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Abstract: The baryon asymmetry of the Universe is one of the central motivations to expect physics beyond the
Standard Model. In this Snowmass white paper, we review the challenges and opportunities in testing some of the
central paradigms that predict physics at scales low enough to expect new experimental data in the next decade.
Focusing on theoretical ideas and some of their experimental implications, in particular, we discuss neutron-
antineutron transformations, flavor observables, next generation colliders, future neutron facilities, gravitational
waves, searches for permanent electric dipole moments, 0νββ decay and some future large underground exper-
iments as methods to test post-sphaleron baryogenesis, electroweak baryogenesis, mesogenesis and low scale
leptogenesis. Finally, we comment on the cases where high scale physics can be probed through some of these
same mechanisms.
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Executive Summary

The origins of the baryon asymmetry of the Universe is a fundamental mystery and is a key motivation for physics
beyond the Standard Model. The observed matter-antimatter asymmetry in the universe apparently obligates
the laws of physics to include some mechanism of baryon number (B) violation (BNV), as specified by the
Sakharov conditions1. However, perturbatively, the Standard Model (SM) “accidentally” conserves B; in non-
perturbative regimes at temperatures of & 10 TeV, electroweak sphalerons instead conserve “good” baryon minus
lepton quantum numbers (B−L) while violating B + L2, implying a form of BNV. Even still, as the primordial
plasma moves through the electroweak phase transition, it is known that electroweak instantons (sphalerons) tend
to “wash out” any preexisting baryon asymmetry without some other form of (typically) higher-scale lepton
asymmetry production–perhaps near 1012 GeV, as is the case in classic leptogenesis3. Due to the effective
impossibility of definitively testing for classic leptogenesis in any kind of “on shell” manner similar to the
historic experimental confirmation of theW±, Z0, and Higgs, one must also begin to investigate other potentially
observable baryogenesis alternatives. B − L-violating |∆B| = 2 and |∆L| = 2 processes and CP violation
measurements are thus of foremost importance in uncovering the nature of baryogenesis. Of course, other
methods and tests can prove extremely powerful as the community prioritizes the discovery of physics beyond
the Standard Model.

In this vein, here we review the challenges and opportunities of four of the most promising testable baryo-
genesis paradigms, taking a predominately theoretical view while detailing some experimental opportunities.
Post-sphaleron baryogenesis is likely to be testable through neutron-antineutron oscillations, and experiments
are expected to improve current sensitivity by three orders of magnitude. Electroweak baryogenesis can be
probed via high sensitivity searches for electric dipole moments, and there are prospects for compelling tests
of this paradigm from colliders and gravitational waves. However, there are some unresolved theoretical issues
which makes the status of this class of models unclear unless conditions are very unfavourable. The CP viola-
tion asymmetry of Standard Model mesons is an observable that is directly related to the baryon asymmetry in
mechanisms of Mesogenesis. Mesogenesis also predicts new seemingly baryon violating hadron decay modes;
designated searches are already underway at Belle, BaBar and LHCb. Additional exotic decays can be searched
for at future and present kaon and hyperon factories. Finally, the introduction of heavy neutral leptons with
near degenerate masses can consistently and simultaneously explain both the origin of neutrino masses and the
baryon asymmetry. This can be tested through beam dump experiments, colliders, meson decays, 0νββ decays,
lepton flavor decays, and can also be indirectly probed through cosmological observables. Together, these four
paradigms present rich opportunities for discovery which can explain the lack of antimatter in the Universe, but
each will require dedicated theoretical and experimental resources and support in order to make progress toward
discovery.
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Post-sphaleron Baryogenesis

Post-sphaleron baryogenesis (PSB)4 is an attractive low-scale mechanism able to explain the observed matter-
antimatter asymmetry of the Universe. As the name suggests, the generation of the baryon asymmetry occurs
after the electroweak sphalerons have gone out of equilibrium around temperatures T ∼ 130 GeV. The same
|∆B| = 2 operator which gives rise to baryogenesis in this scenario also leads to n → n̄ oscillations, thus
making an intimate connection between the two B-violating observables. In fact, it has been argued by some (in
particular, by one of the proponents of electroweak baryogenesis5) that the PSB mechanism is more compelling
than other baryogenesis mechanisms such as electroweak baryogenesis, because (i) it is consistent with a wide
range of cosmology/inflation models; (ii) no high-temperature physics is required, which solves a lot of cos-
mological issues, e.g. gravitino overproduction; and (iii) electroweak baryogenesis requires a first-order phase
transition and CP violation in Higgs sector which are very constrained by electric dipole moment of electron,
mass of Higgs, and other LHC constraints.

The basic idea of PSB is that there can be baryon-number-violating decays of a heavy (pseudo)scalar S. It
is known that |∆B| = 1 operators are strongly constrained by experimental proton decay limits and cannot lead
to successful PSB. Thus, one can instead rely on dimension d = 9, |∆B| = 2 operators of the form qqqqqq/Λ5,
which lead to S → 6q and 6q̄ decays. If these decays violate CP and occur out-of-equilibrium, then it is possible
to directly generate an asymmetry between baryons and antibaryons irrespective of electroweak sphalerons, and
hence, the PSB mechanism can happen even below the sphaleron freeze-out.

1.1 Prediction of an Upper Limit on τn→n̄ and Recent Theoretical Progress

The PSB mechanism, when embedded in a quark-lepton unified model based on the Pati-Salam gauge group
SU(4)c × SU(2)L × SU(2)R

6, leads to an absolute upper limit on the neutron-antineutron oscillation time
τnn̄ . 1010−11 sec7;8, which might be within reach of future experiments such as NNBAR at the ESS and
DUNE; see Figure 1.1. The upper bound on the n → n̄ oscillation time (τnn̄) in this model is a consequence
of the bounded range of the parameters which the amplitudes corresponding to τnn̄ depend upon. Requiring the
model to reproduce the observed neutrino masses and other meson oscillation parameters fixes the form of the
Yukawa coupling matrices involved in the generation of baryon asymmetry in this model. The given form of the
matrix essentially puts an upper bound on the maximum baryon asymmetry (εmax

B ) that can be produced. This
asymmetry is produced by the decay of a color-sextet real scalar S to quarks and antiquarks, mediated by scalar
diquarks ∆dd and ∆ud

8. This process happens at a specific decay temperature (Td), depending on the mass of
the scalar, MS , and of the diquarks, M∆ud

and M∆dd
. The observed baryon asymmetry ηB at the recombination

epoch is related to the baryon asymmetry produced in the decay of S through a dilution factor proportional to
Td/MS . Since the dilution cannot be more than ηB/εmax

B , this sets an upper bound on the range of MS . On
the other hand, the S must decouple while being relativistic before its decay produces the asymmetry, which
requires the ∆ud and ∆dd masses to be at least a factor of 5-10 larger than MS . If ∆ud and ∆dd are too heavy,
however, this will drive the Td lower, and hence, result in a larger dilution. This delicate interplay between the
model parameters makes this scenario quite predictive and testable.

Since the original calculation8, there have been two important updates, namely, (i) recent lattice QCD results
on the relevant ∆B operator11;12, which is 16% smaller than the old MIT bag model estimate13, and (ii) an im-
proved calculation of the baryon asymmetry, which takes into account both wave-function and vertex correction
diagrams, along with a more accurate treatment of the color combinatorics14;15. The effects of these updates on
the probability plot shown in Figure 1.1 are still being analyzed.
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Figure 1.1: The probability distribution of the n → n̄ lifetime prediction in the PSB model8. This figure is a
reproduction of Fig. 9 in work by Babu, Dev and colleagues8 with overlayed sensitivity estimates for DUNE,
assuming a 25% efficiency, and ESS NNBAR, assuming an ILL-like efficiency9. Each of these assumes a case
of zero background when compared to the Super-Kamiokande I-IV limit10.

1.2 Other Unique Signals of PSB

Apart from n → n̄, the PSB model also features multi-TeV-scale scalar diquarks, which can be searched for
in the form of high-mass dijet resonances at the LHC and other future hadron colliders16–22. In addition, if the
diquarks couple to both left- and right-handed quark bilinears, they could lead to an observable neutron electric
dipole moment23.

Another class of simplified PSB models are based on the SM gauge group, but by adding renormalizable
terms which violate baryon number24;25. In this case, gauge invariance requires introduction of new colored
fields. A minimal setup is to add iso-singlet, color-triplet scalars Xα with hypercharge Y = +4/3 to allow for
terms such as Xαd

cdc in the Lagrangian. We need at least two X’s (i.e. α = 1, 2) to produce baryon asymmetry
from X decay. However, following the general arguments of Kolb and Wolfram26, it can be shown that with just
the Xdcdc interaction term, the net baryon asymmetry vanishes after summing over all flavors of dc. Therefore,
we need additional B-violating interactions. A simple scenario is to introduce a SM-singlet Majorana fermion ψ
which can also play the role of dark matter, if its mass is close to the proton mass25;27. After integrating out the
X fields, this model gives an effective B-violating operator ψucdcdc, which also induces n → n̄ oscillation for
Majorana ψ at one-loop level. There is a nice interplay between baryon asymmetry, dark matter-baryonic matter
coincidence, n→ n̄ oscillation, as well as monojet and dijet collider signals in this model25.

1.3 Outlook: Implications of n→ n̄ searches for other baryogenesis scenarios

Generally, n → n̄ searches are capable of probing several baryogenesis frameworks across a broad range of
energy scales. For instance, baryogenesis can be realized with decays of fermions instead of scalars or pseu-
doscalars as in the PSB scenario. Such instances are naturally realized in supersymmetric theories, where late
decays of a gaugino (the superpartner of a gauge boson or a hidden sector counterpart), which tends to be
the lightest supersymmetric particle, through R-parity violating couplings and in turn can produce the baryon
asymmetry28–31. If the RPV operators involve first generation quarks, n → n̄ can be mediated by squarks and
gauginos and is often the most promising experimental probe of such baryogenesis mechanisms.

Different EFT studies investigated the consequences of n → n̄ oscillations on models of high-scale baryo-
genesis32;33. It was demonstrated that the observation of n → n̄ oscillations at experiments such as DUNE or
NNBAR would indicate that the washout arising from the effective n − n̄ oscillation operators would be very
efficient down to around 100 TeV33. This could point towards a baryogenesis mechanism below 100 TeV, moti-
vating to search for new physics at a future 100 TeV collider. However, for a conclusive statement, washout in
all flavours has to be confirmed.
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Generally, one can distinguish two topologies at tree-level which UV-complete the effective dimension-9
n− n̄ operators: (1) a topology with two bosons and a Majorana fermion24;25;27;34–49 and (2) a topology with a
trilinear boson coupling4;7;8;19;50–56.

Ref.32 focused on a scenario along the lines of topology (1). Its EFT study of baryogenesis from fermion
decays suggests that n→ n̄ searches can reliably probe various classes of such scenarios with decaying fermion
masses up to 1000 TeV, far beyond the reach of any conceivable high energy collider.

Topology (2) was studied in Ref.33, introducing two new scalar diquarks. Hereby, the heavier diquark can
undergo CP-violating decays, generating the baryon asymmetry. In case n − n̄ oscillations were observed at
future experiments and if both diquarks would feature similar masses, even for maximal CP violation the EFT
results are recovered33 and the washout would be too strong to allow for successful baryogenesis. This is in
contrast to the case when the new particles feature a large mass hierarchy, e.g. one near the GUT scale and
the other within future collider reach. In this case n − n̄ oscillation experiments and future collider searches
can provide complementary probes. Assuming the maximal washout based on a single-flavour analysis, such a
high-scale baryogenesis model remains a viable scenario to account for the observed baryon asymmetry.

1.4 Neutron-Antineutron Transformations as Probes of PSB

The search for n→ n̄ transformations provides an important probe of low-scale baryon-number violation (BNV)
that is relevant to post-sphaleron baryogenesis. Naive dimensional analysis led to an early view that proton (and
bound neutron) decay would be the most sensitive test of BNV. The reasoning for this was that the operators
which mediate proton decay in the low-energy effective field theory (EFT) are four-fermion operators, with
coefficients having dimensions of 1/M2 (where M was presumably the GUT mass). In contrast, the operators
which mediate n → n̄ are six-quark operators with coefficients having dimensions of 1/M5. Hence, though
naively, if one assumes a single high mass scale M = Λ which is responsible for BNV, then the n→ n̄ process
would be more suppressed than proton decay. However, there exist models where proton decay is negligibly
small while n → n̄ constitutes the primary manifestation of baryon number violation50;54;57;58. Consequently,
there is a strong motivation to experimentally search for n→ n̄.

The current best limit on n → n̄ comes from a free-neutron experiment performed using neutrons from
a high-power reactor at the Institut Laue-Langevin (ILL). This limit is usually quoted as a lower limit on the
free neutron oscillation time, τn→n̄, defined by the transition probability for an initial neutron to transform
to an n̄, namely P (n(t) → n̄) = sin2(t/τn→n̄)e−t/τn , where τn denotes the mean life of the neutron; the
ILL experiment9 obtained the lower limit τn→n̄ > 0.86 × 108 s. A new and more sensitive n → n̄ search
experiment is currently planned at the European Spallation Source (ESS) being built and commissioned in Lund,
Sweden59;60. For any free n→ n̄ experiment, one must maximize the figure of merit, 〈Nt2〉, encapsulating the
need for the maximum number of ns on target over the tenure of any experiment, N , and observing those ns on
their respective flight paths for a maximum amount of time, t59;60.

The existence of free n → n̄ similarly implies the possibility of n̄ annihilation within nuclei through
{n̄n, n̄p} → Nπ. Similarly, it generally gives rise to dinucleon decays involving ordinary nucleons within
nuclei, i.e. of the form {nn, np, pp} → Nπ. Each of these yields multi-pion final states which are rather
semi-spherical in topology, a so-called “pion star”. The signature is complicated by the fact that the pions
propagate through the nuclear medium, reinteracting during their propagation (also known as “final state inter-
actions”). A recent search for matter instability due to n → n̄ was performed within oxygen nuclei using the
Super-Kamiokande (SK) water Cherenkov detector. From the total neutron exposure, expected backgrounds and
observed candidates, a lower limit on the intranuclear lifetime τM can be constructed using Bayesian method.
From this, one extracts a limit on the free lifetime τn→n̄ via the relation τn→n̄ = (τM/R)1/2, where R ' 1023

s−1 takes account of nuclear effects (an “intranuclear suppression factor”). The SK experiment10 obtained a
lower limit of τn→n̄ > 4.7× 108 s.

Thinking toward future intranuclear searches, in order to optimize the sensitivity, one must maximize the neu-
tron exposure. The probability of a free conversion is expected to grow as t2 in the quasi-field-free limit59;61;62;
in principle, this is similarly possible for conversions within the nucleus, though phenomenologically it derives
from the depth of the nuclear potential well. Together, these allow a given experiment to uncover the minimum
n → n̄ oscillation period, τnn̄. For the sake of time, we discuss here only the future of free neutron searches
throughout the rest of this document.
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1.4.1 A Future for Free Neutron Conversion Experiments

By maximizing flux, angular acceptance, background rejection, flight path length, and utilizing modern detector
and reconstruction technologies, the proposed NNBAR program59;60 at the European Spallation Source (ESS) is
projected to be able to culminate in an ultimate sensitivity increase for n → n̄ of three orders of magnitude (&
1000×)63;64 over that previously attained with free ns after the above-mentioned search at ILL, which achieved
〈Nt2〉 = 1.5 × 109ns2 and the lower limit τnn̄ > 0.86 × 108 s9. Taken together, the HIBEAM/NNBAR
program60 will enable the characterisation of a mixing sector involving ns, n̄s, and potentially sterile neutrons,
n′.

The ESS, located in Lund, Sweden, is a multi-disciplinary international laboratory which will operate the
world’s most powerful pulsed n source. The development of the facility has been driven by the n scattering
community, and the first 15 instruments are currently under construction. The start of the User Program is
expected to begin in 2023, and the 15 current instruments represent only a subset of the full 22-instrument-suite
required to fully realize the ESS’ scientific mission as defined in the ESS statutes.

During the preceding era, n facilities’ contributions to particle physics have been limited to only a handful
of experimental endeavors. In light of this, regarding later-built ESS instruments 16-22, an ESS-lead analysis of
the facility’s scientific diversity has identified the need of a fundamental physics beamline, ANNI65/HIBEAM60,
as the highest priority. Beginning in the early-mid 2020’s, and without the necessity of utilizing the expected
full beam power of 5 MW available & 2030, the HIBEAM60 program could utilize the fundamental physics
beamline to consider dark sector-oriented searches through sterile n′ conversions4;24;25;32;50;66–69 using magnetic
field controls to permit n disappearance (n→ n′) and n regeneration (n→ n′ → n), as well as cobaryogenesis-
oriented searches via n → n′ → n̄, and possibly a small-scale n → n̄ search. At full power, ANNI65 can be
utilized for other beyond Standard Model physics searches such as those for n electric dipole moments.

1.4.2 NNBAR at the ESS Large Beam Port

In addition to the ANNI65/HIBEAM60 fundamental physics beamline, another remarkable opportunity for the
particle physics community is offered by the already constructed Large Beam Port (LBM), which in fact lies
within the ESS monolith, a critical provision created specifically for the NNBAR experiment. A normal ESS
beamport would be far too small for NNBAR to reach its ambitious sensitivity goals. Therefore, part of the beam
extraction system in the ESS monolith has been engineered to enable the construction of a large frame covering
the size of three standard beamports. Initially, the frame will be filled by three modularized regular-size beam-
ports which can later be removed to provide NNBAR full access to the LBP for the duration of the experiment.
It cannot be understated how such a configuration is entirely unique among currently operating n facilities. The
monolith interface, supporting an opening up to 1 m2, provides a substantial view of the voluminous cryogenic
moderator with a time-averaged brilliance rivaling those of modern research reactors.

1.4.3 HighNESS in Support of NNBAR

To further develop the plans for this future upgrade to ESS capabilities, and to greatly empower NNBAR, a
design study64 has begun fashioning a new lower neutron moderator consisting of liquid deuterium and able to
provide a high-flux of cold ns to benefit both NNBAR and future n scattering experiments. This project, termed
HighNESS, is funded by the Research and Innovation Action within the EU’s Horizon 2020 program for e3M
over the next three years. The evaluation letter from the European Commission unambiguously highlighted the
importance of “the potential for discoveries in the new Physics beyond the standard model” through the NNBAR
experiment. A key deliverable of the HighNESS project is the Conceptual Design Report of NNBAR, of which
the Collaboration’s recent white paper60 is an important first step along the journey toward baryon number
violation measurements.

1.4.4 Technological Developments in Support of Neutron Conversion Searches

Achieving maximum 〈Nt2〉 at NNBAR will utilize several key improvements to n scattering and high-energy
particle detectors made over the last 30 years since the original ILL experiment9. Beyond advancements in de-
tector materials, timing, and software reconstruction capabilities related to identifying70 topologically spherical
“π-star” n̄ annihilation events71–73 on a thin 12C foil surrounded by detector elements, of critical importance is
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the growing capabilities of advanced, high m-valued74–77 n reflectors to guide ns downrange into an intense,
well constrained focus. An effective reflector must be fully illuminated by the source; thus, a substantial amount
of the overall n beam intensity will have trajectories which deviate significantly from the nominal beam trajec-
tory axis. To achieve this, reflecting angles for even fairly cold ns (∼1000 m/s) will exceed that of the limit
of the best traditional reflectors. NNBAR will thus utilize high m-valued n supermirror technologies74 which
have been successful as a means to guide thermal and cold ns to many scattering instruments at both pulsed and
continuous n sources. NNBAR will utilize the same multi-layered surface coating treatment on its reflector to
gather and focus the wide range of n trajectories incident from the source. To do so, NNBAR requires reflectors
with a surface reflectivity of m & 6, i.e. a reflection capability six times higher than that of polished nickel.

1.4.5 NNBAR Experimental Description

Neutrons emerging from the LBP will be reflected via a pseudoellipsoidal, differential supermirror along a
magnetically shielded volume towards a 12C target foil, surrounded by an annihilation detector; a beam trap
downrange absorbs the beam. The detection efficiency of an annihilation event on the foil is assumed to be
& 50% as in the ILL experiment9; work is underway to assess whether such detection is also expected to be
backgroundless64, as before9.

Assuming an experimental duration of three years, these improvements collectively provide an enhance-
ment in the 〈Nt2〉 figure of merit by & 1000×ILL using only a lower moderator, enabling an increase in τnn̄ by
& 30×ILL. A full quantification of the NNBAR sensitivity is part of the HighNESS program. However, it should
be noted that, in principle, running times can be extended to mitigate against any loss of sensitivity. Further-
more, estimates provided in60;78 are rather conservative with an assumed selection efficiency for an annihilation
event of ∼ 50% as obtained at the ILL; indeed, detector technology and data analysis methods in experimental
particle physics are now substantially more advanced, and so a far higher efficiency could be expected. These,
together with the opportunity to view both the upper and lower moderators, provide ample ability to mitigate any
unexpected losses in sensitivity, and can empower an unprecedented discovery.
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Electroweak Baryogenesis

2.1 Introduction

In the early Universe, temperatures are expected to be high enough for electroweak symmetry to be restored.
At such a high temperature, non perturbative processes that violate B + L, known as sphalerons,79;80 are very
efficient. If electroweak symmetry is eventually broken during a strongly first order phase transition, bubbles of
broken electroweak vacuum form and expand until they fill the entire universe. The sphaleron rate goes out of
equilibrium inside these bubbles. If there are CP violating interactions with the bubble wall, a chiral asymmetry
accumulates outside the bubble wall which biases the sphalerons into producing a net baryon asymmetry. Some
of this asymmetry is then swept up by the advancing bubble wall, in which the net baryon number remains
conserved as the sphaleron rate becomes negligible.

2.1.1 New states at the electroweak scale

Although the Standard Model contains all the qualitative ingredients for electroweak baryogenesis to be cat-
alyzed, quantitatively it fails on two counts. First the ratio of the W boson to Higgs mass is far too small to
catalyze a first order transition.81;82 The electroweak transition is expected instead to be a smooth crossover.
Second, the CP violation that exists in the CKM matrix cannot catalyze enough of a chiral asymmetry to seed
the observed baryon asymmetry.83–85 We therefore require new states to modify the Standard Model predictions.

2.1.2 Models

Early research on electroweak baryogenesis focused on the MSSM.86–94 This particular model is likely dead95

although the final nail in the coffin is elusive. Other early work focused on the 2HDM96–99 which requires near
non-perturbative couplings to achieve a strong first order phase transition.100 The two Higgs doublet model faces
strong experimental constraints from negative results in looking for electric dipole moments, though there is still
some viable parameter space.101;102 The severe constraints on the MSSM and 2HDM has led the community
to consider other models that are less constrained by electric dipole moments. The degree of constraint from
EDMs qualitatively depends upon unresolved theoretical issues (forthcoming). Viable models that have recently
been considered include extending the standard model by a single vector-like fermion,103 the standard model
effective theory with CP violation in the τ lepton sector,104 singlet extensions of the Standard Model augmented
by CP violating operators,105;106 singlet extensions of the MSSM (the NMSSM)107–109 and composite Higgs
Models.110 The community has also recently considered models that avoid strong constraints on CP violation.
For example, the amount of CP violation needed is less if the weak sphaleron rate is faster than expected in the
early Universe due to dynamical gauge coupling constants.111 The CP violation can also be hidden in a dark
sector.112;113 Finally, electroweak symmetry breaking could have occurred at much higher temperatures114;115

or in a multistep process where sphalerons first go out of equilibrium at TeV temperatures,116 possibly having
some zero temperature symmetries spontaneously broken at high temperature.117

2.1.3 Electroweak baryogenesis searches at colliders

Since new particles at the weak scale are needed to make the electroweak phase transition (EWPT) strongly
first order, and to provide sufficient CP violation, EWBG models have strong potential for discovery at the Large
Hadron Collider (LHC) or future colliders. A popular means of strengthening the EWPT is by coupling the Higgs
to a singlet scalar s, which can enhance the cubic term in the Higgs thermal potential118 or provide a tree-level
potential barrier in a two-step phase transition where s gets a vacuum expectation value.119 LHC constraints on
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invisible Higgs decays strongly constrain the case where the mass of the singlet is smaller than half of the Higgs
mass (especially when the singlet is stable).120 In the regime where the scalars are heavier than half a Higgs
mass, they are typically difficult to observe in colliders,121 although singlet mixing could be detected at a Higgs
factory.122 Projections show that the HL-LHC will be able to constrain deviations in the triple Higgs interaction,
which are a generic feature of extended scalar sectors, up to 50% at 68% confidence level.123 If the singlet
also participates in the new CP-violating interactions, LHC discovery prospects can be strong.124 The enhanced
CP-violating interactions require new states with masses . 1 TeV that are constrained by collider searches.
These include leptophilic Z ′ gauge bosons,113 stau-like particles,112 vectorlike top partners124. Additionaly, the
CP-violating interactions can affect Higgs branching ratios,125;126 and induce flavor-changing neutral currents.

2.1.4 Experimental searches for permanent electric dipole moments

In some models for EWBG, the CP-violating interactions at zero temperature are many orders of magnitude
larger than CP-violating from the CKM-matrix and can be measured in EDM experiments. CP-violating op-
erators contribute to the (chromo)-EDMs via two-loop Barr-Zee diagrams and to the 2-loop Weinberg three
gluon operator, see e.g.127 for a review. The bound on the electron-EDM from the ACME experiment, de <
1.1 × 10−29e cm at 90% C.L.128, has ruled out many baryogenesis models. The most stringent bound on the
neutron EDM, which gets contributions from the quark EDMs, quark chromo-EDMs and the Weinberg three
gluon operator, is dn < 1.8 × 10−26e cm at 90% C.L.129. The interpretation of this bound as a constraint on
CP-violating operators is challenged by the uncertainty of hadronic and nuclear matrix elements.125 Further im-
provement of the sensitivity of EDM experiments by about an order of magnitude is expected in the coming
years for the neutron EDM130–133 as well as the electron EDM.134–136

2.1.5 Theoretical issues with CP violating sources

To compute the baryon asymmetry, one must solve a network of coupled Boltzmann equations for CP-asymmetric
perturbations to distributions of particle species in the plasma. Historically the field has been divided between
two methodologies for computing the CP-violating source term for these equations, known as the VEV-insertion
approximation (VIA)88;137 and semiclassical or WKB approach,91;138 respectively. Although the source terms
from the competing formalisms have some qualitative similarities, the VIA source term systematically leads to
estimates for the baryon asymmetry that can be orders of magnitude larger than the WKB predictions,139 espe-
cially in theories where the CP-violating interactions reside in light fermions.140 The viability of EWBG models
that can still be probed in the future by EDM experiments relies critically on the existence of the VIA source
term.

The consistency of the VIA has been questioned. For example it is known92 that the VIA source term is
often infrared divergent if thermal widths ΓT of particles are neglected, which is difficult to justify physically.
The convergence of the VIA expansion requires the bubble wall thickness to exceed ΓT ,141 which is unrealistic
in many models. A recent reconsideration of the VIA source term derivation from first principles concludes that
it vanishes in the simplest models142. These issues are still under vigorous investigation, and one may hope for
some convergence within the community in the near future.

2.1.6 Bubble wall velocity

The determination of the wall velocity is an important theoretical issue, as a larger baryon asymmetry is gen-
erally produced by slower walls. More precisely, the baryon asymmetry is expected to go to zero smoothly as
vw → 1.139;143 In principle, the wall velocity can be computed from the conservation of the energy-momentum
tensor and a set of Boltzmann equations,144 but this procedure has not yet been carried out in a fully consis-
tent way. The main issue arises from the Boltzmann equation for the background species, which is singular at
vw = cs = 1/

√
3 and causes the friction on the wall to diverge at this velocity. It is still unclear what causes

this singularity, as some studies claim that it is an artifact of truncating moments of the Boltzmann equation,145

while another suggests that it is a consequence of the linearization of the Boltzmann equation.146 Neverthe-
less, significant progress has recently been made to characterize the importance of equilibrium hydrodynamic
effects124;147–150 for avoiding the divergence of the out-of-equilibrium perturbations. An important conclusion
for baryogenesis is that hydrodynamic effects heat up the plasma around the wall when it approaches the speed
of sound, increasing the pressure on the wall, which is maximized at the Jouguet velocity. This implies that most
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walls can be classified in two distinct groups:124 weak phase transitions are stopped by the pressure peak and
become deflagration walls with a velocity close to the speed of sound 0.5 . vw . 0.6, and phase transition
strong enough to overcome the pressure peak become detonation walls with an ultrarelativistic velocity γw � 1.

2.1.7 Other theoretical challenges

Beyond the major issues of calculating the CPV source and the bubble wall velocity, there are some other theo-
retical issues that require attention. First, it is unclear how to best model the deviation from equilibrium, as most
studies use a specific ansatz, but others139;145 suggest that it can cause unphysical singularities of the linearized
Boltzmann equation, and opt instead for a truncation scheme of the moment expansion. Second, in approaches
to the Boltzmann equations involving more than just a single moment of the distribution functions, new collision
terms involving the sphaleron rates are required, which have not been computed in lattice calculations and hence
are difficult to quantify.143 Third, it is unclear if there is a strong model dependence in the baryon washout con-
dition which has only been calculated for a handful of models.151–154 The thermal widths and rates are typically
computed at leading order and need updating. Finally, at finite temperature perturbation theory converges slowly
even after performing daisy resummation.155;156 A more accurate determination of the thermal potential could
have large effects on the strength of the phase transition, as well as the speed and shape of the bubble wall.

2.1.8 Potential signals in Gravitational waves

When the bubbles of broken electroweak vacuum collide, they typically source a gravitational wave signal. Most
relevant for electroweak baryogenesis is the scenario where the bubble wall does not reach an ultra-relativistic
velocity. The main contribution to the gravitational wave signal then comes from the sound waves in the plasma,
and the subsequent turbulence regime.157 It was demonstrated139;143 that successful baryogenesis can in prin-
ciple occur for wall velocities that are large enough to source a stochastic gravitational wave signal that can be
observed with LISA. However, in minimal models124;158, there is only a limited overlap between the parameters
preferred for successful baryogenesis and the parameters associated to a gravitational wave signal observable by
LISA. Next-generation space-based gravitational wave experiments such as DECIGO159 and BBO160 will have
an increased sensitivity, and will thus be able to probe a much larger part of parameter space.
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Mesogenesis

3.1 Introduction

A contribution by G. Elor and R. McGehee
Mesogenesis is a new, experimentally testable mechanism of MeV-scale baryogenesis and dark matter production
which leverages the CPV in SM meson systems161–163. Generic to all “flavors” of Mesogenesis is a scalar field
Φ with a mass of 10− 100 GeV which decays at a low temperature TR to qq̄ pairs. Φ may or may not be related
to inflation, but TBBN . TR . TQCD, so there exists a late matter-dominated era. As the temperature is below
the QCD phase transition, the qq̄’s subsequently hadronize into SM neutral and charged mesons which undergo
out-of-equilibrium CPV processes such as neutral B0

d,s oscillations or charged meson decays. These processes
are expected in the SM, but CPV contributions from new physics could exist. Baryon number is never violated
thanks to the introduction of a new dark sector fermion ψB carrying baryon number B = −1. There are two
sub-classes of Mesogenesis models which we discuss in detail below.

3.1.1 Dark Baryons
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A. The Mechanism
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In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (6a)

B+ ! B+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj
�?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (10)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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A. The Mechanism

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (3a)

B+ ! B+
SM +  B , (3b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (4)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the
generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables
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s

/
X

f

ACP BrB+
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�
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why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj�
?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (7)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays

of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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tries:

L� = �
X
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X

k

y Bdk
�dc

kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (7)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays

of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].

3

• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]
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as follows:
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and, of course, the conjugate processes. Here SM
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where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the
generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+
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Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].

3

• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B�
c (3)

B� (4)

Y�B = �YB (5)

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (6a)

B+ ! B+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj
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Figure 3.2: Illustration of how Neutral B Mesogenesis (top) and B+
c Mesogenesis (bottom) satisfy the Sakhorov

conditions generating an equal and opposite baryon asymmetry in the dark and visible sectors.
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We study a new class of signals where fermionic dark matter is absorbed by bound electron
targets. Fermionic absorption signals in direct detection and neutrino experiments are sensitive
to dark matter with sub-MeV mass, probing a region of parameter space in which dark matter is
otherwise challenging to detect. We calculate the rate and energy deposition spectrum in xenon-
based detectors, making projections for current and future experiments. We present two possible
models that display fermionic absorption by electrons and study the detection prospects in light of
other constraints.

I. INTRODUCTION

Y SM
L = �Y dark

L (1)

The observation of dark matter (DM) through its grav-
itational interactions is indisputable evidence of physics
beyond the Standard Model. This has motivated exper-
imental efforts to learn about dark matter by searching
for its decays, annihilations, self-interactions, and scat-
tering off Standard Model particles. If DM is sufficiently
heavy, the scattering off a target material can deposit a
detectable amount of kinetic energy in large-volume de-
tectors such as time-projection chambers (TPCs). The
energy deposited by the scattering of non-relativistic DM
(�) off a target (T ) via �T ! �T is, at most, O(100) keV,
demonstrating the need for sensitive, low-threshold direct
detection experiments.

DM direct detection experiments have pushed the limit
on the elastic scattering nucleon cross section close to
the neutrino floor for weak scale DM masses. However,
for masses below a few GeV, DM typically deposits en-
ergy below the experimental threshold, significantly im-
pairing experiments’ abilities to probe light DM. Thus,
the direct detection program has moved towards alterna-
tive scattering targets and lower threshold detectors [1–
28]. In parallel, novel DM direct detection signals have
been proposed which can be constrained by current detec-
tors such as inelastic scattering [29], bremsstrahlung [30],
exothermic DM [31–33], boosted DM [34, 35], and self-
destructing DM [36]. These signals are often present in

⇤ jdror1@ucsc.edu
† gelor@uw.edu
‡ rmcgehee@umich.edu
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DM models outside the thermal relic paradigm for which
there is a range of possible mechanisms that can explain
the observed DM relic abundance (see e.g., [37–55]).

Recently, several of us proposed a class of novel and
distinct signatures arising from the absorption of sub-
GeV fermionic DM [56, 57]. The energy deposited in
a fermionic absorption signal is largely independent of
the dark matter velocity and parametrically larger than
that of DM scattering. Thus, any large-exposure detector
can be used to search for this class of signals. 1 In [57],
we considered the specific signals arising from models in
which the DM is absorbed by nuclear targets. Such sig-
nals can probe DM masses down to an MeV with searches
in existing data and significantly below with the proposed
lower-threshold experiments. If an atom-bound electron
absorbs enough energy from incoming DM to be ionized,
the ionized electron may be searched for in photoelectron
signatures, known as S2, in TPCs [61–63] — see Fig. 1 for
a schematic of the signal. Current xenon-based direct de-
tection experiments such as XENON1T [61] and LZ [64],
as well as future ones such as XENONnT [65], PandaX-
4T [66], and DARWIN [67], are sensitive to fermionic
absorption of DM with masses in the sub-MeV range by
electrons. We explore searches for absorption by electron
targets, with a focus on xenon detectors, although our
discussion is applicable to other target materials (e.g.,
liquid argon).

Fermionic absorption by electrons can be induced by
vector- and scalar-type operators, given respectively by,

OV =
1

⇤2
(�̄�µPL,R⌫)(ē�µe) , (2)

OS =
1

⇤2
(�̄PL,R⌫)(ēe) , (3)

1 The “inverse” of fermionic absorption, in which a single DM par-
ticle is produced in neutrino scattering, also leads to interesting
signals that can be searched for in neutrino experiments [58–60].
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SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (4)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the
generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (5)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj�
?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (7)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays

of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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Baryogenesis and dark matter production can be achieved through decays of charged B mesons
into dark baryons or leptons when the temperature of the Universe was O(10 MeV). We explore new
mechanisms of Mesogenesis in which the CP violation in charged B meson decays is leveraged to
generate the observed baryon asymmetry of the Universe. Experimental observables in the charged
B systems are directly related to the baryon asymmetry, and as such, we discuss the prospects for
probing Charged B Mesogenesis at current and upcoming experiments.

I. INTRODUCTION

Y SM
B  �Y dark

L (1)

[GE: Natational stu↵: Sometimes we hyphen B-Meso
sometimes we write B Meso etc.] How did we come to
be here? Said quantitatively: what are the origins of
the measured baryon asymmetry (BAU) and dark mat-
ter (DM)? The answer to this fundamental question still
eludes us after decades of e↵ort.

Explanations of the BAU usually fall into one of two
broad categories: electroweak baryogenesis [? ? ? ? ?
? ? ? ? ? ? ] and leptogenesis [? ]. These ideas
satisfy the three Sakharov conditions [? ] – baryon num-
ber violation, C and CP Violation (CPV), and departure
from thermal equilibrium – in unique ways. Electroweak
baryogenesis attempts to explain the BAU and satisfy
these criteria using a strongly first order electroweak
phase transition (EWPT), while leptogenesis uses out-of-
equilibrium decays of heavy neutrinos already motivated
by the seesaw mechanism [? ? ? ].

However, each of these answers su↵ers significant draw-
backs. Many models of electroweak baryogenesis require
fine tuning [? ]; construct extended Higgs sectors, but
still can’t make the EWPT strongly first order [? ? ];
fail to actually produce the observed baryon asymme-
try [? ]; or are outright excluded by increasingly precise
experimental results [? ]. Often, they simultaneously
neglect DM.1 Though the original formulations of elec-
troweak baryogenesis were minimal, Nature increasingly
seems to disfavor this now less-than-simple asymmetry
generator, perhaps for a similar mechanism in the dark
sector [? ? ? ? ? ? ]. Leptogenesis, in contrast, suf-
fers not from experimental exclusion but from exclusion
of experiment – there is no hope of directly probing the

⇤ felahi@uni-mainz.de
† gelor@uni-mainz.de
‡ rmcgehee@umich.edu
1 Sometimes, DM may be explained “after the fact” (see e.g. [? ]).

heavy states in leptogenesis models [? ]. It may be the
true origin of the BAU, but humans may never know.

These substantial disadvantages of decades-old ideas
should not be ignored. They portend eventual failure
and sound a call to innovation. Answering this call, a
new paradigm of low-scale baryogenesis has been pro-
posed: Mesogenesis [? ? ]. In this framework, an out-of-
equilibrium scalar decays to SM quarks which hadronize
at low temperatures. The resulting SM mesons undergo
known CP-violating processes and decay into dark-sector
particles carrying SM baryon or lepton number. The de-
cays conserve baryon and lepton number and thus gen-
erate an equal and opposite baryon or lepton asymmetry
between the dark and visible sectors. In the latter sce-
nario, dark-sector interactions then convert the lepton
asymmetry into a baryon asymmetry.

What is most compelling about Mesogenesis is that it
revives an original, but long dead [? ? ? ? ], hope of
electroweak baryogenesis: that the requisite CP-violation
already resides in the SM [GE: change to: “resides in SM
processes”?]. In Mesogenesis, we look to the mesons.
The BAU is directly proportional to CP-violating ex-
perimental observables, making Mesogenesis testable at
current experiments. Furthermore, the dark sector typ-
ically contains a DM candidate whose abundance will
be generated along with the baryon asymmetry. All of
these mechanisms do not violate B or L, but rather, hide
equal and opposite asymmetries in the dark sector. In B-
Mesogenesis [? ], the baryon asymmetry is generated by
leveraging the CPV in charged B0

q particle/anti-particle
oscillations. This required the addition of at least one
dark state charged under SM baryon number. In [? ]
the CPV of SM charged D± meson decays was lever-
aged to first generate a lepton asymmetry which was then
transferred to a baryon asymmetry through dark sector
scatterings. Both these flavors of Mesogenesis necessar-
ily occur at low (5-20 MeV) scales, and are generically
testable (for decays into dark sector baryons see [? ] for
a detailed study of experimental implications, and [] for
additional indirect signals) and indeed for the case of B-
Mesogenesis some experimental searches are already in
various stages at LHCb [? ? ] and Belle-I, II [? ].

But the landscape of Mesogenesis scenarios and as-
sociated experimental signals is far from being exhaus-

Lepton Asymmetry:  Baryon Asymmetry: 

Figure 3.3: Depiction of how B+ Mesogenesis satisfies the Sakhorov conditions. D+ Mesogenesis proceeds the
same way, with the initial charged Bs replaced by Ds.

First, we consider a scenario in which the daughter meson of the CPV process decays into the dark baryon
and a SM baryon, the result of which is the generation of an equal and opposite baryon asymmetry between
the dark and visible sectors. The stability of matter requires mB & mp, so this is only possible for sufficiently
heavy daughter mesons. This mass choice does permit hyperon decays to dark baryon final states and searches
at present and future hyperon factories could yield additional constraints164;165.

Neutral B Mesogenesis

In Neutral B Mesogenesis161, the CPV of B0
s,d − B̄0

s,d oscillations is leveraged. A colored triplet scalar Y with
electric charge −1/3 and baryon number −2/3 is introduced to mediate the decay into the dark baryon. The
following interactions are allowed LY = −∑i,j yijY

∗ūi,Rdcj,R −
∑

k yψBkY ψ̄Bd
c
kR + h.c.. Consistency with

LHC bounds requires MY ∼ O(TeV), so integrating out this scalar yields the effective operator:

Obuidj =
y2

M2
Y

ūcidj b̄
cψB + h.c. (3.1)

where y2 ≡ yijyψB3. This allows the b quark within the neutral B mesons to decay via b̄ → ψBud. After
undergoing oscillations, B mesons decay into dark and SM baryons, resulting in an equal and opposite baryon
asymmetry between the dark and visible sectors. The baryon asymmetry is directly linked to experimental
observables and successful Mesogenesis requires

Asl × Br
(
B0 → BSM + ψB

)
& 10−7 , (3.2)

where Asl is the semi-leptonic asymmetry. Searches for the apparent baryon-number-violating meson decays in
this mechanism are already underway at Belle166 and LHCb167;168. Furthermore, the UV model giving rise to
Eq. (3.1) also predicts new decay modes for hyperons baryons164;165 which are being searched for by BES169.
Since neutral B Mesogenesis predicts the existence of a colored triplet mediator, collider and flavor observables
can indirectly probe this mechanism. Given the plethora of signals and ongoing experimental searches, neutral
B Mesogenesis is likely to be fully probed within the next 5-10 years170. Neutral B Mesogenesis can also be
explicitly realized in a supersymmetric model with Dirac Gauginos and an R-symmetry identified with baryon
number171.

B+
c Mesogenesis

InB+
c Mesogenesis163, B+

c mesons undergo CPV decays toB+ mesons which subsequently decay into the dark
sector via the operator in Eq. (3.1):

B+
c →B+ + f , B+ → ψB + B+. (3.3a)
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The baryon asymmetry is directly controlled by 1) the CPV in B+
c decays, 2) the branching fraction of the

B+
c decay into B+ mesons and other SM final states, and 3) the branching fraction of the B+ meson into

SM baryons and missing energy. The first observable is expected to be sizeable172 but is currently not well
constrained, nor is the second. However, the branching fraction of B+ is being probed by the same searches as
neutralB Mesogenesis. Overall, this is a remarkably simple model of Mesogenesis and provides motivations for
Bc physics searches at e.g. LHCb173 and the Future Circular Collider174.

3.1.2 Dark Leptons

In the second class of Mesogenesis models, the daughter mesons of the CPV process are too light to decay to a
pair of dark and SM baryons. Instead, they decay into a pair of dark and SM leptons resulting in an equal and
opposite lepton asymmetry between the dark and visible sectors. This lepton asymmetry is then transferred to a
baryon asymmetry between the two sectors via dark-sector processes.

Two such models of Mesogenesis involve CPV decays of D+ 162 and B+ 163 mesons:

D+ orB+ →M+ + M , M+ → `d + `+ , (3.4a)

whereM+ is a charged SM meson. Since these decays occur atO(10 MeV) temperatures, electroweak sphalerons
cannot convert the SM lepton asymmetry into a baryon asymmetry. Instead, dark-sector scattering is used to ef-
ficiently transfer the lepton asymmetry to a baryon asymmetry.

The generated lepton asymmetry is directly tied to experimental observables such as the CPV in a particular
decay mode:

ACP =
Γ(D+ → f)− Γ(D− → f̄)

Γ(D+ → f) + Γ(D− → f̄)
(3.5a)

(with an analogous definition for B+ decays). To achieve a lepton asymmetry greater than the observed baryon
asymmetry, the relevant CPV and branching ratios in each Mesogenesis model must satisfy

D+ :
∑

f⊃π+

AfCPBr(D+ → f) & 3× 10−5, Br(π+ → `d + `+) & 10−3, (3.6a)

B+ :
∑

f⊃M+

AfCPBr(B+ → f) & 5.4× 10−5,
∑

M+

Br(M+ → `d + `+) & 10−3. (3.6b)

D+ Mesogenesis may thus be probed by improved sensitivity to both CPV and branching ratios of D+ decays
to pions (at e.g. LHCb) and Br(π+ → `d + `+). For B+ Mesogenesis, it is possible that the SM contains the
necessary CPV and branching ratios required to produce the observed baryon asymmetry. Although it is difficult
to calculate AfCP, some predicted branching fractions of B+ are on the order of the current experimental central
values175. It is instead easier to probe the decays of the lighterM+ to SM leptons + invisible (e.g.176–181), often
by recasting searches for sterile neutrinos.

3.1.3 Testability

Table. 3.1 summarizes the four Mesogenesis mechanisms discussed above. In all cases, the baryon asymmetry
is directly related to experimental observables that can be probed by various colliders. For each flavor of Meso-
genesis, we itemize the relevant observables along with the experiments most suited to probe them in Table. 3.1.
Both neutral B Mesogenesis and B+

c Mesogenesis require the introduction of a TeV scalar mediator and a dark
baryon which allows SM mesons and baryons to undergo apparent baryon-number-violating decays. Such new
decay modes are either directly related to the generated baryon asymmetry or serve as indirect probes of the
mechanisms; we highlight a few example decay modes in Fig. 3.4.

In B+ and D+ Mesogenesis, the lepton asymmetry is related to apparently lepton-number-violating meson
decays. Since the lepton asymmetry is then transferred to the baryon asymmetry via dark sector scatterings, few
model-independent probes exist. However, a UV embedding would give rise to additional signals related to the
dark sector.
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Mechanism CPV Dark Sector Observables Relevant Experiments

B0 Mesogenesis B0
s & B0

d dark baryons As,d
sl LHCb

161 oscillations Br(B → B +X) B Factories, LHCb
AD

CP B Factories, LHCb
D+ Mesogenesis D± decays dark leptons BrD+ B Factories, LHCb

162 and baryons Br(M+ → `+ +X) peak searches e.g. PSI, PIENU
AB

CP B Factories, LHCb
B+ Mesogenesis B± decays dark leptons BrB+ B Factories, LHCb

163 and baryons Br(M+ → `+ +X) peak searches e.g. PSI, PIENU
ABc

CP LHCb, FCC
B+

c Mesogenesis B±c decays dark baryons BrB+
c

LHCb, FCC
163 BrB+→B++X B Factories, LHCb

Table 3.1: Overview of the four Mesogenesis mechanisms, their experimental observables, and the most relevant
experiments to probe them.
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y ⇤ ū bc � y s Y  ̄ sc + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m2
Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B0 ! B̄0

will di↵er from that of B̄0 ! B0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”
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We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B�
c (3)

B� (4)

Y�B = �YB (5)

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (6a)

B+ ! B+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj
�?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (10)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B�
c (3)

B� (4)

Y�B = �YB (5)

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (6a)

B+ ! B+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
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⌘
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�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj
�?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (10)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y ⇤ ū bc � y s Y  ̄ sc + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m2
Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B0 ! B̄0

will di↵er from that of B̄0 ! B0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”
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III. HYPERON DECAYS

[GE: New section added (maybe combine later):] The
e↵ective Lagrangian in Eq. (7) induces interactions be-
tween � and baryons. In particular, if the interactions of
� involve a strange quark, this leads to various new decay
channels for hyperons. Given an initial state ⇤0 (uds),
⌃0 (uds), ⌃+ (uus), ⌃+ (dds), ⌅0 (uss) and ⌅� (dss), we
will compute the exclusive branching fractions for the
following decays consitant with Eq. (5):

• Fully invisible hyperon decay

• Hyperon decay to ⇡0 ,± and missing energy

• Hyperon decays to photon and missing energy

A sample decay for each of these processes is shown in
Fig. ??.

Given the exclusive branching fractions for each pro-
cess, it is possible to use current and upcoming searches
at Hyperon factories to set constraints at on the Wil-

son coe�cients of the operators O(0)
ab,c for each model

in Table I. These are then to be with constraints from
LHC searches (Sec. ??) and, for some processes, bounds
from SN1987A (Sec. ??). Flavor observables also set
constraints on products of couplings that enter the Wil-
son coe�cients (Sec. ??). These constraints will in turn
set relevant constraints on the parameter space of new
physics mechanisms which require exotic hyperon decays
into dark sectors.

⇤0 (11)

⇡0 (12)

� (13)

� (14)

⇤0 ! � � (15)

⇤0 ! ⇡0 � (16)

d
�

s

u

⇤

�

�

FIG. 1. Example of a hyperon dark decay ⇤ ! ��.

⇤0 ! ⇠ � (17)

� (18)

y⇠� (19)

Cus ,d (20)

IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb

y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � CR
ud,dORR

ud,d + CL
ud,dOLR

ud,d

+ CR
ud,sORR

ud,s + CR
us,dORR

us,d + CL
ud,sOLR

ud,s + CL
us,dOLR

us,d

+ CR
us,sO

RR
us,s + CL

us,sOLR
us,s, (21)

d d
b̄

s

d

u

ψℬ

d
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peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb

y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � CR
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ud,d + CL
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ud,s + CR
us,dORR

us,d + CL
ud,sOLR
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us,s + CL

us,sOLR
us,s, (21)
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ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!
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]
We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (3a)

B+ ! B+
SM +  B , (3b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (4)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the
generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (5)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj�
?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (7)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays

of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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C. Exotic B Meson Decays

As discussed in the Introduction, one of the key pre-
dictions of B-Mesogenesis is the presence of a new decay
mode of B mesons into a dark antibaryon  , a visible
baryon B and any number of light mesons with a branch-
ing fraction Br(B !  B M) & 10�4.

In order for the B !  B M decay to exist, a new BSM
TeV-scale bosonic mediator is needed. In particular, this
state should be a color-triplet scalar Y which couples to
 and SM quarks. The LHC and flavor observables set
relevant constraints on the mass and couplings of this
color-triplet scalar which we discuss in detail in Sec. V.
This heavy mediator can be integrated out to yield a

low energy Lagrangian of the form Le↵ =
P

i,j Ouidj

y2
ij

M2
Y

,

with y2
ij being the product of the two relevant dimen-

sionless couplings. The four possible flavor combination
operators Oi of interest for B meson decays are

Oud =  b u d , (15a)

Ous =  b u s , (15b)

Ocd =  b c d , (15c)

Ocs =  b c s , (15d)

where all fermions are assumed to be right-handed6 and
color indices are contracted in a totally antisymmetric
way. These operators can induce the decay of the b̄
quark within the B meson into two light quarks and a
dark antibaryon  . The resulting possible hadronic pro-
cesses are summarized in Table I for the di↵erent opera-
tors in Eq. (15). Matrix elements involving the operators
in Eq. (15) depend on the precise pairing of the spinors.
Each of the operators can come in three di↵erent versions:
“type-1” O1

ij = ( b)(uidj), “type-2” O2
ij = ( dj)(uib)

and “type-3” O3
ij = ( ui)(djb). This distinction becomes

relevant for some of the constraints discussed in the next
sections.

As we will see in Sec. V, flavor constraints on the Y
triplet scalar imply that only one of these operators can
be active in the early Universe. In practice, this means
that we only expect one dominant flavor combination of
these possible operators at collider experiments and not
a combination of the above. Therefore, only one of the
sets of decay channels listed in Table I is expected to
have a sizeable branching ratio, while all others should
be suppressed.

In view of the form of the e↵ective operators in
Eq. (15), it is important to note that all B mesons should
decay at a very similar rate given that mB± ' mB0

d
'

mB0
s
. Additionally, b-flavored baryons (generically de-

noted by Bb) should also posses a branching fraction with

6 In principle, operators of the form  d QL Q0
L, mediated by a

color-triplet vector in the fundamental of SU(2), are also possi-
ble. Although for simplicity we do not expand on this possibility
here, they constitute another viable option.

Operator Initial Final �M

and Decay State State (MeV)

Bd  + n (udd) 4340.1

Oud =  b u d Bs  + ⇤ (uds) 4251.2

b̄ !  u d B+  + p (duu) 4341.0

⇤b  ̄ + ⇡0 5484.5

Bd  + ⇤ (usd) 4164.0

Ous =  b u s Bs  + ⌅0 (uss) 4025.0

b̄ !  u s B+  + ⌃+ (uus) 4090.0

⇤b  ̄ + K0 5121.9

Bd  + ⇤c + ⇡� (cdd) 2853.6

Ocd =  b c d Bs  + ⌅0
c (cds) 2895.0

b̄ !  c d B+  + ⇤+
c (dcu) 2992.9

⇤b  ̄ + D
0

3754.7

Bd  + ⌅0
c (csd) 2807.8

Ocs =  b c s Bs  + ⌦c (css) 2671.7

b̄ !  c s B+  + ⌅+
c (csu) 2810.4

⇤b  ̄ + D� + K+ 3256.2

TABLE I. The lightest final state resulting from the new decay
of b quarks as necessary to give rise to baryogenesis and dark
matter production. We list each of the possible flavorful op-
erators that can equally lead to B-Mesogenesis, see Eq. (15).
For a given operator, the rate of each decay is fairly similar
given that mB± ' mB0

d
' mB0

s
⇠ m⇤b . �M refers to the dif-

ference in mass between the initial and final SM hadron. Note
that additional light mesons can be present in the final state,
which act to decrease �M by their corresponding masses.

a size Br
�
Bb !  ̄M

�
⇠ Br(B !  B M), again given

that the masses of all the b-flavored hadrons are fairly
similar to the B mesons ones.

III. CP VIOLATION IN THE B MESON
SYSTEM

As described in the previous sections, B-
Mesogenesis [1] directly relates the CP violation in
the neutral B meson systems to the observed baryon
asymmetry of the Universe. In this section, we discuss
how current measurements of CP violating observables
in B0

q � B̄0
q mixing constrain the mechanism. In partic-

ular, as clearly seen from Eq. (6), there is a correlation
between Br(B !  B M) and the CP asymmetries
in the B0

q systems. Thus, current measurements on

the CP violation of B0
q mesons set a lower bound to

Br(B !  B M) which we find to be ⇠ 10�4.
To set the stage, we first review the origin of CP vio-

lation in B0
q mesons and the associated observables. The

oscillations of neutral B0
s and B0

d mesons are described
by the mass (Mq

12) and decay (�q
12) mixing amplitudes

between the flavor eigenstates B0
q and B̄0

q — see [64] for

reviews on CP violation in the quark sector and B0
q � B̄0

q

s

u
u

ψℬ
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]
We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B�
c (3)

B� (4)

Y�B = �YB (5)

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M0

SM , (6a)

B+ ! B+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄i (6.274 GeV) meson decays into a B+ =
|ub̄i (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+ M0
SM.

Next, for low enough temperatures T . 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B±

SM and
a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB ⌘ nB � nB̄
s

/
X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘
Br

�
B+

c ! B+ M0
SM

�
and BrB+ ⌘ Br

�
B+ ! B+

SM  B
�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M+

SM ! B+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �
X

i, j

yuidj
�?ūiRdc

jR �
X

k

y Bdk
�dc

kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (10)

Here y2 ⌘ yud y d (where we have suppressed flavor in-
dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y ⇤ ū bc � y s Y  ̄ sc + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m2
Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B0 ! B̄0

will di↵er from that of B̄0 ! B0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”

χ
d

u

s

ϕℬ

ψ̄ℬ

Figure 3.4: Some examples of apparently baryon-number-violating decay modes of SM hadrons into dark
baryons. In the left and middle diagrams, theB meson decay proceeds throughObus. The left decayB0

d → Λ0ψB
is directly related to the baryon asymmetry produced in the neutral B Mesogenesis mechanism. The central di-
agram B+ → Σ+ψB is an observable directly related to B+

c Mesogenesis. In the first, a designated search
targeting Mesogenesis by the Belle Collaboration166 has probed this operator. In the right-most diagram, the
fully invisible decay of the Λ baryon indirectly probes neutral B and B+

c Mesogenesis. A recent search by
BESIII169 has targeted exactly this decay mode. See164 for other s-flavored baryon decays arising in these
models.
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Leptogenesis

The experimental observation of neutrino (ν) masses indicates the existence of new elementary particles beyond
the SM. At tree level it can be conveniently explained by tree-level physics through the see-saw mechanisms of
type-I182–187 type-II187–191 and type-III192. In addition, many radiative models exist193, including many that can
connect to the Dark Matter problem194. Leptogenesis195 is an attractive scenario in which the matter-antimatter
asymmetry of the observable universe196 is related to the properties of νs, allowing to constrain the parameter
space with data from ν oscillation experients. While leptogenesis was first proposed in the type I seesaw, it can
also be realised with scalar197 or fermionic198;199 triplets or combinations thereof200, cf.201 for a review, but the
type I incarnation remains to be the most studied one on which we focus here.

4.1 Low scale seesaw and leptogenesis

A generic prediction of the type I seesaw is the existence of Heavy Neutral Leptons (HNLs) with Majorana
masses near the seesaw scale. The Yukawa couplings of the HNLs to the lepton doublets introduce new sources
of CP violation and the SM sphalerons violate baryon+lepton number. If HNLs are out of thermal equilibrium at
any temperature higher than that of sphaleron decoupling — 130 GeV approximately for the SM202 — then all
of Sakharov’s conditions for successful baryogenesis are satisfied. Traditionally it was believed that leptogenesis
requires very large Majorana masses for the HNLs203.* In such high scale scenarios the HNLs are inaccessible to
direct searches, though the mechanism can in principle be falsified214 by combining collider data with searches
for neutrinoless double β-decay (0νββ)215, cf. Sec. 4.2. However, it is now established that HNLs with masses
below the TeV scale can generate the observed BAU during both their production216;217 and/or freeze-out and
decay218–220. These mechanisms can be embedded in theoretically well-motivated low scale seesaw scenarios221

and open up the possibility to search for the HNLs at colliders221–224 and probe the origin of matter212.

4.1.1 Low scale leptogenesis mechanisms

The mechanisms driving low scale leptogenesis can be classified by the dominant cause of the deviation from
equilibrium, namely the freeze-out and freeze-in mechanisms. In the former case, HNLs attain first thermal
equilibrium early on, to then fall out of it — freeze out — while sphalerons are still active. They will then decay
out of equilibrium, with the CP violation of the Yukawas compounded by the mass degeneracy to give rise to
resonant leptogenesis218;225–231. In the latter case, Yukawas are small enough that the HNLs cannot manage to
equilibrate before sphaleron freeze-out. It was long assumed that the freeze-out mechanism requires Majorana
masses above the electroweak scale and the freeze-in mechanism only works with Majorana masses below the
electroweak scale. However, it has been recently pointed out232;233 that both mechanism in general coexist, and
the assumption that one of them dominates only holds for M � 1 TeV232 or M < 2 GeV234.

Low scale leptogenesis is technically more complicated than most high scale scenarios, due to thermal cor-
rections to quasiparticle properties and reaction rates, the interplay between coherent oscillations and decoherent
scatterings and a full flavour dependence. From the theoretical standpoint, computations of baryon asymmetry
production rely on techniques ranging from simple semi-classical Boltzmann equations to more sophisticated
approaches, such as the closed time path (CTP) formalism or the operatorial approach based on scale separa-
tions, have been developed. We refer to these recent reviews211;235 for an in-depth analysis of computational
techniques. These have been used for both, precision calculations236;237 as well as explorations of the viable

*See 204–207 for reviews on high scale leptogenesis and 208–213 for reviews on individual aspects of both, high and low scale leptogen-
esis.
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Figure 4.5: Allowed range for the relative magnitude of the HNL mixings with indicifual SM flavours in the
minimal type I seesaw model249. Left panel: The range of normalized flavour mixings consistent with the current
ν oscillation data (see e.g.246;250;251). The different contours correspond to the allowed ∆χ2 range from252 for
the case of normal (red) and inverted (blue) light ν mass ordering. Right panel: The projected 90% CL for the
mixing ratios after 14 years of ν oscillation measurements at DUNE253. For this projection we assume maximal
CP violation δ = −π/2 and two benchmark values of the PMNS angle θ23, used in the DUNE TDR254, indicated
in the legend.

Figure 4.6: Left: Idealised picture of the ratio of L-violating (LNV) and L-conserving (LNC) heavy ν decays as
a function of position. The ratio oscillates due to coherent Ni flavour oscillations255. Right: Range of physical
heave ν mass splitting ∆Mphys and mixing U2 =

∑
i U

2
i for which leptogenesis is feasible for M̄ = 30 GeV

(blue region), compared to the contribution ∆Mθθ to ∆Mphys from the Higgs mechanism256.

parameters space233;234;238–248. The allowed parameter space overlaps with the sensitivity of many direct search
experiments, see figure 4.8.

4.1.2 Testability and complementarity

If HNLs are discovered in any direct search, a pressing question will be whether these particles are indeed
responsible for the origin of ν masses and the BAU. For this purpose one can take advantage that the parameter
space is constrained by a wide range of indirect observables246;259–266. Some points include:

• The requirement to reproduce the observed pattern of light ν mixing imposes testable constraints on the
relative size of the HNL couplings to individual SM flavors245;246;251;265. These will improve in the future
with DUNE, see Fig. 4.5.

• A confirmation of the Majorana nature of the HNLs can be achieved by observing lepton number violation
(LNV) in their decays. The smallness of the light ν masses enforces an generalised B − L symmetry
on the viable parameter space of low scale seesaw scenarios267;268, implying that HNLs with collider-
accessible couplings with the SM must be organised in pseudo-Dirac pairs269. The resulting (approximate)
B − L conservation in principle parametrically suppresses all LNV processes at colliders268;270, but can
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Figure 4.7: Left panel: Posterior probabilities in the |mββ | vs baryon asymmetry YB plane in the type I seesaw
model with two HNL flavours. after a measurement at SHiP (red), assuming 0.1%, 1% uncertainty on the
measurement of the HNL masses and mixing respectively, and the an measurement of δ by T2HK or DUNE
(blue). See245 for further details. Right panel: Expected rate for 0νββ in the minimal type I seesaw with
two right-handed νs (or the νMSM) in the allowed region from Fig. 4.5 for inverted light ν mass ordering.
A deviation from this prediction would be sensitive to the heavy ν mass splitting and the phases in the sterile
sector257, an important ingredient to test leptogenesis245;257;258.

be overcome if the HNL lifetime exceeds their oscillation length271 through oscillations between the two
HNLs272;273 with different lepton number. Even if the final state cannot be fully reconstructed, the angular
distribution of decay products can be274–278; similarly, decays into different flavors279 can be sensitive to
the LNV. These effects have been studied for the LHC280;281, ILC282, NA62283 and SHiP276. Generally
one can expect LNV to observable in searches for long-lived HNLs, while it is suppressed in prompt
decays284; see Fig. 4.8.

• Measuring the HNL flavour mixing pattern can permit indirect constraints on the Majorana phase in the
ν mixing matrix246;285, while oscillations can give access to other CPV phases in the HNL sector286;287.
The phases in the sterile sector can also be accessed within the viable leptogenesis parameter space by
combining measurements of the HNL couplings to individual SM flavours with light ν oscillation data
and 0νββ 245;257;258† (if the sterile ν has a Majorana mass); see Fig. 4.7.

• Finally, if HNL oscillations within the detector can be resolved, this can be used to indirectly constrain the
HNL mass splitting255;256;288;289, a parameter that strongly affects the BAU due to the resonant enhance-
ment210;235, cf. Fig. 4.6.

In addition, the HNLs can also be searched for using the meson decays, beta decays, electroweak precision data,
and various cosmological and astrophysical observables; for a summary, see e.g.266.

In the minimal realisation of the low scale seesaw, which phenomenologically also descibes the νMSM217;290,
the parameter space is sufficiently constrained to fully test the model (in the sense of constraining all parameters
in the Lagrangian) by combining all of these observables245;246. Studies in a broader class of models will help
to assess the potential of different experiments to discover the HNLs and, if they are found, probe the hypothesis
that they are responsible for the origins of ν masses and the BAU.

4.2 Probing leptogenesis with TeV-scale lepton-number violation

The testability and complementarity of different experimental frontiers make low-scale scale leptogenesis an
interesting scenario. However, leptogenesis could be similarly realised via a high-scale leptogenesis mechanism,
for instance the out-of-equilibrium decay of right-handed neutrinos (RHNs) featuring CP-violating interactions.
However, as the expected RHN masses203 are typically beyond the reach of current and future colliders (with

†See also 266 for a discussion of the complementarity between 0νββ decays and colliders in the type I seesaw.
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Figure 4.8: Left panel: Dark gray: Lower bound on the total HNL mixing from the requirement to explain the
light ν oscillation data252. Medium gray: Constraints on the active-sterile mixing U2

µi =
∑

α |θαi|2 of HNLs
from past experiments177;291–300, obtained under the assumption that the HNLs exclusively mix with the second
SM generation. Light gray: Lower bound on U2

µ from BBN301;302. Hashed orange and violet lines: Regions in
which the observed baryon asymmetry of the universe can be explained with two232;233 or three234 HNL flavours
and different initial conditions, as explained in the legend. Other colourful lines: Estimated sensitivities of the
LHC main detectors (taken from303–305) and NA62251 as well as the sensitivities of selected planned or proposed
experiments (DUNE306,FASER2307, SHiP308;309, MATHUSLA310, Codex-b311) as well as FCC-ee/CEPC249,
ILC and FCC-hh312. Plot from313. Right panel: Regions of mass- and mixing where L-violating processes are
expected to be observable in the minimal type I seesaw model284, quantified by the ratio Rll of L-violating to
L-conserving HNL decays271.

the exception of e.g. resonant leptogenesis218), these scenarios are usually difficult to probe. In order to ulti-
mately experimentally pinpoint the mechanism behind the baryon asymmetry, alternative approaches have to be
identified in order to also probe models at high scales. One powerful possibility is to instead ”falsify” high-scale
leptogenesis models via the observation of lepton-number violation around the TeV-scale.

For instance, the observation of a same-sign dilepton signature without missing energy at the LHC, would
imply such a strong washout that an asymmetry generated at a higher scale would be directly washed out,
ruling out the possibility to have generated the baryon asymmetry via high-scale leptogenesis models214. For
leptogenesis scenarios around the TeV-scale, such as resonant leptogenesis, an observation of such a signal would
imply a lower limit on the CP asymmetry.

Another lepton-number violating observable is 0νββ decay. If a new physics mechanism of 0νββ decay
other than the standard light ν-exchange via the Weinberg operator is observed, typical scenarios of high-scale
leptogenesis will be excluded unless the baryon asymmetry is protected via some new mechanism215;314. Hence,
once 0νββ decay is observed, the identification of its underlying mechanism will be of great importance. In
order to confirm washout in all flavour sectors, an observation in all flavours or an additional measurement of
lepton-flavour violation is required.

The interplay between collider probes and 0νββ decay is particularly important. Depending on the hierarchy
of the new UV physics involved, one or the other probe can have the larger experimental reach315. While 0νββ
decay is limited to the first generation only, collider searches allow also for same-sign signatures in second or
third generation leptons. A detailed analysis315 of a simplified model based on a dim-9 effective LNV interaction
confirmed that an observation of lepton-number violation at current or future colliders or at 0νββ decay exper-
iments would render single-flavour standard high-scale leptogenesis invalid. Again, for a conclusive exclusion
equilibration in all flavours has to be confirmed.

It is important to emphasize that these far-reaching consequences are not limited to high-scale leptogenesis
scenarios, but similarly to other high-scale ∆(B − L) 6= 0 baryogenesis scenarios due to the equilibration via
the (B + L)-violating sphaleron processes. However, certain models that generate an asymmetry in a secluded
dark sector or hide an asymmetry in a specific flavour might be exempt from such conclusions316;317.

In summary, experimental searches for lepton-number-violating signatures are highly relevant for probing
high-scale leptogenesis and baryogenesis scenarios, even though the physics that generates the asymmetry might
not be directly accessible. Hence, the observation of lepton-number violation at 0νββ decay experiments via a
nonstandard mechanism or at current and future colliders, might point us to low-scale baryogenesis. Therefore,
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searches for lepton-number violation should be pursued with high priority at all frontiers.
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[234] M. Drewes, Y. Georis, and J. Klarić, Phys. Rev. Lett. 128, 051801 (2022), 2106.16226.

[235] B. Garbrecht, Prog. Part. Nucl. Phys. 110, 103727 (2020), 1812.02651.

[236] J. Ghiglieri and M. Laine, JHEP 02, 014 (2019), 1811.01971.

[237] J. Ghiglieri and M. Laine, JCAP 07, 012 (2020), 2004.10766.

[238] L. Canetti and M. Shaposhnikov, JCAP 09, 001 (2010), 1006.0133.

[239] L. Canetti, M. Drewes, and M. Shaposhnikov, Phys. Rev. Lett. 110, 061801 (2013), 1204.3902.

[240] L. Canetti, M. Drewes, T. Frossard, and M. Shaposhnikov, Phys. Rev. D 87, 093006 (2013), 1208.4607.

28



[241] P. S. B. Dev, P. Millington, A. Pilaftsis, and D. Teresi, Nucl. Phys. B 891, 128 (2015), 1410.6434.
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[277] A. Blondel, A. de Gouvêa, and B. Kayser, Phys. Rev. D 104, 055027 (2021), 2105.06576.

[278] A. de Gouvêa, P. J. Fox, B. J. Kayser, and K. J. Kelly, Phys. Rev. D 105, 015019 (2022), 2109.10358.

[279] C. O. Dib, C. S. Kim, K. Wang, and J. Zhang, Phys. Rev. D 94, 013005 (2016), 1605.01123.

[280] C. O. Dib, C. S. Kim, and K. Wang, Phys. Rev. D 95, 115020 (2017), 1703.01934.

[281] A. Das, P. S. B. Dev, and R. N. Mohapatra, Phys. Rev. D 97, 015018 (2018), 1709.06553.
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