uncertainties are larger than the variation

of central values with isotope).

A detailed account of the theoretical status and prospects is presented in Ref. [59]. Encouraging

progress has been made in the last few years on several fronts. The EFT framework for 0νββ has

been developed [60–66], generalizing previous approaches [67–69]. Progress has been made in LQCD

for the π−π− → ee process [70–73] and towards two-nucleon amplitudes [74–76], and first-principles

nuclear many-body methods have been applied to light nuclei for benchmarking purposes [77, 78] and to

isotopes of experimental interest [79–81]. However, several challenges remain and will require concerted

efforts in order to achieve reduced theoretical uncertainties in the next decade. These include: (i)

An assessment of the uncertainties in the rate and single-electron spectra for various isotopes of

experimental interest. On the hadronic side, the matching step from quark-level operators to hadronic

EFTs involves non-perturbative parameters, the so-called low-energy constants (LECs). Notably, new

LECs appear at leading order in 0νββ for both light Majorana neutrino exchange [62] (for which

dispersive [82, 83] and large-NC [84] estimates recently appeared) and TeV scale LNV [64] (completely

unknown). Improvements on these key quantities will be possible in the future through the analysis of

suitable ∆I = 2 observables, as well as direct calculations using lattice QCD methods (for reviews and

prospects see [85, 86]). On the nuclear structure side, a major future thrust will involve the analysis

of nuclear matrix elements with ab-initio methods and a validation of the EFT expansion. (ii) On the
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phenomenology side, interesting future challenges include a systematic connection between 0νββ and

LNV observables at present (ATLAS, CMS, FASER) and future (EIC, ShIP, MATHUSLA) collider

experiments; as well as a comprehensive study of 0νββ constraints on realistic models with sterile

neutrinos in the keV-GeV mass range (e.g. 3+3 models), which are relevant to low-scale leptogenesis

scenarios.

On the experimental side, the global 0νββ decay effort is growing at a fast pace, with half-life

sensitivity well in excess of 1025 years firmly established with a veriety of techniques for the isotopes

136Xe, 76Ge, and 130Te (with 82Se and 100Mo following suit). An up-to-date review of the field is

provided in Ref. [87]. A tonne-scale program was launched under the stewardship, in the US, of the

DoE Office of Nuclear Physics to reach T1/2 ∼ 1028 years and entirely cover the inverted neutrino

mass ordering parameter space for a 0νββ process mediated by the virtual exchange of light Majorana

neutrinos. In a meeting held in the Fall of 20211, European and North American stakeholders reiterated

the importance of aggressively searching for 0νββ decay, a process ”capable of reshaping our current

understanding of nature” and concluded that ”the best chance for success is an international campaign

with more than one large ton-scale experiment implemented in the next decade with one in Europe

and the other in North America.” In addition, the international community in 0νββ decay is interested

in exploring “whether a more formal structure for international coordination of this research would be

beneficial not only for experiments of the next decade but also for future multi-ton and/or multi-site

experiments.”

The formal ton-scale program includes three projects: i) CUPID (100Mo) [50, 51], an array of

1596 lithium molybdenate (LMO) scintillating bolometers instrumented with 1710 light detectors

and housed in the cryostat currently hosting the CUORE experiment (130Te) at Gran Sasso; ii)

LEGEND-1000 (76Ge) [49], a scaled-up successor of the LEGEND-200 experiment under construction

at Gran Sasso (itself a joint successor of the GERDA and Majorana-Demonstrator experiments),

using a ton array of high-purity p-type, ICPC Ge semiconductor detectors immersed in scintillating

liquid argon; and iii) nEXO (136Xe) [47, 48], a single-volume TPC using 5 tonnes of enriched liquid

xenon and designed based on the predecessor EXO-200 experiment. Other programs with significant

US involvement using technologies with good scalability prospects include NEXT (136Xe) [54], a high-

pressure gaseous Xe TPC, KamLAND-Zen 800 (136Xe) [45], running 745 kg of enriched xenon in liquid

scintillator and currently setting the tightest lower bound on 0νββ decay at T1/2 > 2.3 × 1026 years,

and SNO+ (130Te) [52], planning to dissolve large amounts of natural tellurium in liquid scintillator.

Exploring 0νββ decay beyond the tonne-scale will require giant detectors with up to hundred of

1 https://agenda.infn.it/event/27143/timetable/#20210929.detailed
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tons of decaying isotope, very low background and technologies that allow to preserve signal iden-

tification and background rejection capabilities through this significant scale-up. Conceptual ideas

for detectors with 0νββ decay half-life sensitivity of 1029 − 1030 years have recently been put forth.

These revolve around very large, monolithic detectors that detect 0νββ decays with ∼100% efficiency,

build on current technologies that have demonstrated the potential for scale-up, and implement novel

technologies and instrumentation for enhanced background rejection. Key challenges include the pro-

curement of double-beta emitting isotope at the 100-tonne scale, the management of the solar neutrino

background, the mitigation of radon in and around the sensitive detector volume, and efficient signal

collection at MeV energy to enable signal-to-background discrimination solutions. Two main threads

are identified:

• Very large time projection chambers (TPCs).

• Very large, multi-purpose liquid scintillator detectors.

The plausibility of scaling pure xenon TPCs to the ton-scale was studied in Ref. [88]. The study

explores the potential of both liquid and gaseous TPC configurations, and focuses on one of the largest

challenges, i.e., the procurement of the xenon. The possibility to dissolve significant amounts of xenon

in large liquid argon TPCs was also proposed in the context of the DUNE and DarkSide collaborations.

Non-xenon TPCs have also been proposed for 0νββ decay, specifically using 82SeF6 [89] operated as

an ion TPC. Very large, loaded scintillators are also proposed to include an ambitious 0νββ decay

program, such as the Theia concept [90] with 136Xe and natTe as leading isotopes under consideration.

These large detectors would implement novel liquid scintillators with fast light readout able to separate

the Cherenkov and scintillation components for single electron background discrimination.

We refer to a document prepared by the Neutrino Frontier (NF05) titled ”Snowmass NF05 Report:

Neutrino Properties” for a detailed account of the efforts emerged during the Snowmass 2022 process

towards the definition of an experimental 0νββ decay framework to cover the normal neutrino mass

ordering. The report includes a broad overview of the current R&D activities that are vital for the

success of a beyond-the-tonne-scale 0νββ decay program.

IV. BARYON AND LEPTON NUMBER VIOLATION AT COLLIDERS

Richard Ruiz (INP Kraków), Evelyn Thomson (University of Pennsylvania)

The scales for baryon and lepton number violation are unknown and one can study the possibilities

to test the origin of B and L violation at colliders. We know that the SM does not provide a
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mechanism for neutrino masses and we could look for exotic signatures at colliders that are unique to

these mechanisms. There are several theories for physics beyond the Standard Model that predict B

and L violation, and one can hope to test these ideas by looking for exotic collider signatures.

Due to their far-reaching consequences, searches for baryon number violation (BNV), lepton number

violation (LNV), lepton flavor violation (LFV), and R-parity violation (RPV) are among the highest

priorities for the particle, nuclear, and astroparticle communities [91, 92]. Needless to say, there is

tremendous sensitivity to such new phenomena at low- and high-energy experiments, and particularly

at the LHC [2, 93–106]. In light of the upcoming high-luminosity program, we briefly summarize the

theoretical and experimental outlook for tests of BNV, LNV, LFV, and RPV at the HL-LHC for a

subset of highly popular models. Reviews and up-to-date summaries can be found in Refs. [2, 95, 99–

105, 107].

Several mechanisms exist that can generate Majorana neutrino masses: The Type I seesaw extends

the SM by at least two right-handed neutrinos, νR. After mixing with the SM’s left-handed neutrinos,

νL, one has the light mass eigenstates νm and a collection of heavy mass eigenstates Nm′ [4–8, 13, 108].

A priori, the mass and mixing of Nm′ are unknown, and different assumptions can lead to Dirac-like

(pseudo-Dirac) or Majorana neutrinos [109, 110]. With additional assumptions, connections can be

made to dark matter, new gauge theories, supersymmetry, and grand unification. This is pertinent for

effective field theories that are extended by right-handed neutrinos, e.g., νSMEFT [111–115]. Light

Nm′ can be produced at the LHC in the decays of mesons, baryons, τ leptons, EW bosons, and top

quarks, while heavier mass states can be produced in a variety of mechanisms at the LHC [97, 101,

116, 117]. Dedicated Monte Carlo tools are also available for these channels [102, 117, 118]. Nm′ can

be short- or long-lived [105, 119], and mediate LNV and/or LFV. Flagship signatures for Nm′ include:

searches for same-sign lepton pairs (`±i `
±
j ) with jets [56, 94], i.e., pp→ `±i `

±
j +nj+X, which manifestly

exhibits LNV and LFV; searches for three charged leptons and missing transverse energy (MET), i.e.,

pp → `±i `
±
j `
∓
k +MET, which can exhibit LFV; and searches for opposite-sign, different-flavor lepton

pairs, i.e., pp→ `±i `
∓
j + nj +X, which manifestly exhibits LFV for i 6= j.

At
√
s = 13 TeV, LHC experiments set constraints on active-sterile mixing for a range of masses,

from mN ≈ 1 GeV-10 TeV, that far exceed LEP limits [120–124]. For Dirac and Majorana N ,

constraints on active-sterile mixing reach as small as |V`N |2 ∼ 10−7 (0.5) for mN ∼ 10 GeV (10

TeV). HL-LHC projections show [102, 119, 125–130] that sensitivity can be pushed still by orders

of magnitude for masses up to O(10) TeV. Beyond this, the HL-LHC program can be enhanced by

further efforts to improve sensitivity at/with: high-rapidity experiments; intermediate masses in the

range mNm′ = 20− 150 GeV; final states involving τ leptons; tracking and timing related to displaced
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vertices; indirect searches for Nm′ ; novel production and decay modes and their simulations; boosted

topologies; as well as connections to new LHC experiments.

In the Type II seesaw one has an extra scalar triplet, ∆ ∼ (1, 3, 1) [9–13]. After EW symmetry

breaking the vacuum expectation value of ∆ generates light, left-handed Majorana neutrino masses.

After mixing with the SM Higgs boson, the model predicts doubly and singly charged scalars, ∆±± and

∆±, as well as neutral CP-even and CP-odd scalars, ∆0 and A0. The scalars of the Type II seesaw can

be produced through a variety of gauge interactions and Higgs mixing [101, 131–133]. Predictions (and

tools) for many of these channels are known to NLO in QCD with parton shower-matching [133, 134].

Importantly, the decays of Type II scalars are governed by the PMNS matrix and neutrino masses, and

reveal a complementarity between oscillation experiments and the LHC [103, 131, 135, 136]. Flagship

signatures include: searches for pair and associated production of ∆±± and ∆± into final states with

multiple charged leptons, e.g., pp→ ∆±±∆∓(∓) → `±i `
±
j `
∓
k (`∓l )+X, which can manifestly exhibit LFV;

searches for same-sign lepton and W pairs, e.g., pp → ∆±±∆∓∓ → `±i `
±
j W

∓W∓ → `±i `
±
j + nj + X,

which manifestly exhibits LNV and LFV; as well as searches for single production of ∆±± from same-

sign W±W± scattering, i.e., pp→ ∆±±jj → `±i `
±
j jj +X, which manifestly exhibits LNV and LFV.

Present searches for Type II scalars at the LHC constrain masses to be above mH = 230−870 GeV,

depending on the precise benchmark and signal category [137–141]. Prospects for the HL-LHC appear

promising and can push this to at least 2 TeV [96, 104, 130, 133, 135, 136, 142]. At the same time,

the HL-LHC program can benefit from further theoretical and experimental progress. This includes

dedicated searches for and studies on: the states ∆0 and A0; non-degenerate mass spectra; boosted

topologies; production from vector boson fusion and Higgs portals; final-states with τ leptons; indirect

signatures; novel production and decay modes; and connections to new gauge sectors.

In the Type III seesaw the SM is extended by at least two fermionic triplets Σ ∼ (1, 3, 0) [14].

Here light neutrino masses are generated as in the Type I seesaw. The field content also leads to the

existence of heavy charged (E±) and neutral (N) lepton mass eigenstates. Like the Type II scenario,

these particles carry gauge charges and can be produced at the LHC through various mechanisms [101].

Predictions (and tools) for a number of these channels are known up to NLO in QCD [101, 143, 144].

Depending on initial assumptions, triplet leptons can decay into multi- and many-lepton final states

that exhibit LNV and/or LFV. Flagship signatures for the Type III seesaw include: searches for

E+E− pairs that decay through the Z to final states with six charged leptons, i.e., pp → E+E− →
`±i `
∓
j ZZ → `±i `

∓
j `

+
k `
−
k `

+
l `
−
l + X, which manifestly exhibits LFV; searches for E±N pairs that decay

through the W and Z to same-sign lepton and jets, i.e., pp→ E±N → `±i `
±
j ZW

∓ → `±i `
±
j + nj +X,

which manifestly exhibits LNV and LFV; and searches for final states with five charged lepton, e.g.,
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pp→ E±N → `±i `
±
j ZW

∓ → `±i `
±
j `

+
k `
−
k `
∓
l +MET, which can manifestly exhibit LFV. Present searches

for Type III leptons at the LHC constrain masses to be above mE = 790 − 1065 GeV, depending

on the benchmark and signal category [145–148]. Prospects for the HL-LHC show that this can be

pushed to at least 2 TeV or more [96, 101, 144, 149, 150]. However, the HL-LHC program can benefit

from further searches and studies into: non-degenerate spectra; boosted topologies; production from

vector boson fusion; final-states with τ leptons; indirect searches; novel production and decay modes

and their simulations.

As in grand unified theories (GUTs) [2, 151], popular radiative Seesaws hypothesize the existence

of leptoquarks [100, 152–155]. Notable signatures include: searches for pair production of the scalar

leptoquark S
± 1

3
LQ to dilepton and jet pairs, i.e., pp→ S

+ 1
3

LQS
− 1

3
LQ → `+i `

−
j jj+X, which manifestly exhibits

LFV for i 6= j; searches for single production of the scalar leptoquark S
± 2

3
LQ to same-sign dilepton and

jet pairs, i.e., pp → S
± 2

3
LQ → S

± 1
3

LQS
± 1

3
LQ → `±i `

±
j jj + X, which manifestly exhibits LNV and LFV; and

searches for the analogous processes with “final-state” top and bottom quarks, e.g., S
− 1

3
LQ → `−t and

S
− 2

3
LQ → `−b, which also manifestly exhibit BNV when heavy flavor-tagging is used. Present LHC

limits on leptoquarks vary on the precise signature and category but generally exclude leptoquark

masses up to 2 TeV [156–169]. While some studies indicate a potentially rich phenomenology at the

LHC [2, 100, 152–155, 170–173], the high-luminosity program can benefit from systematic surveys that

include connections to flavor anomalies and neutrino masses.

There are also models without leptoquarks that radiatively generate left-handed Majorana neutrino

masses, and hence also feature LNV [100, 101, 107, 153, 174–180]. Among these is the Zee-Babu

model [175–177], wherein neutrino masses are generated at two loops via singly (h±) and doubly

charged (k±±) scalars that also couple to the SM Higgs. Both scalars carry hypercharge but neither

carries SU(3)c or SU(2)L gauge charges; this leads to inherently smaller production cross sections at

colliders [181, 182]. The leading production channel of Zee-Babu pair production via the Drell-Yan

mechanism, but other channels also exist. Predictions (and tools) for these of these channels are

known up to NLO in QCD with parton shower-matching [183]. Decay rates of Zee-Babu scalars are

strongly correlated with neutrino oscillation parameters [183–188]. Notable LHC signatures include:

pp → k++k−− → `+i `
+
j `
−
k `
−
l + X, which manifestly exhibits LFV for i, j 6= k, l; and pp → h+h− →

`+i `
−
j +MET. Establishing LNV at the LHC requires observing several different processes [183]. With

the full Run II data set at
√
s = 13 TeV, k masses as high as mk = 890 GeV and decay rates as

small as BR(k±± → `±i `
±
j ) = 16% for ` ∈ {e, µ} have been excluded at the LHC [183, 189]. This

is projected to reach about mk = 1110 GeV and BR(k±± → `±i `
±
j ) = 8% with about L = 3 ab−1

at 13 TeV [183]. Furthermore, with updated neutrino oscillation data, predictions for flavor-violating
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h± → `±ν`′ decays in the Zee-Babu are now sufficiently precise to have discriminating power. HL-LHC

searches can benefit from further studies on searches for h+h− and associated k±±h∓h∓ production,

as well as further investigations into the connection between oscillation experiments and the LHC.

In extensions of the SM with new gauge symmetries one can have many different collider signatures.

In Left-Right Symmetric models, for example, characteristic signatures include: the production of

heavy Majorana neutrinos N through resonant WR/ZR bosons that decay into same-sign leptons and

jets [190], i.e., pp → W±R → `±i N → `±i `
±
j + nj + X and pp → Z±R → NN → `±i `

±
j + nj + X, which

manifestly exhibit LNV and LFV; the same process through non-resonant WR/ZR bosons [191, 192],

which again manifestly exhibit LNV and LFV; boosted configurations where N are clustered into a

single jet (J) [193–195], i.e., pp → W±R → `±i N → `±i J + X and pp → Z±R → NN → JJ + X; and

searches for long-lived NN pair production through Higgs-portal couplings [132, 192]. Searches for

LNV and LFV in U(1) scenarios exhibit similar signatures but with potentially light Z ′ masses and

gauge couplings g′ � 1. Present searches for these states set various limits on masses and couplings

beyond [196–201]. Despite these constraints, the outlook at the HL-LHC is promising [2, 99, 101,

103, 132, 191, 192, 194, 202–211]. The HL-LHC program can be enhanced by further searches and

studies into:boosted topologies; production from vector boson fusion and Higgs portals; final-states

with τ leptons; the use of machine learning techniques; indirect searches; as well as novel production

and decay modes (and their simulations). For LNV signatures in theories based on local B −L gauge

symmetry see, for example, Refs. [204, 205, 211–218].

In supersymmetric models with R-parity Violation it may be possible that BNV and LNV also occur

at low scales. Such situations arise naturally, for example, when a right-handed sneutrino acquires

a vacuum expectation value [219–221], thereby generating tiny neutrino masses. As a consequence,

sparticles can be produced through many non-traditional mechanisms and mediate LNV, LFV, as well

as RPV [219–222]. Further the LSP is no longer stable and can decay to standard model particles,

which opens the door to novel signatures for SUSY without significant missing transverse energy. If

RPV is sufficiently small, then the LSP may also be long-lived and that opens even more doors to

long-lived particle signatures that are a topic of much recent development in terms of reconstruction,

trigger, and analysis by the LHC experiments [119, 223–228]. Present searches for RPV supersymmetry

set various limits on sparticle masses and cross sections, with gluinos being excluded below 2.5 TeV,

top squarks below 1.4 TeV, bottom squarks below 750 GeV, winos below 1.6 TeV, and sleptons below

1.2 TeV [157, 159, 201, 229–245]. However, it is critically important to realize that the precise bound

depends on the specific underlying assumptions, which can include simplified models with decoupled

squarks, one specific RPV coupling from the many possible options, and the assumption of large mass
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differences between the particles in the SUSY spectrum.

The outlook at the HL-LHC is very promising for searches for signatures that are rarer and/or

at higher mass. For example, the recent search [237] for Higgsinos decaying to quarks gained the

first sensitivity to such a signature since LEP, while the first search for chargino decays to a three

lepton resonance gave sensitivity up to 1 TeV [240]. For long-lived particles, the upgrades to the

detector and the trigger will expand the reach of searches for displaced leptons and jets. For example,

a recent search for displaced vertices gave new sensitivity to long-lived particles with hadronic final

states [224]. The HL-LHC program can be enhanced by further searches and studies of the different

exotic signatures coming from baryon and/or lepton number violation.

V. PROTON DECAY

Ed Kearns (Boston University), Stuart Raby (Ohio State University)

Theories which unify the strong and electroweak forces guarantee that nucleons should decay. The

rate is determined by the grand unification group and the GUT scale, MG. Effective operator analysis

consistent with the Standard Model allows for dimension six operators suppressed by a new scale of

physics, Λ−2 ∼ g2/M2
G. Supersymmetric extensions of the Standard Model allow for dimension four

and five baryon and lepton number violating operators which must be suppressed in order to avoid

rapid proton decay. Gravity does not respect global symmetries, therefore even Planck scale physics

would be expected to violate both baryon and lepton numbers. Theories with large extra dimensions

must invent new symmetries to prevent rapid proton decay. Therefore, one might say that nucleon

decay is an ubiquitous consequence of any theory beyond the Standard Model [2].

In SUSY GUTs, the GUT scale is of order 2 × 1016 GeV with α−1
G ∼ 24. In this case the proton

lifetime mediated by the dimension six operators for the canonical decay mode is τ(p → e+π0) ∼
2×1036 years. This is outside the discovery range of the next generation of proton decay experiments.

However, in SUSY GUTs there are additional dimension 5 operators contributing to nucleon decay.

This contribution to proton decay is suppressed by an effective color triplet Higgsino mass, MT , a loop

factor LF which converts a dimension 5 operator, with 2 fermions and 2 scalars, into a dimension 6

four fermion operator with LF ∼ m̃W /m̃
2 and a product of effective Yukawa couplings, CC. Here m̃W

and m̃ are the gaugino and sfermion masses, respectively. We then have Λ2 ∼ CC × LF/MT . This

can be sufficiently suppressed in models with MT ∼ 1017 GeV, heavy squarks and sleptons with mass

of order several TeV and light gauginos. With gaugino masses light enough to be discoverable at the



17

LHC and scalar masses less than 30 TeV, K. S. Babu et al.[246], find τ(p→ K+ν̄) ≤ 1.1× 1035 years.

For the proton decay predictions in different grand unified theories see the discussion in Ref. [247].

The experimental search for proton decay takes place in large detectors used in multipurpose

neutrino experiments. The first generation experiments such as IMB, Kamiokande, and Soudan-II,

were of order 1 kiloton in sensitive mass and completed their exposures by 1990. The first generation

experiments set informative limits that excluded the initial idea that proton decay could be readily

observed, in particular as predicted by the simplest SU(5) GUT. There is only one second generation

nucleon decay experiment to speak of, Super-Kamiokande (Super-K), a water Cherenkov detector with

50 kilotons of total mass. Super-K began operation in 1996 and is expected to continue until at least

2027. The SK experiment has not detected any signs of nucleon decay. For example, SK has set a

lifetime limit for p→ e+π0 at 2.4× 1034 y (90% CL) based on a recent analysis of 450 kt-yr worth of

data [248]. This result uses several improvements over older publications including neutron tagging

and expansion of the fiducial volume from 22.5 to 27.2 ktons. The most recent published limit for

the SUSY-favored decay mode p → ν̄K+ is 5.9× 1033 years based on an exposure of 260 kt-yr [249].

Overall, the Super-K experiment has published leading limits on 30 baryon number violating processes

including less conventional decay modes that are not necessarily motivated by GUTs.

It is anticipated that the 20-kt liquid-scintillator reactor experiment JUNO will begin operation

in 2022. Although not sensitive to a wide range of proton decay channels, JUNO can do well on the

particular mode p → νK+, using excellent energy resolution and the unique 12-ns timing signature

of K+ decay at rest. With a 10 year exposure, JUNO should reach sensitivity to this decay mode of

8× 1034 years[250]. Using a similar approach, the speculative THEIA experiment[90] should perform

similarly but using water-based rather than oil-based scintillator.

In the late 2020s, a third generation of proton decay experiments will take place based on new

massive neutrino detectors. Around 2027, it is expected that Hyper-Kamiokande (Hyper-K), with 186

fiducial kilotons of water will begin operation and dominate the search for proton decay. Hyper-K

will naturally be able to search in the same channels as Super-K and benefit from development of

techniques. As seen in the experience with Super-K, extremely long exposures of such detectors are

anticipated. A twenty year exposure of Hyper-K is sensitive to proton decay to e+π0 lifetimes of 1035

years, and p→ νK+ lifetimes of 3× 1034 years[251].

The DUNE experiment is also expected to begin in the late 2020s with two 10-kt modules of liquid

argon using the time projection chamber technique (LArTPC). For most nucleon decay modes, only

20 kilotons of fiducial mass is not competitive with the long exposure of Super-K or the larger mass of

Hyper-K. However, the detailed imaging capabilities, particularly the ability to measure dE/dx along
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the track of a charge particle allow DUNE to be competitive for decay modes that include charged

kaons or displaced vertices. It is also considered that DUNE will be expanded with up to two more

10-kton LArTPC modules. Given an eventual exposure of 400 kton-y, the DUNE LArTPC detectors

should be sensitive to p→ νK+ lifetimes somewhat greater than 1034 years[252].

Somewhat more detail on the above experiments are given in a Snowmass whitepaper on Baryon

Number Violation in Neutrino Experiments[247] and references within. For practical reasons, the de-

tectors that can searches for proton decay multi-purpose and generally optimized for neutrino studies.

Unless or until candidate signatures are seen, it is difficult to envision funding much larger detector

masses at the megaton scale. The high price of excavating rock limits the detector mass.

VI. NEUTRON-ANTINEUTRON OSCILLATIONS

K. S. Babu (Oklahoma State University), Leah Broussard (Oak Ridge National Laboratory)

A robust search for the mechanism behind baryogenesis should proceed along all open experimental

avenues: processes where only ∆L 6= 0, where ∆L 6= 0 and ∆B 6= 0 simultaneously, and where only

∆B 6= 0. Therefore, along with neutrinoless double beta decay and proton decay, which are being

explored vigorously, searches for the ∆B 6= 0 and ∆(B −L) 6= 0 process of neutron-antineutron oscil-

lations (n → n̄) are a necessary component of a multifaceted effort to experimentally observe BNV.

A BSM (B − L) violating process, e.g. n → n̄ or the heavy lepton decays within classic leptogene-

sis, is needed for the baryon asymmetry in the universe to develop and survive a “washing-out” by

sphalerons [253]. n → n̄ oscillations additionally have the attractive advantage of providing a defini-

tive, observable, “on-shell” test of the mechanism behind baryogenesis [254, 255]. n → n̄ oscillations

were originally introduced in [6, 256, 257] and the phenomenology has been studied in detail [258–265].

New physics related to n → n̄ mixing and ∆B = 2 more generally has also been considered [266–

276] with implications for LHC searches (e.g. limits on heavy scalar diquarks [277]) and primordial

baryogenesis; with regards to theories with extra dimensions [278–281]; as relates to discrete C, P , T

symmetries [282–285]; as well as very low scale spontaneous B − L violation by two units [286–288].

Overall, the ∆B = 2 process of n→ n̄ and the possibly related ∆B = 1 process of n→ n′ (neutron to

sterile neutron oscillations) [266, 289] are comparatively unexplored experimentally, and current and

future facilities will provide for rich opportunities for discovery.

Direct experimental limits are currently available from a free neutron search at the Institut Laue-

Langevin (ILL) some decades ago with a lower limit of τnn̄ ∼ 108 s [290] and somewhat stronger indirect

limits are taken from matter instability caused by n−n′ inside nuclear matter at Super-K (intranuclear
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searches) [291]. The two techniques are experimentally as well as theoretically complementary, and

both are needed to identify the source of BSM physics [292]. Intranuclear searches require very

large mass detectors [247] to overcome the suppression factor arising from the {n, n̄} energy splitting

inside the nucleus [293, 294], and are ultimately limited by irreducible atmospheric ν backgrounds.

Final state interactions (intranuclear rescattering) of the annihilation products are another significant

source of uncertainty [291, 293, 295]. Comparable sensitivities could be available from the NOνA

Far detector [296] if backgrounds from cosmic rays could be suppressed to the level of atmospheric

ν’s. Higher sensitivities will be available from Hyper-K [297] although significant improvement hinges

on the ability of the improved detector to reduce backgrounds. DUNE [298] looks most promising

thanks to a substantial increase in mass as well as improved capabilities for reconstruction from the

bubble-chamber-like images. Significant efforts are ongoing to assess the impact of nuclear model

configurations on improved modeling of the annihilation, and to leverage modern techniques such

as deep learning and boosted decision trees in discriminating signal from background. Intranuclear

searches can reach a sensitivity of τnn̄ & 108−9 s [247] following the traditional intranuclear suppression

factor formalism [293, 299, 300]. While not competitive, the capabilities of the LArTPC can be

demonstrated in a proof-of-principle search using the MicroBooNE detector [301].

Free neutron searches are theoretically and experimentally cleaner than intranuclear searches, and

offer the tantalizing possibility of an incontrovertible discovery. The ILL search detected zero back-

ground events [290], and future higher sensitivity searches are similarly expected to be background-

free [302]. One concept is based on ultracold neutrons, neutrons which can be stored in material

traps for long times [303, 304]. This approach utilizes a much more compact geometry than the 50 m

beamline required for the ILL experiment, with an improved sensitivity of about 10-40× the ILL re-

sult, or τnn̄ ∼ 108−9 s, depending on how n reflections are modeled [304–308]. The most promising

proposal, the NNBAR experiment at the European Spallation Source (ESS) [309], will implement a

cold neutron approach like the ILL but capitalizes on the technological developments in detection and

especially advances in neutron optics in the decades since that experiment. NNBAR will improve

the sensitivity to n → n̄ by 1000× the ILL result [302, 310–313], reaching a limit of τnn̄ ∼ 109−10 s

[302, 314, 315]. The ESS includes critical provisions to achieve this impressive increase–the Large

Beam Port earmarked for NNBAR is constructed, there is provision for an up to 300 m beamline, and

the fundamental physics team is leading the effort to design a high intensity liquid deuterium lower

moderator to be installed > 2030 and optimize it for NNBAR and other fundamental physics efforts

as part of the HighNESS project [302, 312, 316].

While the NNBAR experiment is expected to be an O($100M) project, a staged program addressing
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complementary physics questions on a more economical scale is being developed for the 2020s [302].

Searches for neutron conversions into sterile “mirror” neutrons n → n′, n → n′ → n [266, 317] and

n → n′ → n̄ [318] probe questions of dark matter and cobaryogenesis [318–332]. A program at

Oak Ridge National Laboratory using existing n scattering instruments is already underway [333–

335]. A recent search at the Spallation Neutron Source [336] has ruled out the phenomenon of n→ n′

oscillations as an explanation for the long-standing neutron lifetime discrepancy [337], the disagreement

between cold and ultracold neutron lifetime measurements. Improved sensitivity for n → n′ searches

generally can be obtained with an optimized experimental setup at the ESS, as part of the HIBEAM

program [302], in the late 2020s. In particular, searches for n → n′ → n̄, which is experimentally

unexplored, offer attractive opportunities for early R&D for a future high sensitivity search for n→ n̄.

VII. MORE EXOTIC L AND B VIOLATING PROCESSES

Susan Gardner (University of Kentucky), Julian Heeck (University of Virginia)

Baryon and lepton number violation need not be restricted to the familiar channels p→ e+π0 (∆B =

∆L = 1), n → n̄ (∆B = 2), and 0νββ (∆L = 2) discussed in previous sections. The striking

experimental signatures associated with ∆B/∆L processes allow for a wide variety of possible channels,

only some of which have been explored so far. In addition, models involving neutron decays into light

new particles have received considerable attention in recent years as possible solutions [338, 339] to the

neutron-lifetime anomaly [340]: the new particles may include a dark matter candidate and can carry

baryon number, leading to processes with apparent baryon number violation. Although neutron star

observations preclude certain models [341–343], simple solutions are nevertheless still possible [344–

346]. Thinking broadly, models with dark fermions that mix with the neutron can furthermore lead to a

neutron-shining-through-a-wall effect [347], or mediate exotic H-atom decays [348, 349], or new modes

for n → n̄ [318], with additional astrophysical probes possible [346, 350]. Finally, dark matter (DM)

scattering can also mediate baryon number violation, as in DM p→ ne+ [351], DM p→ DM′K+ [352–

354], DM p→ DM′ e+ [355], DMn→ DM′ π0 [356], and DMn→ mesons [357, 358], leading to distinct

final-state kinematics than those scrutinized thus far.

As first noted by Weinberg [1], true ∆B and ∆L processes arise in the SM EFT through effective

operators with mass dimension d ≥ 5. If the SM’s global symmetry U(1)B × U(1)L is only broken

in a particular direction, selection rules emerge that lead to the conservation of a linear combination

α∆B + β∆L, automatically eliminating many forms of baryon or lepton number violation [359, 360].

Non-perturbative instanton processes in the SM provide a useful example, as they break U(1)B ×
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FIG. 2. Landscape of baryon and lepton number violation including some representative processes and the

minimal mass dimension d of the underlying EFT operator [380]. From Ref. [360].

U(1)L → Z(B+L)/2
3 × U(1)B−L and thus only allow for (unobservably-small [253]) ∆B = ∆L = 3

processes. A visual guide to allowed ∆B and ∆L is given in Fig. 2. Breaking B or L by higher

units requires operators of higher mass dimension d, yielding lower rates for a fixed new-physics scale;

however, even large d� 6 can be testable in clean channels [360]. We note some recent |∆B| > 1 and

|∆L| > 1 work from theoretical [361–367] and experimental [368–377] perspectives. Inclusive searches

such as p → µ+ + anything offer an efficient way to constrain large classes of ∆B operators [360].

Observations of several distinct B and/or L violating processes imply the existence of other ∆B/∆L

violations, even if not observed directly [346, 378, 379]; this amounts to vector addition in Fig. 2, even

if the particular suggested channels are different.

In addition, baryon-number-violating operators involving heavy quarks or leptons also give rise

to nuclear decays: loops can be closed to convert heavy quarks into lighter ones and taus into tau

neutrinos, which gives a suppression that is typically more than compensated by the nucleon-lifetime-

scale sensitivity [360, 381–385]. Fine-tuned scenarios in which nuclear decays are negligible might exist,

however, and warrant direct searches for ∆B top [386, 387], bottom [388], charm [389], hyperon [390],

and tau decays [391]. Nucleon decays involving higher units of lepton flavor, e.g. p → e−µ+µ+, can

dominate in flavor-symmetric models [360, 392] and give clean signatures [393]. Nuclear processes can

also give rise to combined L and lepton-flavor violation, e.g. in µ−+N(A,Z)→ e+ +N(A,Z−2) [394].

As common, our discussion has employed EFT language to identify promising ∆B and ∆L sig-

natures, implicitly assuming that all new physics is heavy, say beyond the electroweak scale. Novel
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∆B and ∆L signatures arise when light new particles χ are introduced, which can then appear as

n → π0χ [395, 396], p → π+χ [395–397], p → e+χ [398], or in hydrogen decays [349, 398]. The light

particle could even be the graviton G, emitted via p→ e+π0G [399]. Particles with somewhat larger

masses in the GeV range with ∆B couplings to heavier quarks can also be searched for in charm or

bottom factories through decays such as B+ → pχ, which offers an avalanche of new signatures that

have yet to be explored experimentally [400–403]. Radiative dark decays of strange baryons [401] can

also impact the cooling properties of heavy neutron stars [346].

Searches for baryon and lepton number violation are uniquely sensitive to exotic models/operators

largely impossible to probe in other ways. This includes operators of very high mass dimension,

breaking B or L by high units or through heavy flavors, and models including light new particles.

Broad searches for such exotica are encouraged given the absence of signals in more conventional

channels.

VIII. CONNECTIONS TO COSMOLOGY

Andrew J. Long (Rice University), Carlos Wagner (U. of Chicago and Argonne National Laboratory)

Cosmic wonder: The observable universe is made of matter, rather than antimatter. Observations

of the cosmic microwave background [404] yield a measurement of the cosmological matter-antimatter

asymmetry, corresponding to the excess of protons and nuclei over anti-protons and anti-nuclei. In the

language of particle physics, we say that the observable universe has a net baryon number B [405, 406].

The origin of this cosmological baryon asymmetry is a mystery.

It is generally assumed that there was some very early epoch in our cosmic history at which the

universe had a vanishing baryon asymmetry (equal amounts of baryon and antibaryons). For example,

cosmological inflation evacuated the universe of matter, which had to be regenerated after inflation

during the period of reheating [407, 408]. The event in our cosmic history that led to the generation

of a cosmological baryon asymmetry is called baryogenesis.

We know very little about the particles and forces that may have played a role during baryogenesis,

nor do we know at what epoch in the cosmic history this event took place. In trying to understand

how baryogenesis may occur in theories of elementary particle physics, we are guided by the three

Sakharov criteria [3]: violation of baryon number B, violation of C and CP, and a departure from

thermal equilibrium. These three requirements express the necessary conditions for the generation of

a cosmological baryon asymmetry under the assumption of CPT conservation.
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A plethora of different models have been proposed, studied, and tested. Each model finds its own

way to implement the Sakharov criteria using different particle and forces, different connections to

the Standard Model, different energy scales, and different epochs in our cosmic history. Due to this

wide variety in model building efforts, experimental probes of baryogenesis must also be versatile and

variegated. In the remainder of this short section, we highlight a narrow selection of actively explored

theories of baryogenesis that offer a high degree of testability.

Electroweak baryogenesis: Electroweak baryogenesis [409–412] is the idea that the baryon asym-

metry arose as a by-product of the cosmological electroweak phase transition, during which the Higgs

field developed its nonzero expectation value giving mass to the weak gauge bosons and signaling

that the electroweak symmetry is spontaneously broken. Early work [413] identified that successful

electroweak baryogenesis would require the electroweak phase transition to be first order, proceeding

through the nucleation and percolation of bubbles. However, the Standard Model predicts that this

phase transition a continuous crossover and not first order [414]. Thus successful electroweak baryo-

genesis requires new physics coupled to the Higgs boson such that the phase transition is first order

and also adequate CP violation is available. This new physics provides an excellent target for new

physics searches at the LHC [415] and some of the most well-motivated candidate models are already

being tested [416–424]. Future colliders [425–429], as well as the LHC at higher luminosities, will

furnish precision Higgs measurements, continue to search for di-Higgs production, and further probe

the new physics that may be responsible for electroweak baryogenesis [430–437]. Precision probes of

CP violation at the Intensity Frontier offer a complementary test of Higgs physics [415], and an upper

limit on the electron’s electric dipole moment (EDM) obtained by the ACME collaboration [438] puts

strong indirect constraints on models of electroweak baryogenesis [439, 440]. Recent developments in

model-building have explored alternative cosmic histories [441–450] that allow for baryogenesis from

a first order phase transition while evading strong constraints on new physics.

Leptogenesis: Baryogenesis from leptogenesis [38, 451] refers to a broad class of models in which

the baryon asymmetry arises in conjunction with a lepton asymmetry, and typically the new sources of

CP violation couple to leptons. In models of high-scale leptogenesis [452], the asymmetry is generated

very early in the cosmic history at the seesaw energy scale, where new particles are associated with the

origin of the light neutrino masses [4, 5, 11, 13, 453]. Although the new physics is not directly accessible

in the laboratory, several indirect observables could be used to probe high-scale leptogenesis; these

include the Majorana nature of the light neutrinos and CP violation in the neutrino sector [454–463].

On the other hand, models of resonant leptogenesis [464] or low-scale leptogenesis [465] introduce

new physics at the weak or GeV scale, respectively, allowing high-energy collider and beam dump
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experiments [466] to probe the new degrees of freedom directly, typically through searches for displaced

vertices or long-lived particles [97, 99, 101, 127, 467–469].

Mesogenesis: A recent proposal [470–473] suggests that new physics at the mass scale of the

Standard Model mesons could give rise to baryogenesis and dark matter via CP violation from the

Standard Model quark sector and possibly also new physics. In these models, a late-decaying scalar

produces quark-antiquark pairs that hadronize into Standard Model mesons, which undergo out-of-

equilibrium CP-violating processes, such as B meson oscillations and charged meson decays. This

results in equal and opposite asymmetries carried by the Standard Model baryons and dark sector

baryons, such that baryon number need not be violated. Mesogenesis has the appealing feature that

the new physics must couple to Standard Model mesons, and therefore it is exceptionally testable [255,

402, 403, 474] as we noted in the previous section. Searches for B-number-violating meson decays are

already underway at Belle [475] and LHCb [476, 477].

IX. SUMMARY

In this report we have discussed the main theories to understand the origin of baryon and lepton

number violation in physics beyond the Standard Model. We presented the theoretical predictions

for rare processes such as neutrinoless double beta decay, proton decay, and neutron-antineutron

oscillation, and overviewed the prospects to discover these rare processes in the near future. The

possibility to observe baryon and lepton violating signatures at current and future colliders and through

precision studies of other rare processes, and the testability of different baryogenesis mechanisms is

discussed in detail.

A healthy and broad experimental program looking for proton decay, neutrinoless double beta decay

and neutron-antineutron oscillations is essential to make new discoveries in this field. These searches

are carried out at various experimental facilities in the US and abroad, and use instrumentation

arching across traditional HEP/NP boundaries. In addition, experiments such as those at the Large

Hadron Collider could discover exotic baryon and/or lepton number violating signatures connected to

low energy scale theories for neutrino masses, supersymmetric models with R-parity violation, new

gauge theories or other mechanisms for physics beyond the Standard Model. The landscape presented

in this report could be crucial to discover the underlying mechanism for neutrino masses and the

matter-antimatter asymmetry in the universe.
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[385] I. Doršner, S. Fajfer, and O. Sumensari, JHEP 05, 183 (2022), arXiv:2202.08287 [hep-ph].

[386] Z. Dong, G. Durieux, J.-M. Gerard, T. Han, and F. Maltoni, Phys. Rev. D 85, 016006 (2012),

arXiv:1107.3805 [hep-ph].

[387] S. Chatrchyan et al. (CMS), Phys. Lett. B 731, 173 (2014), arXiv:1310.1618 [hep-ex].

[388] P. del Amo Sanchez et al. (BaBar), Phys. Rev. D 83, 091101 (2011), arXiv:1101.3830 [hep-ex].

[389] M. Ablikim et al. (BESIII), Phys. Rev. D 105, 032006 (2022), arXiv:2112.10972 [hep-ex].

[390] M. E. McCracken et al., Phys. Rev. D 92, 072002 (2015), arXiv:1507.03859 [hep-ex].

[391] D. Sahoo et al. (Belle), Phys. Rev. D 102, 111101 (2020), arXiv:2010.15361 [hep-ex].

[392] T. Hambye and J. Heeck, Phys. Rev. Lett. 120, 171801 (2018), arXiv:1712.04871 [hep-ph].

[393] M. Tanaka et al. (Super-Kamiokande), Phys. Rev. D 101, 052011 (2020), arXiv:2001.08011 [hep-ex].

http://dx.doi.org/10.1209/0295-5075/103/32001
http://arxiv.org/abs/1306.0580
http://dx.doi.org/10.1103/PhysRevD.97.075026
http://arxiv.org/abs/1802.04814
http://dx.doi.org/10.1103/PhysRevD.98.015035
http://arxiv.org/abs/1804.10545
http://dx.doi.org/10.1103/PhysRevD.102.035003
http://arxiv.org/abs/2005.12493
http://dx.doi.org/10.1016/j.physletb.2021.136298
http://arxiv.org/abs/2101.01405
http://dx.doi.org/10.1007/JHEP06(2021)047
http://arxiv.org/abs/2102.02562
http://dx.doi.org/10.1103/PhysRevD.104.015029
http://arxiv.org/abs/2104.03316
http://dx.doi.org/10.1103/PhysRevLett.112.131803
http://dx.doi.org/10.1103/PhysRevLett.115.121803
http://arxiv.org/abs/1508.05530
http://dx.doi.org/10.1103/PhysRevD.91.072009
http://arxiv.org/abs/1504.01041
http://dx.doi.org/10.1103/PhysRevLett.119.041801
http://arxiv.org/abs/1705.08847
http://arxiv.org/abs/1811.12430
http://dx.doi.org/10.1103/PhysRevD.99.032008
http://arxiv.org/abs/1812.05552
http://dx.doi.org/10.1103/PhysRevC.98.055501
http://dx.doi.org/10.1103/PhysRevD.97.072007
http://arxiv.org/abs/1710.07670
http://dx.doi.org/10.1103/PhysRevD.99.072004
http://arxiv.org/abs/1812.01090
http://dx.doi.org/ 10.1103/PhysRevC.100.045502
http://arxiv.org/abs/1906.07180
http://dx.doi.org/10.1103/PhysRevD.91.013008
http://arxiv.org/abs/1408.0803
http://dx.doi.org/10.1016/j.physletb.2019.01.054
http://arxiv.org/abs/1808.05288
http://dx.doi.org/10.1016/j.physletb.2019.135132
http://arxiv.org/abs/1909.05853
http://dx.doi.org/10.1016/0920-5632(95)00126-T
http://dx.doi.org/10.1103/PhysRevD.72.095001
http://arxiv.org/abs/hep-ph/0509006
http://dx.doi.org/10.1016/j.physletb.2013.02.052
http://arxiv.org/abs/1210.6598
http://arxiv.org/abs/1210.6598
http://dx.doi.org/ 10.1016/j.physletb.2014.05.065
http://arxiv.org/abs/1405.0486
http://dx.doi.org/10.1007/JHEP05(2022)183
http://arxiv.org/abs/2202.08287
http://dx.doi.org/ 10.1103/PhysRevD.85.016006
http://arxiv.org/abs/1107.3805
http://dx.doi.org/10.1016/j.physletb.2014.02.033
http://arxiv.org/abs/1310.1618
http://dx.doi.org/10.1103/PhysRevD.83.091101
http://arxiv.org/abs/1101.3830
http://dx.doi.org/10.1103/PhysRevD.105.032006
http://arxiv.org/abs/2112.10972
http://dx.doi.org/10.1103/PhysRevD.92.072002
http://arxiv.org/abs/1507.03859
http://dx.doi.org/ 10.1103/PhysRevD.102.111101
http://arxiv.org/abs/2010.15361
http://dx.doi.org/10.1103/PhysRevLett.120.171801
http://arxiv.org/abs/1712.04871
http://dx.doi.org/10.1103/PhysRevD.101.052011
http://arxiv.org/abs/2001.08011


39

[394] M. Lee and M. MacKenzie, Universe 8, 227 (2022), arXiv:2110.07093 [hep-ex].

[395] H. Davoudiasl, Phys. Rev. D 88, 095004 (2013), arXiv:1308.3473 [hep-ph].

[396] H. Davoudiasl, Phys. Rev. Lett. 114, 051802 (2015), arXiv:1409.4823 [hep-ph].

[397] J. C. Helo, M. Hirsch, and T. Ota, JHEP 06, 047 (2018), arXiv:1803.00035 [hep-ph].

[398] D. McKeen and M. Pospelov, (2020), arXiv:2003.02270 [hep-ph].

[399] U. Haisch and A. Hala, JHEP 11, 144 (2021), arXiv:2108.06111 [hep-ph].

[400] J. Heeck, Phys. Lett. B 813, 136043 (2021), arXiv:2009.01256 [hep-ph].
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