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Abstract

This thesis addresses several aspects of leptogenesis, a theoretical paradigm that at-
tempts to resolve two prominent open questions in high-energy phenomenology: the origin
of neutrino masses and the observed baryon asymmetry of the universe (BAU).

The thesis is structured into three parts, with the first part focusing on first-order phase
transitions (FOPTs) and cosmic strings (CSs) within the context of gauged U(1)B−L ex-
tensions of the Standard Model (SM). Initially, we re-examine the FOPT and gravitational-
wave (GW) production in the classically conformal U(1)B−L model, identifying regions of
parameter space that provide optimal conditions for bubble-assisted leptogenesis. Subse-
quently, we investigate the production of right-handed neutrinos (RHNs) from CSs and
assess the magnitude of the B − L asymmetry that they may source.

The second part of this thesis is dedicated to the recently proposed wash-in leptoge-
nesis (WILG) mechanism, which does not require any CP violation in the RHN sector.
Specifically, we derive a lower bound on the mass of the lightest RHN by requiring WILG
to successfully account for the observed BAU. Moreover, we introduce a novel ultraviolet
mechanism for WILG based on non-minimal gravitational interactions.

In the final part of this thesis, we present novel strategies to search for new physics (NP)
in rare Kaon and B-meson decays, focusing on the channels K → π+ /E, B → K(K∗)+ /E,
and B → Xs + /E. We demonstrate that careful measurements of the kinematic distribu-
tions of missing energy can serve as a powerful tool to distinguish between the effective
operators contributing to NP. Particular attention is devoted to lepton-number-violating
(LNV) NP, and how observing LNV NP in rare meson decays could put leptogenesis under
tension.
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CHAPTER I

Beyond the Standard Model puzzles

Embarking on a career as a high-energy physics (hep) phenomenologist in 2025 is a dual-
edged endeavor, marked by both great privilege and considerable challenge. On one hand,
it is a privilege to build upon the foundational work of the physics giants of the previous
century. On the other hand, it is a struggle to extend beyond their remarkably successful
theories.

The early 20th century witnessed a revolutionary transformation in physics with the
advent of quantum mechanics and relativity. Building upon this foundation, the latter
half of the 20th century established two foundational frameworks that underlie modern
high-energy physics phenomenology:

1. The Standard Model (SM) of particle physics [8–10], a relativistic quantum field
theory (QFT) that encapsulates our current understanding of the universe’s funda-
mental constituents and their interactions via three of the four known fundamental
forces, excluding gravity.

2. The Lambda-Cold Dark Matter (ΛCDM) model [11–18] – the Standard Model of
cosmology – explains the universe’s large-scale structure and evolution from the Big
Bang to the present day. Notably, ΛCDM postulates the existence of two forms of
energy not accounted for by the SM: cold dark matter and dark energy.

The SM has been rigorously tested through an extensive experimental program, exempli-
fied by the remarkable agreement between theoretical predictions and experimental mea-
surements of the electron’s magnetic moment, currently precise to one part in 1014 [19,20].
The last major success of the SM was the discovery of the Higgs boson at ATLAS [21]
and CMS [22] in 2012. Determining parameters of the SM to ever higher precision and
searching for discrepancies between the SM and experimental data remains an important
program in present-day phenomenology. Meanwhile, the ΛCDM model is supported by
the observed abundance of light elements, the observed anisotropies in the cosmic mi-
crowave background (CMB), the observed large-scale structure of our universe, and the
accelerating expansion of the universe [18].

The unprecedented success of the SM and ΛCDM has left sparse clues about where
specifically the hep community should go from here in their search for new physics (NP).
Two of the most compelling clues we are left with are the experimental evidence for neu-
trino masses, which are massless in the SM, and the magnitude of the matter-antimatter
asymmetry of our observable universe. Leptogenesis [23] is a popular paradigm that
addresses these puzzles by extending the SM with at least two right-handed neutrinos
(RHNs), which facilitate neutrino mass generation and dynamically produce a baryon
asymmetry in the early universe. This thesis is devoted to exploring various aspects of
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CHAPTER I. BEYOND THE STANDARD MODEL PUZZLES

leptogenesis, including theoretical models, new mechanisms, and opportunities to probe
leptogenesis at future experiments.

Testing leptogenesis experimentally is a significant challenge. Many leptogenesis realiza-
tions involve heavy RHNs far beyond the reach of particle colliders, which we will loosely
refer to as high-scale leptogenesis. While building bigger and better colliders has been a
pathway to discoveries of NP in previous decades, it is not feasible to use current collider
technology to reach energy scales relevant for high-scale leptogenesis. If we want to investi-
gate high-scale leptogenesis or other phenomena involving very high mass scales, we better
search for alternative and complementary probes. This has lead many high-energy phe-
nomenologists to consider cosmology and astronomy as laboratories for NP. A particularly
promising avenue is gravitational waves (GWs), which have received significant attention
since LIGO and Virgo’s first direct observation in 2015, originating from the merger of two
black holes [24]. The GW background in the present universe will be mapped out across
a wide range of frequencies and amplitudes by a combination of proposed and running
GW observatories and pulsar timing arrays (PTAs). The resulting power spectrum may
encode signals from primordial sources present in the early universe, and thereby present
a window to the universe around the time of the Big Bang. In fact, PTAs may already
have made the first detection of a GW signal of primordial origin [25–29]. Finally, GW
experiments also provide the possibility to probe theories at energies beyond the reach of
colliders, test theories of secluded dark sectors, and potentially exclude classes of theories
that predict large GW backgrounds.

Several phenomena in the early universe can generate detectable GW backgrounds, and
we will focus on sources associated with phase transitions (PTs). A cosmological first-order
phase transition (FOPT) is a PT in the early universe leading to the formation of bubbles
of the new phase and the release of latent heat. As bubbles collide they source GWs, which
may be observable at future GW observatories. A second prediction in many beyond the
SM (BSM) extensions that feature new phase transitions is the formation of topological
defects. Topological defects are non-trivial field configurations, arising from symmetry-
breaking phase transitions as a result of different regions of space adopting distinct vacuum
states. Examples are cosmic strings, domain walls, and monopoles. Importantly, topolog-
ical defects present another potential source of GWs. In the first part of this thesis, we
study aspects of certain BSM extensions featuring a FOPT and the formation of cosmic
strings. The overarching aim is to explore potential interplay between leptogenesis and
GW sources, and opportunities to probe high-scale leptogenesis with gravitational waves.

In the second part of the thesis, we will shift our focus from probing leptogenesis to
exploring some recent theoretical developments. Here, we will explore the so-called wash-
in leptogenesis (WILG) framework, where RHNs only need to satisfy two of Sakharov’s
three conditions [30] for dynamically generating the baryon-asymmetry of the universe
(BAU). This should be contrasted with standard leptogenesis scenarios, where the RHNs
are required to satisfy all three of Sakharov’s conditions [30]. Ultimately, relaxing the role
of RHNs in satisfying Sakharov’s conditions comes at the price of having to introduce a
nonminimal cosmological background to provide suitable initial conditions for WILG to
act on. In Chapter VI, we explore a new mechanism to generate suitable initial conditions
for WILG during inflationary reheating via non-minimal gravitational interactions. In
Chapter VII, we proceed to determine how light the lightest RHN can be while still
accounting for the BAU via WILG.

Finally, observing lepton-number violation (LNV) would have profound implications for
neutrino physics and leptogenesis, potentially indicating a Majorana nature of neutrinos
and constraining high-scale leptogenesis. The primary focus of the third part of the thesis

4



I.1. OPEN PROBLEMS

is to consider rare meson decays as a laboratory to search for LNV, and provide strategies
to disentangle LNV from other types of NP in these systems. A more concise outline of
the thesis will be provided at the end of this chapter.

I.1 Open problems

Next, we list some of the longstanding open problems in contemporary hep phenomenol-
ogy that are left unanswered by the SM, ΛCDM, and cosmic inflation, and point out
connections to the research presented in this thesis.

• Dark energy: Approximately 68% of the energy density of the universe today is
made up of dark energy, required to explain the observed accelerated expansion of
the universe. What is the nature of dark energy, and how does it arise? [31]

• Hubble tension: The value of the Hubble constant H0 inferred from early-universe
observations using the ΛCDM model yields H0 ≈ 67.4 km/s/Mpc. The value ob-
tained from late-universe, local measurements, yields H0 ≈ 73.0 km/s/Mpc. The
discrepancy exceeds 5σ, and suggests either unrecognized systematic errors in one
or both measurements, or a need for NP beyond ΛCDM that modifies the early or
late-time expansion history of the universe [32].

• Dark matter: The origin and nature of dark matter (DM) remains one of the
most pressing open problems in particle physics and cosmology. Astrophysical and
cosmological observations — from galactic rotation curves and gravitational lensing
to cosmic microwave background anisotropies and large-scale structure — indicate
that approximately 27% of the energy density of the universe is composed of non-
luminous, non-baryonic dark matter. The allowed mass range for dark matter fa-
mously spans roughly 80 orders of magnitude, and in a worst-case scenario, dark
matter may only interact gravitationally with the SM. Understanding the origin and
properties of dark matter is a central challenge at the intersection of high-energy par-
ticle phenomenology, cosmology, and astrophysics. A detailed and modern account
of dark matter, from its evidence to theories and detection, can be found in [33].

In Chapter IX we will encounter particles that could make up part of the dark matter
abundance.

• The cosmological constant problem: ”The mother of all naturalness problems”.
The cosmological constant problem [34] can be phrased as the uber-sensitivity of the
vacuum energy to the details of ultraviolet (UV) physics of which we are ignorant [35].

• Inflation: Cosmic inflation is a paradigm that postulates a quasi-exponential ex-
pansion of space prior to the hot Big Bang phase. Its original motivations were
to remove unwanted cosmological relics such as monopoles and resolve fine-tuning
issues of pre-inflationary hot Big Bang models, such as the horizon and the flatness
problems [36–39]. In its simplest realizations, the period of inflation is driven by a
scalar field, the inflaton, which is slowly rolling down its potential. The inflationary
paradigm provides a natural mechanism for generating primordial density perturba-
tions through quantum fluctuations of the inflaton [40–42]. These fluctuations seed
the large-scale structure of the universe and leave imprints in the CMB, consistent
with current observations [43]. Despite its successes, inflation remains theoretically
incomplete, and some open problems are: What initiates inflation? How generic are
the initial conditions that allow a sufficiently long inflationary phase? What is the
microphysical origin of the inflaton field and its potential? What are the details of
the reheating phase of the universe following the end of inflation?

5



CHAPTER I. BEYOND THE STANDARD MODEL PUZZLES

Chapter VI is the only part of this thesis where we will have to specify an inflationary
scenario. In the remaining chapters, we implicitly assume a period of inflation fol-
lowed by a reheating period ending with a reheating temperature that is sufficiently
high to validate our treatment.

• Unification of gravity and QFT: So far, no framework that unifies QFT and
gravity has produced experimentally confirmed predictions. Achieving a consistent
quantum theory of gravity would complete the unification of all known interactions
and shed light on puzzles such as the hierarchy and cosmological-constant problems.

• Grand unification: The SM gauge group may be embedded into a single sym-
metry such as SU(5) or SO(10), which would unify the observed forces (excluding
gravity) [44–47]. Is this idea realized in nature, and if so, how?

In Chapter IV, we will consider an extension of the SM that was originally motivated
to arise as part of a grand unified theory.

• The electroweak hierarchy problem: First, if the SM is all there is, then there
is no electroweak (EW) hierarchy problem since the Higgs mass is an input and not
calculable. In some sense, the EW hierarchy problem amounts to a concern that
an extension of the SM, in which the Higgs boson mass is calculable, should not be
highly fine-tuned. To illustrate this point, it is instructive to consider the SM as an
effective field theory valid up to a cutoff Λ and computing one-loop corrections from
SM fields to the Higgs mass, one obtains a quadratic contribution in Λ of the form,

∆m2
H =

Λ2

16π2

(
−6 y2t +

9

4
g2 +

3

4
g′ 2 + 6λ

)
, (I.1)

see e.g. Ref. [48] and references therein. In the SM alone, the Higgs mass is just a free
parameter that needs to be fixed by measurement, and a suitable renormalization
procedure absorbs the divergent contribution above. In an extension of the SM with
additional physical scales, the divergence in Eq. (I.1) is replaced by finite, calculable
contributions. In this context, Eq. (I.1) should be understood as the statement
that the Higgs mass is sensitive to UV physics, and the EW hierarchy problem is a
naturalness problem.

• Strong CP problem: This is a third naturalness problem concerning the smallness
of charge-parity (CP ) violation in the strong sector of the SM: In principle, the QCD
Lagrangian contains a term of the form,

LQCD ⊃ −θ
αs
8π
GaµνG̃

aµν . (I.2)

The physical CP parameter θ̄ = θ+arg det(Mq), whereMq is the quark-mass matrix,
enters low-energy hadronic observables, which currently constrain θ̄ ≲ 10−10 [49].
The smallness of this parameter is known as the strong CP problem.

• Vacuum stability of our universe: Around the time of the Higgs boson was
discovered [21,22], there was a surge of interest in the stability of its potential [50–53].
Evidence for metastability was put forward, although the immediate consequence for
our existence is limited, as the tunnel rate is many orders of magnitude larger than
the age of the universe [53]. Current uncertainties in SM parameters do not permit
a conclusive exclusion or confirmation of the stability of the SM vacuum [54].

In Chapter III, we will encounter arguments that are based on vacuum-stability
considerations.

6



I.1. OPEN PROBLEMS

Two other open problems, of great relevance to this thesis, are the origin of neutrino
masses and the baryon asymmetry of the universe, which we elaborate on in the
following.

I.1.1 Neutrino masses

A variety of experiments have established flavor oscillations among the SM neutrino
species [55–62], which provides direct evidence for mass splitting between the three neu-
trino species. However, neutrinos are massless in the SM. Unlike all other SM fermions,
they cannot acquire Dirac masses, due to the absence of RHNs, NR, in the SM. A Majorana
mass term for SM neutrinos, νL,

−1

2
mijνLiν

c
Lj

+ h.c. (I.3)

is forbidden by SM gauge invariance. Here νcL = Cν∗L, where C is the charge-conjugation
operator. Note, however, that the term in Eq. (I.3) is allowed in the broken phase of the
SM, as the neutrino is electrically neutral.

Hence, to incorporate neutrino masses in the SM, we are faced with two options:1

1. Extend the SM to allow for a Dirac mass term.

2. Extend the SM to allow for the generation of a Majorana mass term.

Option 1 is achieved by introducing three RHNs2, which are singlets under the SM gauge
group, and extend the SM Lagrangian by

LDirac = NRii/∂NRi − (Yν)ijLiH̃NRj + h.c. , (I.4)

where L is a SM lepton doublet, H the SM Higgs doublet, H̃ ≡ iσ2H
∗, and Yν is a 3× 3

Yukawa matrix. After electroweak symmetry breaking (EWSB), the Yukawa interactions
in Eq. (I.4) generate neutrino masses in a manner analogous to those of other leptons and
quarks.

Next, we turn to option 2, which will be the scenario considered in this thesis. A key
observation is that Majorana masses violate total lepton number, L,3 by two units while
Dirac masses preserve total lepton number.4 Hence, to realize Majorana masses, we need
a (gauge-invariant) SM extension that leads to LNV and generates Eq. (I.3) in the broken
phase of the SM. In the language of effective field theory (EFT), this means searching for
SM gauge-invariant ∆L = 2 higher-dimensional operators (whose origin can be attributed
to NP operating above the electroweak scale). Notably, this bottom-up perspective on
Majorana masses permits a unified perspective on tree-level seesaw [63–73] and radiative
(Majorana) mass models [74].

Interestingly, the lowest-dimension effective operator one can write down using the SM
field content and SM gauge symmetry is directly related to Majorana neutrino mass,

O5 =
Cij
Λ

(
LciH̃

∗
)(

H̃†Lj
)
+ h.c. (I.5)

1Strictly speaking, there is a third option: Extending the SM to allow for both a Dirac and a Majorana
mass term.

2As current neutrino data is consistent with the lightest SM neutrino being massless, one is strictly
speaking only required to introduce two RHNs. However, in this thesis we will consider the case of three
RHNs.

3Not to be confused with a SM-lepton doublet, which we also denote by L. From here on, the meaning
of L should be clear from the context it appears in.

4Hence, to avoid a Majorana mass term from entering Eq. (I.4), lepton-number conservation is typically
assumed in Dirac-mass models.
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CHAPTER I. BEYOND THE STANDARD MODEL PUZZLES

where Cij denote Wilson coefficients (WCs) and Λ is a (heavy) mass scale. Eq. (I.5) is
known as the ”Weinberg operator” [75]. Upon EWSB, this operator generates Majorana
neutrino masses,

mij =
Cij
Λ
v2h ∼

v2h
Λ
, (I.6)

where vh denotes the Higgs vacuum-expectation value (vev). Eq. (I.6) is the celebrated
seesaw formula, which achieves a large suppression of neutrino masses with respect to
the weak scale, vh, by invoking heavy NP at a scale Λ ≫ vh. For higher-dimensional
generalizations of the Weinberg operator, and Majorana-neutrino masses from other ∆L =
2 effective operators, see Ref. [74] and references therein.

From a model-building perspective, the next question would be ”What kind of renor-
malizable models can generate the Weinberg operator?” The simplest answer(s) to this
question, where the operator is obtained by integrating out a single heavy field at tree
level, are the celebrated type-I seesaw [63–67], type-II seesaw [68–72], and type-III seesaw
mechanisms [73]. In this thesis, we will consider type-I seesaw where three heavy SM
gauge singlet fermions – RHNs – couple to LH̃, with the following Lagrangian

LSeesaw = NRii/∂NRi − (Yν)ijLiH̃NRj −
1

2
MijNRiN

c
Rj

+ h.c. (I.7)

After EWSB, the second and third terms give the following mass contributions

Lmass = −νLi(mD)ijNRj −
1

2
MijN c

Ri
NRj + h.c. (I.8)

Introducing a 3+3-component vector of spinors, Ψ =

(
νL
N c
R

)
, we can write the mass terms

in matrix notation,

Lmass = −
1

2
Ψc

(
0 mD

mT
D M

)
Ψ+ h.c. (I.9)

In the limit M ≫ mD, the diagonalization of this matrix gives three light neutrino mass
eigenstates (mostly νL) with Majorana mass matrix,

mlight
ν ≈ mDM

−1mT
D, (I.10)

and three heavy (mostly NR) mass eigenstates with Majorana mass matrix

mheavy
ν ≈M. (I.11)

Details about the seesaw mechanisms can be found in [76], and details about neutrino
masses and more can be found in [18].

I.1.2 Baryon asymmetry of the universe

Next, we turn to the matter-antimatter puzzle. The observable universe seems to contain
almost exclusively matter and nearly no antimatter. Indeed, from direct experience, it is
clear that our solar system does not contain a significant amount of antimatter. Moreover,
if the observable universe was a patchwork made out of regions strongly dominated by ei-
ther matter or antimatter, then annihilation processes along the boundaries separating the
matter-dominated regions from the antimatter dominated regions would result in charac-
teristic gamma ray signals. The absence of such signals has made it possible to constrain

8
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the local abundance of antimatter up to very large length scales [77]. The possibility of
macroscopic objects, such as antistars, or stellar systems made out of antimatter have also
not been observed [78, 79]. Finally, it has been shown that if matter and antimatter are
present in equal amounts on cosmological scales, then the matter region we belong to has
to cover virtually the entire visible universe [80]. More elaborate arguments about the
observational evidence for a matter-antimatter asymmetry in the universe can be found
in Ref. [81].

The preceding arguments suggest the following relation in the observable universe,

ηB ≡
nB
nγ

∣∣∣
T0

=
nB − nB̄

nγ

∣∣∣
T0
, (I.12)

where nγ , nB, nB̄, and T0 denote the present day number densities of photons, baryons,
antibaryons, and the temperature of the cosmic-microwave background (CMB). The pa-
rameter ηB can be determined in two independent ways. The first method is via big-bang
nucleosynthesis (BBN), the theory that predicts the abundances of the light element iso-
topes D, 3He, 4He, and 7Li. In the context of the SM + ΛCDM, ηB is the only unknown
parameter that enters the prediction of primordial abundances of light nuclei. The BBN
predictions can be compared with observational determinations of the abundances of the
light elements, in particular the abundance of Deuterium [82]. Consistency between the-
oretical BBN predictions and observations leads to [18,83],

ηBBN
B = (6.05± 0.25) · 10−10. (I.13)

The second method to determine ηB is by measuring the power spectrum of (the tiny)
temperature fluctuations in the CMB [84]. Temperature fluctuations in the CMB arose
from acoustic oscillations of the baryon-photon fluid in the early universe, driven by the
gravitational potential wells formed by inhomogeneities in the dark matter distribution.
The acoustic oscillations are sensitive to ηB as it affects the primordial plasmas equation
of state. The impact of ηB is primarily reflected in the relative amplitude of odd and even
peaks in the power spectrum. Since the CMB is a relic from the time of recombination,
when the temperature of the universe was six orders of magnitude lower than at the time
of BBN, and the physics that produces the acoustic peaks in the power spectrum is very
different from BBN, this is a truly independent determination of ηB. The current value
inferred from the CMB reads [85]

ηCMB
B = (6.12± 0.04) · 10−10. (I.14)

An important prediction of ΛCDM is that the baryon-to-photon ratio remains unchanged
between the time of BBN and recombination. The impressive agreement between Eq. (I.13)
and Eq. (I.14) is therefore a great triumph for ΛCDM and a strong indication that one
can rely on observational determinations of the BAU.

Having established the value of ηB in our universe, it is natural to ask if it is low or
high. On the one hand, baryonic matter only constitutes roughly 5% of the energy density
of the universe, while dark matter and dark energy constitute roughly 95%. On the
other hand, it is instructive to note that in a locally-baryon symmetric universe, baryons
and anti-baryons would remain in thermal equilibrium down to T ∼ 20 MeV where the
number of baryons and antibaryons would freeze out (FO) to nB/nγ = nB̄/nγ ∼ 10−19,
a result known as the ”annihilation catastrophe” [86]. Compared to this number, the
observed value for ηB is impressively large, and suggests that the universe should have
been baryon-antibaryon asymmetric at T = O(100) MeV. This leads us to the question of
how such an asymmetry could come to be.

9



CHAPTER I. BEYOND THE STANDARD MODEL PUZZLES

One may assume that the asymmetry between matter and antimatter was present from
the very beginning, and make it an initial condition for the Big Bang. However, this view-
point is challenged by the cosmic inflation paradigm. Any pre-existing matter-antimatter
asymmetry prior to cosmic inflation would have been diluted and negligible at the time
of inflationary reheating. Hence, if one accepts the cosmic-inflation hypothesis, it is not
possible to account for the observed BAU by stating that it was simply an initial condi-
tion at the beginning of everything. Instead, the baryon-asymmetry must be generated
dynamically by baryogenesis in the post-inflationary universe. In this context, the puzzle
”why is there more matter than antimatter in the universe?” can be sharpened to ”what
is the baryogenesis mechanism that generated the BAU?”

Sakharov’s conditions

Successful baryogenesis requires three conditions, as first formulated by Sakharov in
1967 [30]:

1. Baryon number (B) violation: A state with B = 0 cannot evolve into a state with
B ̸= 0 in the absence of baryon-number violation.

2. C and CP violation: If C or CP invariance holds, then for every process that
generates a matter-antimatter asymmetry there is an equally probable C or CP
conjugate process that generates an asymmetry with the opposite sign.

3. Departure from thermal equilibrium: A state in thermal equilibrium enjoys time-
translation invariance, implying that the expectation values of all observables, in-
cluding B, are constant.

These three conditions can be proved using statistical and quantum mechanics as fol-
lows [81]. Let the universe be described by a density matrix ρ. The von Neumann
equation governs the time evolution of ρ in the Schrödinger picture

i
dρ(t)

dt
= [H, ρ(t)], (I.15)

where H denotes the Hamiltonian. Let B̂ denote the baryon number operator, such that

the baryon number is given by B(t) = Tr
[
B̂ρ(t)

]
. If B and H commute, such that baryon

number is a symmetry of the system, then the von Neumann equation gives

dB(t)

dt
= −iTr[B[H, ρ(t)]] = 0, (I.16)

which proves the first condition. To prove the second condition, consider an arbitrary
discrete operator X that commutes with the Hamiltonian and anticommutes with B.5

Using the von Neumann equation, we compute,

d

dt
[X, ρ(t)] = [X,

dρ

dt
] = −i[X, [H, ρ]] = −i[H, [X, ρ(t)]]. (I.17)

As a consequence, if ρ(t0) is symmetric under X at initial time t0, [X, ρ(t0)] = 0, then
Eq. (I.17) ensures that ρ is symmetric under X at all times. To prove the third condition,
assume a system in thermal equilibrium described by

ρ =
1

Z
e−H/T , Z = Tr

{
e−H/T

}
, (I.18)

5Under these conditions, X could be C, CP , or a generalized notion of these operators.
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and that the Hamiltonian is symmetric under CPT -transformations. These assumptions
lead to

Tr{Bρ} = Tr
{
B(CPT )−1(CPT )ρ

}
= Tr

{
(CPT )B(CPT )−1ρ

}
= −Tr{Bρ}, (I.19)

where we in the last step used (CPT )B(CPT )−1 = −B. This proves Sakharov’s third
condition.

Right-handed neutrino decays and the BAU

In the past decades, there have been many great proposals for baryogenesis mechanisms.
They will not be done any justice in this thesis, and the interested reader is referred to
e.g. Refs. [87, 88] and references therein for further reading. The focus of this thesis is
leptogenesis [23], which is a leading baryogenesis paradigm that extends the SM by adding
two or more RHNs. As RHNs can explain the smallness of the observed neutrino mass
scale via the type-I seesaw mechanism, leptogenesis provides an economic framework that
addresses two of the major open BSM puzzles at the same time.

Leptogenesis, like any baryogenesis mechanism, must satisfy Sakharov’s three conditions.
Standard leptogenesis realizations achieve this as follows: The Yukawa coupling Yν in
Eq. (I.7) provides a source of CP violation (Sakharov’s second condition). The rate of the
CP -violating Yukawa interactions can be slow enough to ensure departure from thermal
equilibrium (Sakharov’s third condition). The Majorana masses of the RHNs break lepton
number, and the (B+L-violating) SM (weak) sphaleron processes [89] partially convert the
lepton asymmetry into a baryon asymmetry above or at the electroweak scale (Sakharov’s
first condition). Further details about specific leptogenesis mechanisms of direct relevance
to this thesis will be given in Chapters II and V.

I.2 Structure and outline of thesis

This thesis is divided into three parts. Each part begins with a chapter that provides a
theoretical foundation for the work presented in the subsequent chapters of the respective
part. In Chapter II, we introduce the four-dimensional effective potential at one loop,
and review aspects of GW production from FOPTs that will be of direct relevance to
our study in Chapter III. Selected elements of cosmic strings and thermal leptogenesis
(TLG) are also provided. In Chapter III, we consider various aspects of the FOPT in the
classically-conformal B−L model [90]. We also explore opportunities to probe parameter
space consistent with leptogenesis using gravitational waves. The results will appear in
a publication Ref. [4]. In Chapter IV, we consider cosmic strings from B − L breaking
as a non-thermal source for leptogenesis and compare asymmetry production sourced
by cosmic strings with thermal asymmetry production. In Chapter V, we initiate the
second part of the thesis by reviewing aspects of WILG and gravitational baryogenesis.
This provides a suitable starting point for our discussion of a new gravitational charge-
production mechanism in Chapter VI, which led to the publication [2]. In Chapter V, we
investigate how light the lightest RHN can be while remaining compatible with successful
WILG, which led to the publication [3]. Chapter VIII provides an introduction to the
last part of the thesis by covering selected aspects of semi-leptonic decays, lepton-number
violation, and reviewing how observing LNV in rare meson decays can put leptogenesis
under tension. In Chapter IX, we present strategies to disentangle NP in rare semileptonic
Kaon and B decays, with special emphasis on LNV NP, using effective field theory. This
led to the publication [1]. Final conclusions are given in Chapter X.
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Part I

Breaking gauged U(1)B−L

in the early universe





CHAPTER II

Theoretical background

A phase transition generally refers to a qualitative change in the macroscopic state or phase
of a system as a control parameter such as temperature, pressure, or an external field is
varied. It describes how a system reorganizes itself from one phase into a new phase with
distinct physical properties. Some examples, of varying degrees of sophistication, include
water freezing or boiling, (de)magnetization of a ferromagnet, emergence of superfluidity/
superconductivity, transition from quark-gluon plasma to hadronic matter, and exotic
condensed-matter systems exhibiting a change in topological invariant(s). We will be
concerned with thermodynamic phase transitions, which can be defined as a line in the
(T, µ)-plane (where T is temperature and µ is chemical potential) across which the grand
canonical free energy density f(T, µ) is non-analytic [91]. In particular, if the n-th order
derivative of f with respect to some thermodynamic variable is discontinuous, there is a
n’th order phase transition. If no non-analyticity occurs, but there is still a rapid change
in physical behavior, then one has a crossover transition.

In this thesis, we will only be interested in phase transitions associated with the spon-
taneous breaking of a (continuous) symmetry. For such phase transitions, one can by
construction always assign a so-called order parameter. The latter is defined as a quantity
that transforms non-trivially under the broken symmetry, has a non-vanishing expectation
value in the broken phase and a vanishing expectation value in the symmetric phase.

The theory of phase transitions associated with spontaneously broken symmetries plays
an important role in the evolution of the early universe. In the context of pure SM physics,
and assuming that the maximal temperature of the early universe exceeded 160 GeV [92],
it is believed that the universe initially evolved in a state with electroweak symmetry.
As the temperature dropped to roughly 160 GeV, the universe underwent electroweak
symmetry breaking characterized by the order parameter ⟨HH†⟩. As the temperature of
the hot universe dropped further to roughly 150 MeV [93, 94], the (approximate) chiral
symmetry was broken, signaled by a non-vanishing expectation value of the quark conden-
sate ⟨q̄q⟩. The current consensus of the hep community is that both of these transitions
were of order infinity (crossovers) within the SM [94–97]. However, in some extensions of
the SM, either one or both of these transitions can become first order (e.g. [98–103] and
references therein). From a theoretical point of view, it has long been appreciated that a
first-order electroweak phase transition could have interesting implications for baryogen-
esis [89, 104, 105]. From an observational point of view, it has long been appreciated that
cosmological FOPTs can give rise to out-of-equilibrium dynamics that can source gravi-
tational waves [106], which can be searched for at current and planned GW experiments.
Our focus will be on phase transitions associated with the breaking of a symmetry in BSM
theories. Namely, in Chapter III, we will consider FOPTs associated with a broken gauged

15



CHAPTER II. THEORETICAL BACKGROUND

(continuous) B − L symmetry in the context of a specific BSM model realization.

Another interesting consequence of symmetry–breaking phase transitions is the forma-
tion of topological defects, as explained in the following. For a generic symmetry-breaking
pattern

G −→ H, (II.1)

where G denotes the initial full symmetry and H denotes the unbroken symmetry, the set
of degenerate vacua is described by the manifold

M = G/H. (II.2)

The system undergoes spontaneous symmetry breaking when the order-parameter field ϕ
acquires a non-zero vacuum expectation value by selecting a specific point on the vacuum
manifold M. If M possesses non-trivial topology, i.e. if at least one homotopy group
satisfies

πi(M) ̸= 0 for some i, (II.3)

then certain field configurations cannot be continuously deformed to the trivial vacuum
and are therefore stable. These field configurations are known as topological defects. The
correspondence is

π0(M) ̸= 0 ⇒ domain walls,

π1(M) ̸= 0 ⇒ cosmic strings,

π2(M) ̸= 0 ⇒ monopoles,

π3(M) ̸= 0 ⇒ textures,

see for example Ref. [107] for details. The Kibble mechanism [108] explains how topolog-
ical defects form during a cosmological phase transition. Causally disconnected regions
of the universe choose independent vacuum values (i.e. different values for the order pa-
rameter), and when these regions come into contact, defects form at their boundaries. In
the SM, the relevant homotopy groups are trivial, so no stable defects survive. However,
many extensions of the SM, including those considered in the next two chapters, predict
π1(M) ̸= 0, leading to stable cosmic strings. Cosmic strings can lead to observational ef-
fects, including gravitational waves that could potentially be probed at future experiments
if the mass scale associated with the symmetry breaking is high enough.

The rest of this chapter is organized as follows. In Section II.1, we introduce the quantum
effective potential and how to calculate it to one loop, including thermal corrections. The
section is mostly included for pedagogical reasons and can safely be skimmed through by
an experienced reader. In Section II.2, we introduce several FOPT parameters, how to
compute them from the effective potential, and how they can be used to determine the
stochastic gravitational-wave background (SGWB) from the FOPT. This section will be
of direct relevance for large parts of Chapter III. Section II.3 summarizes aspects of cosmic
strings that will be used in the following two chapters. In Section II.4, we collect some
useful results from TLG that will be applied in Chapter IV.

II.1 Effective potential

In theories exhibiting spontaneous symmetry breaking, it is imperative to determine the
vev, ⟨ϕ⟩, of a quantum field ϕ,1 to track how the system evolves from one phase to

1Though ϕ could in general be a product of elementary fields, we will for simplicity assume that it is
an elementary field.
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another. At the classical level, ⟨ϕ⟩ is obtained by minimizing the energy associated with
its potential, V (ϕ), providing a simple geometric picture of ⟨ϕ⟩ as the minimum of V . The
corresponding object in the full quantum theory, whose minimum give the exact value of
⟨ϕ⟩, is the effective potential.

To quantitatively discuss the effective potential formalism, it is sufficient to consider the
QFT of a scalar field ϕ with classical action S(ϕ) in the presence of an external source J .
The generating functional reads,

Z[J ] =

∫
Dϕei[S(ϕ)+

∫
d4xJ(x)ϕ(x)] ≡ eiW [J ], (II.4)

where W [J ] is the generator of connected Greens functions. The classical field, ϕc ≡ ⟨ϕ⟩,
is defined as

ϕc ≡
δW [J ]

δJ(x)
, (II.5)

and the generating functional of 1PI Green’s functions, i.e. the effective action, is given
by the functional Legendre transform

Γ[ϕc] =W [J ]−
∫
d4xJ(x)ϕc(x). (II.6)

It follows from Eq. (II.6) that

δΓ[ϕc]

δϕc(x)
= −J(x) =⇒ δΓ[ϕc]

δϕc(x)

∣∣∣∣∣
J=0

= 0. (II.7)

The stationary condition in Eq. (II.7) is analogous to the stationary condition of the
classical action, δS

δϕ = 0, which yields classical field equations. Hence, Eq. (II.7) can be
considered as the equation of motion (EoM) of the field ϕc, which takes quantum effects
into account [109].2 From the effective action, one can define the effective potential,
Veff(ϕc), as,

Γ[ϕc] = −
∫
d4xVeff(ϕc). (II.8)

Assuming that translational invariance is unbroken, then ϕc is constant and combining
Eqs.(II.7) and (II.8) immediately gives

∂Veff
∂ϕc

∣∣∣∣∣
J=0

= 0. (II.9)

The effective potential has an important interpretation in terms of energy density [110,
111]: Veff(ϕc) is the minimum of the expectation value of the energy density for all states
constrained by the condition that the scalar field ϕ has expectation value ϕc. Consequently,
in the absence of external currents, the vacuum state of the theory will evolve to a state
in which the effective potential is minimized (and not only stationary, as was required by
Eq. (II.9)) [109].

2In fact, the interpretation of Γ[ϕc] as an effective action is further justified by the fact that W [J ] can
be calculated as a sum of connected tree graphs, with vertices and propagators calculated as if the action
was Γ[ϕc] instead of S[ϕ], see e.g. Ref [109] for a textbook discussion.
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II.1.1 Calculating the effective potential

The remainder of this section will focus on the foundation for calculating the effective
potential. For completeness, we first consider the foundation of the original calculation by
Coleman and Weinberg [112], before we proceed with a functional calculation to motivate
a master formula for Veff to one-loop in a general QFT with fields of spin s ≤ 1.

Foundation of the original Coleman-Weinberg method

The effective action can be functionally expanded as,

Γ[ϕc] =
∞∑
n=0

1

n!

∫
d4x1...d

4xnϕc(x1)...ϕc(xn)Γ
(n)(x1, ..., xn), (II.10)

where Γ(n) are the one-particle irreducible (1PI) Green functions.3 The Fourier trans-
formed quantities read,

Γ(n)(x1, ..., xn) =

∫ n∏
i=1

[
d4pi
(2π)4

eipixi
]
(2π)4δ4(p1 + ...+ pn)Γ

(n)(p), (II.11)

ϕ̃(p) =

∫
d4xe−ipxϕc(x), (II.12)

which upon insertion into Eq. (II.10) yields,

Γ[ϕc] =
∞∑
n=0

1

n!

∫ n∏
i=1

[
d4pi
(2π)4

ϕ̃(−pi)
]
(2π)4δ4(p1 + ...+ pn)Γ

(n)(p1, ..., pn). (II.13)

Assuming translational invariance, Eq. (II.12) reduces to ϕ̃(p) = (2π)4ϕcδ
4(p). Plug-

ging this result into Eq. (II.13), using
∫
d4x = (2π)4δ4(0), and recalling the definition in

Eq. (II.8), we arrive at

Veff [ϕc] = −
∞∑
n=0

1

n!
ϕncΓ

(n)(pi = 0). (II.14)

Hence, we have demonstrated that Veff is given by the sum of all 1PI Greens functions
with zero external momenta. Eq. (II.14) states that to calculate the effective potential to
a given loop order, one has to appropriately sum all 1PI graphs with n external ϕ legs
carrying zero external momenta to that given loop order. This was the method originally
used by Coleman and Weinberg in their seminal paper [112]. For pedagogical examples of
how to calculate Veff using this method, see e.g. [114]. A drawback of this method is that it
requires combinatorial considerations (from summing and evaluating loop diagrams) that
become highly cumbersome beyond one loop.

Functional-integral method

In this thesis, we will consider the effective potential to one loop. One can then quite
straightforwardly compute the effective potential using functional methods, as initially
developed by Jackiw [115], as an alternative to carrying out the infinite sum in Eq. (II.14).
Since most theses and pedagogical reviews encountered by the author that compute the

3For a pedagogical proof of this, see e.g. [113].
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effective potential to one loop use the method by Coleman and Weinberg [112], we decided
to present the functional-integral approach. We will first consider the scalar field theory
in Eq. (II.4), following the textbook discussion in Ref. [113], before we sketch how the
calculation generalizes to QFTs of the type that we will eventually be interested in.

The Lagrangian of the scalar field can be split into a renormalized part LR and a part
containing the counterterms,

L = LR + δL. (II.15)

We can split the source as J(x) = JR(x) + δJ , with JR(x) defined by

δLR
δϕ

∣∣∣∣∣
ϕ=ϕc

+ JR(x) = 0. (II.16)

With these definitions in place, Eq. (II.4) can be written as,

eiW [J ] =

∫
Dϕ ei

∫
d4x(LR[ϕ]+JRϕ)ei

∫
d4x(δL[ϕ]+δJϕ). (II.17)

Writing ϕ as the classical field plus a quantum fluctuation, ϕ = ϕc + ϕ̃, one can write the
first exponent in the equation above as∫

d4x (LR + JRϕ) =

∫
d4x (LR[ϕc] + JRϕc) +

∫
d4xϕ̃(x)

δLR
δϕ

∣∣∣∣∣
ϕ=ϕc

+ JR(x)


+

1

2

∫
d4xd4yϕ̃(x)ϕ̃(y)

δ2LR
δϕ(x)δϕ(y)

∣∣∣∣∣
ϕ=ϕc

+ ... (II.18)

where higher-order terms have been neglected as they give rise to higher-order correc-
tions [113]. The integrand in the second exponent in Eq. (II.17) can be written as

(δL[ϕc] + δJϕc) +
(
δL[ϕc + ϕ̃]− δL[ϕc] + δJϕ̃

)
. (II.19)

Here, it is consistent to neglect the second term on the right-hand side, as it gives
contributions that can be included in the terms neglected in Eq. (II.18). Combining
Eqs. (II.17), (II.18), and (II.19), we then obtain

eiW [J ] = ei
∫
d4x(LR[ϕc]+δL[ϕc]+Jϕc)

∫
Dϕ̃e

i
2

∫
d4xd4yϕ̃(x)

δ2LR
δϕ(x)δϕ(y)

ϕ̃(y)
+ ...

= ei
∫
d4x(LR[ϕc]+δL[ϕc]+Jϕc)

[
det

(
−δ

2LR
δϕδϕ

)]−1/2

+ ..., (II.20)

where we in the second step performed a standard bosonic Gaussian integral and ignored
an overall (unphysical) normalization constant. From this result and the definition in
Eq. (II.6) it immediately follows that

Γ[ϕc] =

∫
d4x (LR[ϕc] + δL[ϕc]) +

i

2
log det

(
−δ

2LR
δϕδϕ

)
. (II.21)

Upon using the following identity for a generic operator M ,

log detM(x− y) =
∫
d4x

∫
d4p

(2π)4
tr logM(p), (II.22)

19



CHAPTER II. THEORETICAL BACKGROUND

and the definition of the effective potential in Eq. (II.8), one arrives at

Veff [ϕc] = −LR[ϕc]− δL[ϕc]−
i

2

∫
d4p

(2π)4
Tr log

(
−δ

2LR(p)
δϕδϕ

)
. (II.23)

In a theory of a relativistic scalar field, the quadratic contribution is of the generic form(
−δ

2LR
δϕδϕ

)
= δ4(x− y)(∂2 +m2(ϕc)) (II.24)

which gives a one-loop effective potential of the following form

Veff [ϕc] = −VR[ϕc]− δV [ϕc]−
i

2

∫
d4p

(2π)4
Tr log

(
−p2 +m2(ϕc)

)
. (II.25)

Here, VR denotes the tree-level potential in renormalized perturbation theory, and δV
denotes the counterterms arising from the tree-level potential.

It is not difficult to generalize the discussion above to a theory encompassing gauge
fields and fermions coupling to the scalar field ϕ. Since only Abelian gauge fields will
be of direct relevance to our work, we will stick to the Abelian case, thereby avoiding
complications related to ghosts. Specifically, let us consider a theory of a complex scalar
field ϕ ≡ 1√

2
(ϕ1+ iϕ2), where ϕi are real, which is charged under a gauged U(1) symmetry.

We also include nf fermions, {ψf}, an Abelian gauge field, Aµ, and ns additional scalars
{ss} that are uncharged under the gauged U(1). The generating functional for such a
theory takes the form

Z[J ] = eiW [J ] =

∫
Dϕ

n∏
f=1

Dψ̄fDψf
n∏
s=1

DssDAei
∫
d4x(LR+JRϕ)ei

∫
d4x(δL+δJϕ)

=

∫
Dϕ

n∏
f=1

Dψ̄fDψf
n∏
s=1

DssDAeiS[ϕ,s,ψ,A,J ] (II.26)

and the most general renormalizable Lagrangian in Rξ gauge (see e.g. [113]) takes the
schematic form

LR = −1

4
F 2
µν −

1

2ξ
(∂µAµ)

2 + |Dµϕ|2 +
n∑
s=1

1

2
∂µss∂

µss − V (ϕ, s)

+

nf∑
f=1

ψ̄f (i /D −mf (ϕ))ψ. (II.27)

To evaluate the effective potential to one loop, we first need to perform a background-field
expansion similar to Eq. (II.18), neglecting terms of cubic and higher order in quantum
fluctuations of ϕ, as in Eq. (II.20). The result takes the following form,

S[ϕ, s, ψ,A, J ] =

∫
d4x d4y

[
−1

2
Aµ(x)i∆

−1
µν (ϕc;x− y)Aν(y)−

1

2
ϕ̃a(x)iD

−1
ab (ϕc;x− y)ϕ̃b(y)

]
+

∫
d4x d4y

[
−1

2
sa(x)iS

−1
ab (ϕc;x− y)sb(y)− ψ̄a(x)iM−1

ab (ϕc;x− y)ψb(y)
]

+

∫
d4xeAµ(x)ϵabϕ

a
c∂µϕ

b(x)−
∫
d4x [V (ϕc, s = 0) + δV (ϕc, s = 0)− Jϕc] ,

(II.28)
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where the exact form of the operators ∆−1, D−1, S−1, M−1, can be determined from
Eq. (II.27). We are now in a position to highlight two points: First, in the Landau
gauge, ∂µA

µ = 0 with ξ = 0, the kinetic-mixing terms between A and ϕi in the third
line of Eq. (II.28) vanish upon integration by parts. This simplifies the 1-loop calculation
significantly, and is one reason for why calculations of Veff are often carried out with
this choice of gauge, as will be done by us from this point. The second point is that by
comparing Eq. (II.26) and (II.28), we see that we are only left with a handful of Gaussian
integrals. Hence, by repeating the steps leading to Eq. (II.23), we obtain

Veff [ϕc] = VR[ϕc, s = 0] + δV [ϕc, s = 0]− i

2

∫
d4p

(2π)4
Tr log

(
−i∆−1(ϕc; p)

)
− i

2

∫
d4p

(2π)4
Tr log

(
−iD−1(ϕc; p)

)
− i

2

∫
d4p

(2π)4
Tr log

(
−iS−1(ϕc; p)

)
+ i

∫
d4p

(2π)4
Tr log

(
−iM−1(ϕc; p)

)
, (II.29)

where the relative difference of (−2) in the fermionic coefficient stems from the difference
in bosonic and fermionic Gaussian integrals. This result can be written as,

Veff [ϕc] = V0[ϕc] + V1[ϕc], (II.30)

V0[ϕc] = VR[ϕc, s = 0], (II.31)

V1[ϕc] = δV [ϕc, s = 0]− i(d− 1)

2

∫
ddp

(2π)d
Tr log

(
−p2 +m2

A(ϕc)
)

− i

2

2∑
a=1

∫
ddp

(2π)d
Tr log

(
−p2 +m2

ϕa(ϕc)
)
− i

2

ns∑
j=1

∫
ddp

(2π)d
Tr log

(
−p2 +m2

sj (ϕc)
)

+ i

nf∑
j=1

Nj

∫
ddp

(2π)d
Tr log

(
−p2 +m2

fj
(ϕc)

)
, (II.32)

where m(ϕc) denotes background-field dependent masses, Nj denotes the number of de-
grees of freedom (DoF) of the j’th fermion (Nj = 4 (2) for Dirac (Majorana)), and d−1 = 3.
From this form of the one-loop potential, one can straightforwardly derive the well-known
formulas for V1 collected below.

II.1.2 Zero-temperature contribution

Carrying out the integrals in Eq. (II.32) in dimensional regularization, and imposing the
MS renormalization scheme to fix δV [116], one obtains the standard result [112]

V MS, Landau
eff [ϕc, T = 0] = V0[ϕc] + V1[ϕc], (II.33)

V0[ϕc] = VR[ϕc, s = 0], (II.34)

V1[ϕc] =
1

64π2

∑
i

(−1)2si(1 + 2si)m
4
i (ϕ)

[
log

m2
i (ϕc)

µ2
− Ci

]
, (II.35)

where the sum runs over all real scalar, Weyl fermion, and vector boson DoFs. si denotes
the spin of the i’th field, and Ci = 3/2 for scalars and fermions and 5/6 for gauge bosons.
In Landau gauge, all three degrees of freedom of each massive vector boson and the one
DoF of each Goldstone scalar must be counted [117].
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Renormalization-group improved effective potential

Next, we discuss the renormalization-group (RG) improved effective potential. Let αc
denote (an appropriate normalization of) the most dominant coupling entering Eq. (II.35).

For the perturbative result in Eq. (II.35) to be reliable, the combination αc log
(
ϕ2c
µ2

)
, must

be small.4 Since the renormalization scale µ is arbitrary, one can always choose it such

that αc log
(
ϕ2c
µ2

)
is small for a given ϕc. However, if one is interested in the effective

potential across a range in field space from ϕ1 to ϕ2, then αc log
(
ϕ1
ϕ2

)
has to be small for

reliable results. In our applications, we will consider large regions in field space, where
this condition is doomed to fail. One then has to consider the so-called RG improved
effective potential, which is reliable for any field values as long as αc remains small. The
defining equation of the RGE improved effective potential follows from the statement that
Veff cannot depend on the arbitrary choice of µ,

dVeff
dµ

= 0 =⇒
(
µ
∂

∂µ
+ β(gi)

∂

∂gi
− γϕ ∂

∂ϕc

)
Veff = 0, (II.36)

where β(gi) denotes the beta function associated with the coupling gi, and γ denotes the
anomalous dimension of ϕ. In the next chapter, we will verify that upon performing the
following promotions in the potential Eq. (II.33), the RGE in Eq. (II.36) will be satisfied
to one loop: ϕ2c → Zϕϕ

2
c (where Zϕ denotes the one-loop wave-function renormalization),

introducing t = log
(
µ(ϕc)
M

)
where µ(ϕc) = ϕc and M is a fixed mass scale, and promoting

couplings λ to running couplings λ(t).

II.1.3 Finite-temperature contributions

Thermal effects play an important role in cosmological phase transitions in the hot early
universe [118–121]. Operationally, using the imaginary-time formalism one obtains the
leading thermal corrections to Veff as follows (see e.g. [91, 122] for details). Wick rotate
the integrals in Eq. (II.29), replace four momenta as follows, pµ → (iωn, k⃗), where k⃗
denotes the usual three-momentum and ωn are the Matsubara frequencies [123]

ωn =

{
2nπT, for bosons

(2n+ 1)πT, for fermions
(II.37)

and replace integrals over p0 with sums over Matsubara modes∫
dp0

2π
→ T

∞∑
n=−∞

. (II.38)

The resulting equation for the one-loop corrections to the effective potential becomes,

∆V1(ϕc, T ) =
T

2

∑
i

(−1)2si(1 + 2si)
∞∑

n=−∞

∫
d3k

(2π)3
log[k2 + ω2

n +m2
i (ϕc)]

+ δV [ϕc, s = 0], (II.39)

4Here we are implicitly ignoring the possibility of a dimensionful coupling, m2, that could shift the

relation to αc log
(

m2(ϕc)+m2

µ2

)
, since there will be no couplings with (classical) scaling dimension different

from zero in the classically conformal model considered in the next chapter of this thesis.
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II.1. EFFECTIVE POTENTIAL

Figure II.1: Illustration showing a diagram of Daisy type.

in the notation described below Eq. (II.35). This equation can be recast as the
temperature-independent Coleman–Weinberg potential in Eq. (II.35) plus the following
thermal correction [120],

V Landau
T =

T 4

2π2

 ∑
i, bosons

(2si + 1)JB

(
m2
i (ϕc)

T 2

)
−

∑
i, fermions

(2si + 1)JF

(
m2
i (ϕc)

T 2

) ,
(II.40)

where

JB(y
2) =

∫ ∞

0
dk k2 log

[
1− e−

√
k2+y2

]
, (II.41)

JF (y
2) =

∫ ∞

0
dk k2 log

[
1 + e−

√
k2+y2

]
. (II.42)

Daisy resummation

It is well known that finite-temperature perturbation theory breaks down at high temper-
atures [119,120,124,125]. When the temperature T becomes large compared to a bosonic
mass scale, it effectively leads to a temperature enhancement of an associated coupling of
the form λ → λ Tm , which spoils the perturbative expansion when T ≫ m. The problem
manifests itself when considering daisy (ring) diagrams shown in Fig. II.1 for the case of
a λϕ4 interaction. Let the inner loop be the i’th Matsubara mode of the field, then the
contribution from a diagram with N − 1 petals goes schematically as5

TλN+1

[∫
d3p

(2π)3
1

(p2 +m2
Ti
)N

] [∑∫
Q

1

Q2

]N
∼ Tλm3

Ti

(
T 2λ

m2
Ti

)N
, (II.43)

where Q denotes momenta in a petal, and we have defined m2
Ti

= m2 + ω2
i . For modes

with |i| > 0, one has m2
Ti

≳ (2πT )2, and higher-order corrections with N ≳ 2 are paramet-

rically suppressed by λN .6 However, for the bosonic zero mode, we see that higher-order
perturbative corrections do not scale as λ but rather as λT 2

m2 , which breaks perturbation
theory for T ≫ m and is even (IR) divergent in the limit m→ 0.

The simplest method to deal with this breakdown of perturbation theory is to re-
sum the leading infrared-divergent contributions in a process known as daisy resumma-
tion [127, 128]. To perform the resummation, one first calculates the thermal corrections

5An overview of sumintegrals can be found e.g. in Appendix A in [126].
6The same is true for all fermionic modes.
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to the bosonic zero modes. In particular, one resums the one-loop thermal self-energy
corrections Πi(T ), commonly known as thermal masses, to the bosonic propagators at
high temperature and vanishing external momentum, which corresponds to the infrared
(IR) limit. Then, the bosonic contributions to the effective potential are updated by re-
placing m2

i (ϕc)→ m2
i (ϕc) +Πi(T ) for bosonic zero modes of scalar fields and longitudinal

modes of vector fields.7 This leads to the following modification of the effective potential
in Eq. (II.39)

∆V resum
1 (ϕc, T ) = ∆V1(ϕc, T ) +

T

12

∑
b

∫
d3k

(2π)3
[
log[k2 + (m2

b +Πb)]− log[k2 + (m2
b)]
]
,

(II.44)

where the sum runs over scalar fields and longitudinal modes of vector bosons. The result
can be conveniently written as [128]

∆V resum
1 (ϕc, T ) = ∆V1(ϕc, T ) + VDaisy, (II.45)

VDaisy = − T
12

∑
b

[
(m2

b +Πb)
3/2 −m3

b

]
. (II.46)

In summary, the full one-loop effective potential that we will make use of can be written
as

Veff(ϕ, T ) = VT=0 + VT + VDaisy, (II.47)

where VT=0 can be determined from Eqs. (II.35) and (II.36), VT from Eq. (II.40), and
VDaisy from Eq. (II.46).

II.2 First-order phase transition and gravitational waves

In the high–temperature limit, the effective potential is dominated by VT , whose leading
contribution scales as ϕ2cT

2, ensuring a global minimum at ϕc = 0 and thus symmetry
restoration for sufficiently high temperatures. Consequently, theories exhibiting sponta-
neous symmetry breaking may have undergone a symmetry-breaking PT after the hot
Big Bang, if the maximal temperature in the early universe was sufficiently high for the
symmetry to be restored [129].

As the temperature drops, the emergence of a new global minimum, ϕc ̸= 0, can proceed
in two qualitatively different ways. In a FOPT, a local minimum separated from the true
minimum at ϕc = 0 by a potential barrier emerges. This situation is illustrated in the left
panel of Fig. II.2. At the critical temperature, Tc, the two minima become degenerate. At
lower temperatures, ϕc = 0 is reduced to a local minimum, implying a discontinuity in the
position of the global minimum of Veff as a function of temperature at Tc. The transition of
the field from the local minimum at ϕc = 0 to the global minimum proceeds through either
quantum tunneling or thermal fluctuations. This should be contrasted with a higher-order
phase transition, where the global minimum evolves continuously from ϕc = 0 to ϕc ̸= 0
as a function of temperature, as illustrated to the right in Fig. II.2.

In the remainder of this section, we focus on FOPTs, presenting the transition rate and
relevant thermodynamic quantities that characterize their associated GW production in
the early universe.

7Transverse modes do not acquire a thermal mass and are therefore not resumed in the Daisy procedure.
In fact, transverse modes of non-abelian gauge fields cause IR issues at higher order in perturbation theory:
the so-called Linde problem [124].
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Figure II.2: Qualitative illustration of how the effective potential changes as a function of
temperature for a FOPT (left) and a higher-order PT (right).

Figure II.3: Left: Illustration showing bubbles of true vacuum nucleating and expanding
in a sea of false vacuum. Right: Illustration of the universe around the time of percolation.

II.2.1 Formation of bubbles

As the universe cools down, the field localized in the false vacuum has to transition to the
true vacuum. True vacuum nucleates at localized positions in spacetime, as quantum or
thermal fluctuations drive the field through or above the potential barrier, respectively.
This leads to the formation of extended bubbles in space, which contain the energetically
favored ground state.

The nucleation rate per unit volume due to quantum fluctuations and thermal fluctua-
tions can be obtained using semiclassical methods, and the result reads [130–133]

Γn ∼


R−4

0

(
SE,4

2π

)2
e−SE,4 , for quantum tunneling,

T 4
(
SE,3

2πT

)3/2
e−SE,3/T , for thermal fluctuations.

(II.48)

Here R0 denotes the initial radius of the nucleated bubble, and SE,d the d-dimensional
Euclidean action

SE,d = Ωd

∫ ∞

0
dr

[
1

2

(
dϕb
dr

)2

+ Veff(ϕb)

]
, (II.49)

where Ωd is the d-dimensional solid angle, and d = 4 (3) for vacuum decay via quantum
tunneling (thermal fluctuations). The O(d) symmetric bounce field configuration, ϕb, is
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the solution to the following equation of motion,

d2ϕb
dr2

+
d− 1

r

dϕb
dr

=
dVeff
dϕb

, (II.50)

with boundary conditions,8

ϕb(r →∞) = 0,
dϕb
dr

∣∣∣∣∣
r=0

= 0, (II.51)

ensuring finite action and regularity, respectively. From here on, we will only consider
bubble-nucleation from thermal fluctuations, as this will provide the dominant contribu-
tion in later applications, and we will denote the Euclidean bounce action by S3. The
latter will be calculated numerically using the FindBounce package [134].

With the nucleation rate at hand, it is useful to introduce characteristic temperature
scales associated with different stages of the FOPT. The nucleation temperature Tn, which
characterizes the onset of bubble nulceation, is commonly defined as

Γn(Tn) = H4(Tn), (II.52)

which corresponds to the emergence of approximately one bubble per horizon. Here H
denotes the Hubble parameter, given by

H2 =
ρ

3M2
P

, (II.53)

where MP is the reduced Planck mass and ρ is the energy-density of the universe. For our
purposes, the energy-density can be decomposed into a sum of radiation energy-density
ρR, vacuum energy-density ρV , and additional (unspecified) energy-density ρA

ρ = ρR + ρV + ρA, ρR =
π2

30
g∗(T )T 4, ρV = ∆Veff . (II.54)

Here g∗(T ) denotes the number of thermal relativistic degrees of freedom at temperature
T , and ∆Veff denotes the potential difference between the true and the false vacuum.
The nucleation temperature is lower than the critical temperature, and the separation
between Tn and Tc is referred to as supercooling, with strong supercooling corresponding
to Tn ≪ Tc.

The nucleation temperature does not provide a reliable measure of the completion of the
phase transition. To this end, the percolation temperature T∗ is introduced as described in
the following. The probability, P (T ), that a point remains in the unstable vacuum while
the universe undergoes adiabatic expansion is given by [135,136]

P (T ) = e−I(T ), (II.55)

I(T ) =
4π

3

∫ Tc

T

dT ′Γ(T ′)v3w
(T ′)4H(T ′)

(∫ T ′

T

dT̃

H(T̃ )

)3

, (II.56)

where vw denotes the wall velocity of the expanding bubble. Although nucleation is a
stochastic process, a large connected cluster is highly likely to form at a critical threshold
of the true vacuum fraction, known as the percolation threshold, see [137] and references

8Here, we assume that the false vacuum corresponds to ϕb = 0. More generally, if the false vacuum is
located at ϕf

b , then the first condition below becomes ϕb(r → ∞) = ϕf
b .
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therein for details. The temperature measure of the percolation threshold in cosmological
phase transitions is commonly defined as [138]

I(T∗) = 0.34, (II.57)

which corresponds to P (T∗) ≈ 0.7. However, the probability measure in Eq. (II.55) can be
a misleading measure of progress for the phase transition if the universe is dominated by
vacuum energy [139, 140], in which case the false vacuum is inflating and the percolation
criterion in Eq. (II.57) is insufficient to guarantee a successful completion of the phase
transition. This observation motivates the following necessary condition to guarantee
successful completion of the phase transition: In addition to the requirement in Eq. (II.57),
the physical volume of the false vacuum should decrease around the time of percolation.
This statement translates into the following relation [141]

3 + T
dI

dT
< 0. (II.58)

Once Eq. (II.58) is satisfied, the fraction of physical space remaining in the false vacuum
decreases, and the transition should complete successfully.

II.2.2 Characteristic parameters

In addition to the temperature scales introduced above, several additional characteristic
parameters are required to characterize a cosmological FOPT and the associated GW
production. These parameters are discussed in the next two subsections.

The strength of the FOPT, α, is commonly parametrized by the energy density released
in the transition (latent heat) normalized to the radiation-energy density at the time of
the transition,

α ≡ 1

ρR

(
∆V − T

4

∂∆V (T )

∂T

) ∣∣∣∣∣
T∗

. (II.59)

As reviewed below, the GW amplitude depends on the size of α.

A second key parameter is the duration of the transition, controlled by how steeply the
bounce action S3/T falls near the nucleation temperature Tn. If S3/T decreases rapidly,
the dimensionless ratio, Γ/H4, can become much greater than one shortly after nucleation,
leading to many bubbles per Hubble volume and a fast completion. A shallow slope in
S3/T yields the opposite behavior. The time scale is conventionally characterised by9

β

H
≈ T∗

d

dT

S3
T

∣∣∣∣∣
T∗

. (II.60)

Equivalently, the duration of the FOPT can be parametrized by the average bubble radius
R∗ at the time of percolation [141,142],

R∗ =
[
v3wT∗

∫ Tc

T∗

T 2
∗

(T ′)2
dT ′

(T ′)2
Γ(T ′)
H(T ′)

e−I(T
′)

]−1/3

. (II.61)

9This expression is obtained by defining β ≡ ∂tΓ
Γ

, which leads to β
H

= 1
H

d log Γ
dt

= d log Γ
d log a

≈ −T d log Γ
dT

≈
T d

dT
S3
T
, where one assumes an adiabatically expanding universe, i.e. a3s(T ) = constant, and the last step

neglects the temperature-dependence of the prefactor in Eq. (II.48).
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The two scales in Eq. (II.60) and (II.61) are related by β = Max[vw, cs]η
R∗

, where cs = 1/
√
3

is the sound speed in the plasma [141,142], and a standard choice for the proportionality
factor is η = (8π)1/3 [143], while simulations have shown η ≈ 5 for strongly supercooled
transitions [144].10

Next, let us consider a nucleated bubble. If the region inside the bubble where dϕc
dr

deviates significantly from zero is much smaller than the bubble size, then the bubble is
said to have a thin wall. However, even if the initial bubble profile does not exhibit a
thin wall shortly after nucleation, it is possible to associate a thin-wall radius R0 to it as
follows,

Vthin−wall =
4π

3
[Veff(0, Tn)− Veff(ϕin(r = 0), Tn)]R

3
0. (II.62)

R0 is determined by requiring that Vthin−wall equals the potential energy of the physical
bubble,

Vinitial = 4π

∫
r2 dr Veff(ϕin(r), Tn). (II.63)

In Ref. [145], it was demonstrated that utilizing R0 as an input variable enables an analytic
approximation of the wall energy Ewall, i.e. the energy stored in the bubble wall of the
expanding bubble, that is in good agreement with results obtained by simulating the
expanding bubble.

The expansion of the bubble is driven by ∆Veff . Meanwhile, the thermal plasma sur-
rounding the bubble exerts friction on it, resulting in a total pressure difference across the
wall given by

∆P = ∆Veff − P1→1 − P1→N . (II.64)

Here

P1→1 ≈
∑
i

ciki
24

M2
i T

2
∗ , (II.65)

is the LO pressure contribution corresponding to friction from particles that gain mass in
the transition [146]. The sum in Eq. (II.65) runs over all particles i that gain mass in the
phase transition, ci = 1 (1/2) for bosons (fermions), and ki denote the (massive) DoFs of
species i. The second (NLO) contribution in Eq. (II.64) accounts for transition radiation
at the wall. Different studies have obtained different results for the scaling of P1→N with
the Lorentz factor of the bubble wall γ [147–150]. We will adapt the result of Ref. [147],
where P1→N scales as γ2, which presents the most conservative estimate.11 By setting
∆P = 0, one obtains the equilibrium value for γ,

γeq ≈
√

∆Veff − P1→1

P1→N/γ2
. (II.66)

10This is the first and last time we mention β in this thesis, and we will only work with the quantity R∗
defined in Eq. (II.61) from here on.

11Following Ref. [147], there has been growing consensus that the NLO pressure scale with γ1 up to
logarithmic corrections [148,149], see also the very recent paper [151], and it would be interesting to revisit
our results using P1→N ∼ γ in the future. We expect that setting PNLO ∼ γ will lead to larger values for
γeq, which is defined via the relation ∆Veff = P1→1 + PNLO(γeq), and that this will increase the region
of parameter space where the transition is of runaway nature and where the GW production is primarily
sourced by bubble collisions (with κcol ≈ 1, see Eq. (II.68) below).
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At the (average) time of bubble collisions, γ takes the following value [145]

γ∗ = Min[γ̃∗, γeq], γ̃∗ =
2R∗
3R0

. (II.67)

Here γ̃∗ < γeq corresponds to a runaway transition, meaning that bubbles keep accelerating
until the time of collision. For γ̃∗ > γeq bubbles reach a terminal velocity before colliding.
Using these parameters, the bubble collisions efficiency factor, κcol, can be expressed
as [152]

κcol =
Ewall

EV
=


[
1− 1

3
γ̃2∗
γ2eq

] (
1− α∞

αn

)
γ̃∗ < γeq,

2γeq
3γ̃∗

[
1− α∞

αn

]
γ̃∗ > γeq,

, (II.68)

where

EV =
4πR3

∗∆V (T∗)
3

, α∞ =
P1→1

ρR(T∗)
. (II.69)

As we will see below, the bubble-efficiency factor determines the relative importance of
bubble collisions as a GW source.

Next, we briefly comment on the bubble-wall velocity, vw. For strongly supercooled
FOPTs, it is safe to assume that the bubbles approach the speed of light. In scenarios
without strong supercooling, bubbles may acquire a subluminal terminal velocity. De-
termining the bubble-wall velocity in such a case is nontrivial and beyond the scope of
our work.12 Instead, we will assume that the bubble wall velocity satisfies vw ≈ 1. This
requires α > α∞ [145], and we will therefore restrain our analysis to parts of parameter
space where this condition is satisfied. However, we note that a crude estimate of vw can
be obtained by adapting the Chapman-Jouget velocity [154],

vw(α) =

√
1/3 +

√
α2 + 2α/3

1 + α
. (II.70)

In our analysis, we verify compatibility between the two diagnostics of when vw signifi-
cantly deviates from 1.

II.2.3 Gravitational wave spectra and detection

Next, we will consider GW production associated with FOPTs. Due to the weakness of
gravity, GWs propagate freely from their time of production until today. Therefore, they
offer a clean probe of the process(es) that sourced them, and can be used to probe energy
scales far beyond the reach of particle colliders, as explained in Chapter I. Below, we will
review how the characteristic parameters introduced above can be used to parametrize
GW production from a FOPT, focusing on aspects of direct relevance to our study. The
interested reader is referred to [155] and references therein for more on cosmological back-
grounds of GWs.

We consider three sources through which the nucleated bubbles can source GWs; bubble
collisions, sound waves, and turbulence in the thermal plasma. For γ̃∗ < γeq, a large
fraction of the vacuum energy is used to accelerate the bubble walls, making bubble
collisions the dominant source of GWs. In the opposite regime, γ̃∗ > γeq, a terminal

12We note that a new package for calculating the wall velocity recently became available, which might
make determining vw accurately more feasible in future studies [153].
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velocity is reached, and the fraction of the total released energy going into the bubble
wall decreases rapidly. The dominant energy fraction is then transferred into kinetic and
thermal energy of the surrounding plasma, making plasma contributions the dominant
GW source.

Following Ref. [152], we employ results from many-bubble simulations in the thin-wall
approximation to estimate the GW spectrum sourced by bubble collisions in supercooled
transitions. The quantity of interest is ΩGW(f) ≡ 1

ρc
dρGW
d log f , where ρGW is the energy density

of GWs, ρc is the critical energy-density of the universe, and f denotes GW frequency.
The template takes the form [156],

Ωcol,∗(f) = 2.3 · 10−3(R∗H∗)2
(
κcolα

1 + α

)2
[
1 +

(
f

fd

)−1.61
](

f

fcol

)2.54

×
[
1 + 1.13

(
f

fcol

)2.08
]−2.30

, (II.71)

Here H∗ denotes the Hubble rate at percolation, fd is given by

fd = 0.044R−1
∗ , (II.72)

and the peak frequency reads

fcol = 0.28R−1
∗ . (II.73)

Propagation of sound waves is sourced by the remaining fraction of the released vacuum
energy, (EV −Ewall)/EV . There is a characteristic time scale associated with the so-called
sound-wave period

τsw = min

[
1

H∗
,
R∗
Uf

]
, (II.74)

after which the plasma enters a non-linear regime where GWs are sourced by turbulence.
Here, Uf denotes the root-mean-square fluid velocity, which can be estimates as [157],

U2
f ≈

3

4

αeff

1 + αeff
κsw, (II.75)

where κsw is the efficiency factor for GW production from sound waves [158],

κsw =
αeff

α

αeff

0.73 + 0.083
√
αeff + αeff

, αeff = α(1− κcol). (II.76)

An upper limit on the energy transfer into GWs from the plasma was obtained in [145],
by assuming that the energy left in the plasma motion at time τsw is transferred to tur-
bulence without heat loss to the plasma. The spectrum of GWs sourced by sound waves
and turbulence then take the following form [145],

Ωsw,∗(f) = 0.384(τswH∗)(R∗H∗)
(
κswα

1 + α

)2( f

fsw

)3
[
1 +

3

4

(
f

fsw

)2
]−7/2

, (II.77)

Ωturb,∗(f) = 6.85(R∗H∗)(1− τswH∗)
(
κswα

1 + α

)3/2

(
f

fturb

)3 [
1 +

(
f

fturb

)]−11/3

1 + 8πf/H∗
, (II.78)
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respectively. By inspecting the expressions above, one can see that if non-linearities do
not develop in the plasma within a Hubble time, then the GW production from turbulence
vanishes. Finally, for vw ≈ 1, the peak frequencies for GWs sourced by sound waves and
turbulence read [145,152],

fsw ≈ 8R−1
∗ , (II.79)

fturb ≈ 9.1R−1
∗ , (II.80)

respectively.

Finally, let us mention that the GW templates presented above were state-of-the art at
the time when we initiated our calculations. Later, other templates have been suggested,
see for example Ref. [159] and references therein. This, however, does not invalidate our
general approach and our conclusions.

Redshift and detection

To compare the predicted GW signal with present-day observations, we must account for
the redshift from production to today. Relevant results are reviewed below, including
the possibility of an intermediate matter-dominated era driven by the symmetry-breaking
scalar ϕ [152,160].

Following the completion of the FOPT, the matter energy density ρϕ and radiation
energy density ρR can be tracked via the following Boltzmann equations,

aH
dρR
da

+ 4HρR = Γϕρϕ, (II.81)

aH
dρϕ
da

+ 3Hρϕ = −Γϕρϕ, (II.82)

where

H2 =
ρR + ρϕ
3M2

P

, (II.83)

and Γϕ denotes the decay rate of the symmetry-breaking scalar field ϕ. Here, MP denotes
the reduced Planck mass. The equations are solved from the time of percolation, where
the initial conditions read [152]

ρϕ∗ = 3M2
PH

2
∗κcol

α

1 + α
, (II.84)

ρR∗ = 3M2
PH

2
∗ (1− κcol)

α

1 + α
. (II.85)

As can be seen from the equations above, a significant intermediate period of matter
domination can be realized if Γϕ is small and the bubble-collision efficiency factor is non-
negligible.

Finally, by introducing an additional characteristic parameter, ax, parametrizing when
ρR becomes negligible to ρϕ , the GW abundance observed today can be expressed as [152],

ΩGW,0(f) =


(
a∗
a0

)4 (
H∗
H0

)2
ΩGW,∗

(
a0
a∗
f∗
)
, for f > f∗(

af
a0

)4 (Hf

H0

)2
ΩGW,∗

(
a0
a∗
f∗
)(

f
f∗

)3
, for f < f∗,

. (II.86)

where,

2πf = afHf , 2πf∗ = a∗H∗, (II.87)
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and (
a

a0

)4( H

H0

)2

= 1.67 · 10−5h−2

(
100

geff(Tx)

)1/3( a

ax

)4( H

Hx

)2

, (II.88)

a0
a∗

= 1.3× 1015
(

Tx
100GeV

)(
geff(Tx)

100

)1/3 ax
a∗
. (II.89)

Here, the subscript ”x” denotes that the quantity is evaluated at a = ax. We will use
ρϕ(ax)
ρR(ax)

= 0.1 in our calculations.

Finally, to quantify the observability of the resulting GW signal in Eq. (II.86), we will
compute the signal-to-noise ratio (SNR) for selected detectors using

SNR =

√
T
∫ fmax

fmin

df

(
ΩGW,0h2

Ωsensh2

)2

. (II.90)

Here T denotes the duration of collecting data for the considered experiment. The term in
the denominator, Ωsensh

2, denotes the noise curve of the relevant detector, which we take
from [161]. In our study, we consider (projected sensitivity for) the following experiments:
LISA [162], BBO and DECIGO [163,164], aLIGO + aVirgo + Kagra [165–167], ET [168],
and CE [169,170].

Final comments

There are various sources of theoretical uncertainty entering the calculations presented
so far. For the sake of transparency, we point out some of the uncertainties that will
not be considered in our work, referring the interested reader to [137, 171, 172] and refer-
ences therein for further details and estimates of the impact that the various sources have.
We calculate the effective potential in Landau gauge, however, the effective potential is
not gauge invariant away from the minimum. The effective potential has higher-order
µ-dependence. Higher-order thermal effects can be important, and new calculation ap-
proaches are being explored, see e.g. [173–175]. As is customary, we model all bubbles to
be of similar size at the time of percolation, rather than as a distribution [176].

In Chapter III, we will, however, consider the impact of using different schemes for Daisy
resummation, previously neglected thermal mass contributions, and differences in using
the full one-loop RGE improved effective potential and selected simpler approximations.

II.3 Cosmic strings

The next topic that we will review is cosmic strings. In Chapters III and IV, we explore
BSM scenarios that extend the SM gauge group by a U(1)B−L symmetry and examine the
cosmological consequences of its spontaneous breaking in the early universe. A generic
prediction of these models is the formation of a network of cosmic strings.13 The following
section provides an overview of key cosmic-string properties relevant to our subsequent
analysis, including a brief summary of the evolution of string networks, and their energy-
loss mechanisms (gravitational radiation and particle emission). Details can be found
in [107,177].

13If the spontaneously broken symmetry is global instead of gauged, then global strings can form, see
e.g. [107] for details.
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Example

The canonical example of a local cosmic string arises from the Abelian Higgs (AH) model,
where the field configuration of a static, straight local cosmic string aligned along the
z-axis is cylindrically symmetric and takes the form [178,179]

ϕ(r) = einθf(r), (II.91)

A = −nα(r)
er

θ̂, (II.92)

in cylindrical coordinates. Here n denotes the winding number of the string, which counts
the number of times the phase of the complex scalar field wraps around the vacuum
manifold when traversing in a closed loop around the string. The functions f(r) and α(r)
are determined by substituting Eqs. (II.91) and (II.92) into the Euler-Lagrange equations
for ϕ and A. Explicit solutions to these equations are not known, but can be obtained
numerically. However, finite energy per unit length and regularity of the string at the
origin dictates,

f(r)→ 1, α(r)→ 1, r →∞, (II.93)

f(0) = α(0) = 0, (II.94)

respectively. The tension of the string, µ, is roughly set by the vev of the symmetry-
breaking field

µ ∼ ⟨|ϕ|⟩2 (II.95)

and the string width is set by m−1
ϕ [107].

Formation and evolution

We now consider the formation and evolution of cosmic string networks, providing a broad
overview and deferring technical discussions to Chapter IV. Recall from the introduction
to this chapter, that a suitable topology of the vacuum manifold (π1(M) ̸= 0) quite
generally implies the existence of cosmic strings in the early universe through the Kibble
mechanism [108]. At formation, the network of strings consists of long strings (making
up the majority) and loops. Shortly after formation, the network may evolve through
a transient friction epoch where interactions with the thermal plasma damp the string
motion. The thermal friction is commonly parametrized by the following effective length
scale [107,180]

lfric ≡
µ

βfricT 3
. (II.96)

Here βfric encodes the interactions between the string and the plasma, and can be O(1)
for Aharonov-Bohm interactions between the string and plasma particles [181]. Thermal
friction is important at high temperatures until 2H ≳ l−1

fric. At lower temperatures, the
following two effects compete about the string evolution:

1. Stretching by Hubble expansion, which can lead the network to dominate the energy
density of the universe.

2. Fragmentation of the string network into loops that decay away.

In particular, loops are formed when string segments cross, which can happen through
self intersection or strings colliding. After a loop is created, it starts to decay by emitting
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gravitational and/ or particle radiation. The two competing effects (1. and 2. above) drive
the network to an attractor solution, in which the charactersitic length scales describing
the network scale with cosmic time (c.f. [182–186] for pioneering work and also [187–190]).

In the following, we will consider properties of cosmic string loops. The energy density
transferred into loops per unit time can be obtained by considering the energy loss from
the network required to maintain scaling, and the result reads [107,191,192],

dρ

dti

∣∣∣∣
loop

=

√
2µCeff(ti)

t3i
, (II.97)

where Ceff parametrizes the loop-formation efficiency. The number density of loops of type
α produced per unit volume and time can then be expressed as

dnα
dti

=
Fα

γαµlα(ti)

dρ

dti

∣∣∣∣
loop

=
Fα
√
2Ceff

γαlα(ti)t3i
, (II.98)

where γα and Fα denote the Lorentz factor and the fraction of energy that goes into loops
of type α with initial length lα(ti) = αti, respectively. Based on the findings of large
Nambu-Goto numerical simulations [190, 193] we will employ a picture where loops are
produced in two categories; big and small [191,192].

• For big loops, we set Fα ≈ 0.1, γα ≈
√
2, and α = 0.1.

• For small loops, we set Fα ≈ 0.9, γα ≈ 50, and α ≈ ΓGµ

The loops shrink by emitting gravitational and particle radiation. When the loop length
becomes comparable to the string width, the loop inevitably overlaps with itself, which
makes it annihilate into a burst of constituent particles. In particular, at early times when

t ≲
w

ΓGµ
, (II.99)

we will assume that the energy which would have gone into small loops with length shorter
than their width is converted directly to particle radiation instead. In the following, we
review how loops shrink by emitting gravitational and particle radiation.

Loop decay

Gravitational radiation: The power of GW emission from a loop is independent of its
length, and reads [107]

PGW = ΓGµ2, (II.100)

where G denotes Newton’s constant and Γ is the GW emission efficiency factor, which we
set to Γ ≈ 50 [194].

Particle radiation: The role of particle radiation as an energy-loss mechanism for loops
has been subject to debate for many years. Different lattice simulations of Abelian Higgs
strings have found that particle radiation provides the dominant energy-loss mechanism
for all loops [195–199], a subdominant mechanism for all loops [200, 201], and dominant
energy-loss mechanism for loops shorter than a characteristic length scale that depends
on its small-scale structure [202]. In our study of non-thermal leptogenesis via particle-
production from cosmic strings in Chapter IV, we will employ the following two descrip-
tions of particle radiation from loops:
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Figure II.4: Illustration of a loop featuring a cusp and a kink.

1. Following the proposal in Ref [203], which is based on simulations in [202], we treat
particle-emission as the dominant energy-loss mechanism for small loops and GW
emission as the dominant channel for big loops. The relevant formulae for loop decay
in this treatment are summarized below.

2. We treat the conversion from loops to particle radiation as instantaneous. This
should be understood as an upper limit on the energy loss from loops to particle
radiation. The energy-density per unit time going into particle radiation is then set
by Eq. (II.97), and the loops have no time to emit GWs.

Loop evolution and GW spectrum from loops

In treatment 1. described above, particle decay is the dominant energy-loss contribution
for l > l∗, where l∗ denotes a critical loop length. Following [192], we model shrinking
loops by assuming that while l > l∗, they shrink by emitting gravitational radiation only,
while for l < l∗, they decay by emitting massive radiation and no gravitational radiation.
The critical size l∗ depends on the small-scale structure of the strings, and manifests itself
as a cutoff for the GW spectra at high frequency, which could be a target for future
ultrahigh-frequency GW detectors [204].

A kink is a discontinuity in the tangent vector of the string, c.f. Fig. II.4, and typically
occur when a loop is formed. In the case where kinks are prevalent on strings, the critical
size has been estimated up to an O(1) factor as [203]

l
(k)
∗ ∼ w

ΓGµ
, (II.101)

where w denotes the width of the string. We model the loop evolution in this case as [192,
203]

dl

dt
≈
{
−ΓGµ, l > l

(k)
∗ ,

−w
l , l < l

(k)
∗ .

(II.102)

Cusps are transient string configurations that can be thought of as a sharp fold of a
part of the loop, c.f. Fig. II.4. The critical length for loops whose small-scale structure is
dominated by cusps is [203]

l
(c)
∗ ∼

w

(ΓGµ)2
. (II.103)

The loop evolution is in this case modeled as

dl

dt
≈
{
−ΓGµ, l > l

(c)
∗ ,

−
√

w
l , l < l

(c)
∗ .

(II.104)
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Interestingly, the gravitational radiation emitted by strings throughout the cosmic his-
tory could be probed at future GW experiments. The GW spectra generated using loop-
description 1. above are shown in Fig. II.5 for different values of the symmetry breaking
scale, as indicated by the numbers in the plot. Within this framework, cosmic strings
associated with breaking scales ⟨ϕ⟩ ≳ 1014 GeV are excluded by NANOGrav, as seen from
the figure, and breaking scales covering many orders of magnitude can be tested at future
experiments. Furthermore, non-standard cosmological histories can leave an imprint or
deviation from flatness in the spectrum, making GWs from cosmic strings an intriguing
window to probe the pre-BBN era in many BSM models, see e.g. [191,205–208].

Fig. II.5 was obtained using the formulae presented in Ref. [192], which are omitted here
for brevity. Importantly, it involves summing over all contributions from loops produced
after the friction-dominated epoch ended, tfric, and that were longer than l∗ at formation.
However, we note that in their treatment, they did not account for the impact that particle
radiation has on the evolution of loops that were initially longer than l∗. While this is not
important for loops with initial lengths li ≫ l∗,14 it might be important to reliably predict
the GW spectra in the vicinity around the high-frequency cut-off discussed next.15

The constraints imposed by requiring that only loops created after tfric and loops with
initial lengths above l∗ contribute to the GW spectra can be translated into characteristic
cut-off frequencies, after which the spectra are expected to fall off, see e.g. [192, 204] for
details. For loops dominated by cusps, the result reads, [204]

f cuspGW = 62.3 kHz

√
1

βc

(
Gµ

10−11

)3/4

, (II.105)

where βc = Ncλ
−1/4. Here, λ denotes the quartic coupling of the complex scalar field and

Nc the number of cusps, which is expected to be two in each oscillation [209]. Eq. (II.105)

with βc = 2 is illustrated by the gray dashed curve in Fig. II.5. The constraints from l
(k)
∗

and tfric typically fall outside the frequency range shown in Fig. II.5, and are therefore not
discussed further. However, it should be noted that the cut-off associated with thermal
friction/ particle radiation provides an interesting case to probe with a combination of
regular and ultrahigh frequency gravitational wave detectors, as the former could probe
the symmetry-breaking scale and the latter might probe the high-frequency fall off [204].

Bounds on Gµ

Finally, we discuss current upper bounds on the string tension. The absence of cosmic
string signatures in the CMB yields [210–212],

Gµ ≲ few× 10−7. (II.106)

This constraint is obtained by considering the effect of long (network) cosmic strings on the
CMB and is therefore not affected by assumptions on e.g., loop distributions. A discussion
of other constraints can be found in Appendix A in Ref. [192].

An analysis performed by the NANOGRAV collaboration [26], following the 15 year
data set release [25], obtained the following constraint,

Gµ ≲ 10−10, (II.107)

14This can be understood from Eq. (115) in [192], and that the particle cut-off would only impact the
high-frequency tail of such loops.

15The author thanks Peera Simakachorn for discussions about this point.
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Figure II.5: Illustration of GW spectra from cosmic string loops obtained using the treat-
ment in Ref. [192].

using a Nambu-Goto description of cosmic strings, see also Refs. [213–215] for some earlier
related work and bounds. The bound in Eq. (II.107) corresponds to ⟨ϕ⟩ ≲ 1014 GeV.
However, it has been pointed out that further information about the fraction of long-lived
loops in a cosmic string network is required for reliable constraints on µ [216], and that
the GW background from a local string network is much weaker than that obtained in a
pure Nambu-Goto description [199]. As an extreme case, if all energy from cosmic-string
loops is emitted via particle radiation without any GW production, then Eq. (II.106)
provides the strongest model-indepedent bound on the string tension, corresponding to
vϕ ≲ few× 1015 GeV.

II.4 Thermal leptogenesis in a nutshell

In the final section of this chapter, we turn from phase-transition phenomena to aspects
of TLG that will be of direct relevance for the following two chapters. This section also
serves as a foundation for understanding how the non-standard leptogenesis mechanism
considered in the second part of this thesis differs from standard TLG.

As discussed in Chapter I, leptogenesis [23] is a prominent paradigm for generating
the BAU by introducing two or more RHNs to the SM. We will review key aspects of
standard TLG with a hierarchical RHN mass structure.16 In TLG, the lightest RHN is
thermally produced and generates a lepton asymmetry through out-of-equilibrium CP -
violating decays [23,223–226]. The resulting lepton asymmetry is then partially converted
into the BAU by SM (weak) sphaleron processes, which violate B + L [89].

The Boltzmann equations governing TLG in the SM augmented by at least two RHNs

16We adopt the one-flavor approximation, implicitly summing over lepton flavors in the final state, as
in Eq. (II.111). This description is valid for T ≳ 1012 GeV when no SM processes are efficient enough to
probe the flavor composition of charged-lepton states. For a discussion of flavor effects in leptogenesis, see
Refs. [217–222].
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take the following form [225],

dYN1

dz
= −(D + S)(YN1 − Y eq

N1
), (II.108)

dYB−L
dz

= −ϵ1D(YN1 − Y eq
N1

)−WYB−L, (II.109)

in a radiation-dominated universe. Here,

z ≡MN1/T, Y ≡ n

s
, (II.110)

where T denotes the temperature of the thermal plasma, and n and s denote number
density and entropy density, respectively. ϵ1 denotes the CP -asymmetry parameter in N1

decays,

ϵ1 ≡
Γ(N1 → LH)− Γ(N1 → L̄H†)
Γ(N1 → LH) + Γ(N1 → L̄H†)

, (II.111)

where L here denotes a sum over the SM lepton doublets, and H is the SM Higgs boson.
D parametrizes decays/ inverse decays of N1 and S parametrizes ∆L = 1 scatterings
involving one external RHN. W parametrizes LNV interactions, and the last term on the
right-hand side of Eq. (II.109) is known as the ”washout term”, as it erases generated
B − L asymmetry.

Formally, the resulting B − L asymmetry is given by [225],

YB−L(z) = YB−L(zi)e
−
∫ z
zi
dz′W (z′)

+ ϵ1

∫ z

zi

dz′
D

D + S

dYN1

dz′
e−

∫ z
z′ dz

′′W (z′′). (II.112)

It is clear that an initial B−L asymmetry present at an early instance, zi, can be severely
diminished by washout processes, as seen from the first term on the r.h.s. of Eq. (II.112).
If RHNs are thermalized at early times, the majority of the B − L generation takes place
at T ∼ MN1 where the equilibrium-distribution of N1 changes rapidly. This asymmetry
is partially erased by washout contributions encoded by the exponential function in the
second term on the r.h.s. of Eq. (II.112). In Chapter IV, we will consider the possibility
of creating RHNs non-thermally at T ≪MN1 , where W is typically much weaker than for
T ∼ MN1 . The benefit of such an approach is manifest; less of the produced asymmetry
is destroyed by washout effects.

Thermal leptogenesis is commonly divided into two regimes characterized by the mag-
nitude of an effective neutrino mass parameter [227],

m̃1 ≡
(Y †
ν Yν)11v

2
h

MN1

, (II.113)

where Yν denotes the Dirac Yukawa coupling. This should be compared to the so-called
equilibrium neutrino mass [225],

m∗ ≈ 1.07 · 10−3 eV. (II.114)

The cases,

m̃1 > m∗, m̃1 < m∗, (II.115)

are referred to as strong washout regime and weak washout regime, respectively. Light
neutrino masses in the range O(0.01 − 0.1) eV point to the strong washout regime, see
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e.g. Ref. [228] and references therein for details. In the strong washout regime, any initial
asymmetry present at early times becomes insignificant for the prediction of YB−L at late
times, which takes the universal form [225],

YB−L = ϵ1κ̄f (m̃1, MN1m̄
2), (II.116)

with

κ̄f (m̃1, MN1m̄
2) = κf (m̃1) exp

{
− ω

zB

(
MN1

1010 GeV

)( m̄
eV

)2}
, (II.117)

where ω ≈ 0.186 and

zB =
2m∗

m̃1κf (m̃1)
. (II.118)

Here, κf (m̃1) encodes washout from inverse decays, which dominate forMN1 ≪ 1014 GeV,

κf (m̃1) = (2± 1) · 10−2

(
0.01 eV

m̃1

)1.1±0.1

. (II.119)

The second factor in Eq. (II.117), which encodes washout from ∆L = 2 processes, depends
on the absolute neutrino mass scale m̄ =

√
m2

1 +m2
2 +m2

3 and MN1 . Specifically, the
∆L = 2 processes are HL ↔ H†L̄ and HH ↔ L̄L̄ with heavy (off-shell) RHNs in the
s-channel and t-channel, respectively.

Finally, it noteworthy that the absolute neutrino mass scale is severely constrained by
Planck: m1 +m2 +m3 < 0.12 eV (95% C.L.) [17].17 Combining this with best-fit values
for neutrino-mass splittings (see e.g. [18, 230]), we obtain

0.05 eV ≲ m̄ ≲ 0.07 eV (NH), 0.07 eV ≲ m̄ ≲ 0.08 eV (IH), (II.120)

for normal hierarchy (NH) and inverted hierarchy (IH), respectively.18

∆L = 2 washout

As indicated in Eq. (II.117), the washout from ∆L = 2 processes may become disastrous
for sufficiently high MN1 . Writing m̃1 = Km∗ with K ≳ 1,19 Eq. (II.117) can be written
as

κ̄f (m̃1, MN1m̄
2) ≈ 0.23

K1.1
exp

{
− 1

K0.1

( m̄

0.05 eV

)2( MN1

1.8 · 1014GeV

)}
, (II.121)

where we have used the central values in Eq. (II.119). The strong washout factor makes
it challenging to realize successful leptogenesis for MN1 ≳ 1015 GeV. We will refer to
RHNs in this mass range as ”heavy RHNs” below. Significant efforts have been made to
rescue high-scale leptogenesis with heavy RHNs by adding non-thermal sources of RHN
production, see e.g. [231] and references in [232] for concrete examples. The common idea
behind these proposals is to source RHNs at z ≫ 1, when the effect of washout is less

17The quoted result could be viewed as conservative, as DESI 2024 has obtained slightly more stringent
bounds [229].

18Definitions of NH and IH along with details about neutrino mass splittings can be found in Ref. [18].
19Here K is the well-know decay parameter K = Γr.f.

H(MN1
)
where Γr.f. denotes the decay rate of N1 at

zero temperature [86].
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severe, and a larger fraction of the generated asymmetry survives. For future reference,
we list the contribution to W from ∆L = 2 processes, which is given by [225]

W∆L=2 ≈
ω

z2

(
MN1

1010 GeV

)( m̄
eV

)2
, (II.122)

at low temperatures. The contribution to W from inverse decays reads [225],

WID(z) ≈
1

4
Kz2

√
1 +

π

2
ze−z. (II.123)

Davidson-Ibarra bound

Finally, we comment on the role of the CP -asymmetry parameter ϵ1 in generating an
asymmetry. From Eqs. (II.109) and (II.116), it is evident that generating a specific amount
of B−L asymmetry through RHN decay imposes a lower bound on ϵ1. Within the type-I
seesaw framework, the maximum attainable value of ϵ1 is given by [233,234]

ϵmax
1 =

3

8π

MN1matm

v2h
≈ 10−6

(
MN1

1010 GeV

)
, (II.124)

wherematm denotes the atmospheric neutrino-mass parameter. Eq. (II.124) in conjunction
with the requirement to reproduce the observed BAU leads to the famous Davidson-Ibarra
bound M1 ≳ 109 GeV in thermal leptogenesis, where the exact lower limit depends on
initial conditions [234].

In closing, we mention that there exist leptogenesis mechanisms that are compatible
with RHN masses below the Davidson-Ibarra bound. In resonant leptogenesis [235–238],
the bound is circumvented by requiring a quasi-degenerate RHN mass spectrum (i.e. a
small mass splitting between the two lightest RHNs), which leads to a resonant enhance-
ment of the CP -asymmetry parameter. In ARS-type leptogenesis [239], the asymmetry
is not generated via decays but CP -violating oscillations of GeV-scale RHNs instead, see
also [240,241].
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CHAPTER III

First-order phase transition in the
classically conformal B − L model

This chapter and the next explore BSM scenarios that extend the SM gauge group by an
additional U(1)B−L symmetry. In this chapter, we focus on a specific model realization,
while the subsequent chapter adopts a more general approach. We begin by briefly mo-
tivating our investigation in the context of the open questions discussed in Section I.1,
commenting on how our work extends previous studies, and outlining the structure of the
chapter.

III.1 Motivation in a nutshell

One approach to addressing the theoretical limitations of the SM is to extend its gauge
group. A minimal extension involves adding a U(1)X gauge group. In the next two
chapters, we focus on X = B − L, a choice that is anomaly-free in the presence of three
right-handed neutrinos. Gauged U(1)B−L extensions of the SM possess several appealing
features, including:

• The three RHNs, which are required by the consistency of the theory, can explain the
lightness of the observed neutrino masses through the Type-I seesaw mechanism [63–
67]. The spontaneous breaking of U(1)B−L gives mass to the RHNs, and all masses
in the theory are then generated by the spontaneous breaking of local symmetries
as in the SM.

• The presence of right-handed neutrinos allows for addressing the observed BAU
through leptogenesis [23].

• While not the focus of our study, we note that one of the RHNs can serve as a dark
matter candidate if it is charged under a stabilizing Z2 symmetry, as discussed in
Refs. [242, 243]. Alternatively, dark matter can be accommodated by introducing
additional fields.

• Gauged U(1)B−L appears in many GUTs, which provide an elegant framework for
understanding fundamental forces.

In this chapter, we will consider the so-called minimal classically conformal U(1)B−L
(CCBL) model [90, 242–248]. Some attractive features of classically conformal models of
relevance for this thesis are:

• Classical conformal1 (CC) invariance generically results in flat scalar potentials with

1In the following, we use the terms ”classically conformal” and ”classically scale invariant” interchange-
ably since they are equivalent in four-dimensional unitary and renormalizable field theories [249,250].
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thermally induced potential barriers, permitting suitable conditions for large super-
cooling and huge latent heat release from a FOPT, which can result in strong GW
signals [137,140,145,173,251–271]. Classical scale invariance is therefore a paradigm
that can be experimentally tested at GW observatories in the future, and can hence
be probed at mass scales far beyond those accessible at colliders.

• In CC models, all mass scales are generated dynamically via quantum mechanical
effects. In particular, this leads to a calculable origin for the electroweak scale in
extensions of the SM.

• Without dimensionful parameters, the theory has fewer free parameters at the clas-
sical level, which leads to increased predictive power.

In conclusion, by extending the SM gauge group by U(1)B−L and imposing classical scale
invariance, we gain a predictive framework suitable for addressing several open BSM ques-
tions. In this framework, the spontaneous breaking of the U(1)B−L symmetry can lead
to a large SGWB from the associated FOPT [145, 152, 256, 258, 272–275], which can be
probed at future GW observatories, e.g. [25,162–170,276–284]. This makes understanding
phase-transition dynamics in CCBL an interesting leading-order question, due to its ob-
servational consequences. An interesting next-to-leading-order question is what one might
hope to learn about open BSM questions (such as the origin of the BAU) from the obser-
vation of a SGWB at future experiments, see e.g. [259,264,265,268,269,274,285–293] for
related ideas. This chapter addresses both of these questions, with a particular focus on
the mass-scale of RHNs and conditions for successful leptogenesis.

The rest of this chapter is organized as follows. Below, we briefly comment on how
our study can be understood in relation to some previous studies of the CCBL model.
In Section III.2, we first introduce the classically conformal U(1)B−L model, the effective
potential, and comment on an IR breakdown in perturbation theory. We proceed to
investigate various aspects of the FOPT, including supercooling below the QCD scale,
and present results for various thermodynamic quantities including comparisons between
different calculation methods. In Section III.3, we discuss the SGWB produced as a result
of the first-order phase transition. This includes an updated treatment of the lifetime of
the symmetry-breaking field, which has important consequences for the observed SGWB.
Numerical results in Section III.2 and Section III.3 are valid in the limit where RHN masses
can be treated as light (compared to the mass of the new Z ′ gauge boson). In Section III.4,
the impact of heavy RHNs is treated. There, we provide a scan over model parameters
where favorable conditions for bubble-assisted leptogenesis (BALG) [264, 286, 291, 294–
296] are satisfied. Section III.5 discusses the combined SGWB from cosmic strings and
bubble dynamics. We conclude in Section III.6. Additional details about renormalization
group equations (RGEs) and the effective potential are included in Appendix A and B,
respectively. This chapter is based on the work in [4], and the results presented here,
including all plots, significant equations, and lines of argument were first reported in that
paper.

Brief literature context

Sections III.2 and III.3 can be viewed as a refinement and extension of the influential
papers [152, 258] on the phenomenology of the FOPT and GW production in the CCBL
model. Notably, we extend beyond the parameter space considered there, improve the
calculation of the effective potential, and show how an improved treatment of the lifetime
of the symmetry-breaking field has a large impact on the resulting GW spectra in signif-
icant regions of parameter space. We also discuss the nature of the PT for supercooling
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below the QCD scale, finding agreement with another recent study [297]. Section III.4,
considers the impact of heavy RHNs on the phase transition and GW production, which
was not explored in [152, 258]. Following recent developments on leptogenesis assisted by
bubble dynamics [264,286,291,294–296], we point out that efficient BALG points to near-
critical masses of RHNs (c.f. the text around Eq. (III.30) for a precise definition). We
then map out parameter space with favorable conditions for BALG in the CCBL, going
beyond the study of BALG in CCBL in Ref. [264], by including the effect of heavy RHNs
in the effective potential (which we show is an important effect). Finally, in Section. III.5
we demonstrate that a characteristic GW signal featuring significant overlapping contri-
butions from both cosmic strings and FOPT dynamics can be detected at upcoming GW
observatories. While the idea of identifying unique GW signatures arising from the su-
perposition of different sources is not new, concrete examples have so far (to the best of
our knowledge) been limited to models involving at least two distinct symmetry-breaking
scales, see for example [298–300].

III.2 Phase transition and QCD-induced effects

In addition to the SM particle content, the CCBL model introduces a B−L vector boson
Z ′, a SM-neutral U(1)B−L-breaking complex scalar field Φ = 1√

2
(ϕ+ iχ), and three RHNs

Ni. Leptons, quarks, and Φ carry B−L charge −1, +1/3, and −2, respectively. The tree-
level scalar potential of the theory reads

V = λϕ(Φ
†Φ)2 + λH(H

†H)2 + λp(Φ
†Φ)(H†H), (III.1)

where H denotes the SM Higgs doublet. The absence of dimensionful parameters in the
scalar potential is a result of imposing classical scale invariance. The RHNs interact via
an extended Yukawa sector

LN = −Y i
NΦN

c
iNi − Y ij

D LiH̃Nj + h.c.. (III.2)

Without loss of generality, we have assumed YN to be diagonal. When Φ acquires a
nonzero vev, this term dynamically generates Majorana masses. The second term on the
r.h.s. of Eq. (IV.1) is the standard Yukawa interaction that generates Dirac masses upon
electroweak (EW) symmetry breaking. Finally, there is kinetic mixing between the U(1)Y
and U(1)B−L gauge fields, which is generally produced by quantum corrections even if
set to zero at a certain scale. Upon diagonalizing the kinetic-mixing term, the covariant
derivative takes the following form

Dµ = ∂µ + igY qYBµ + i(g̃qY + gB−LqB−L)B′
µ + ..., (III.3)

where the contributions from SU(3)c × SU(2)L are the same as in the SM and therefore
omitted for brevity. Here gi, qi, and Bi denote gauge couplings, gauge charges, and gauge
fields, respectively, and g̃ parametrizes the kinetic mixing. We will assume throughout
this chapter that ⟨ϕ⟩ ≡ vB−L ≫ ⟨h⟩ ≡ vh. It is then a good approximation to identify B′

with Z ′ and B with the SM hypercharge gauge field [301].

III.2.1 Effective potential

The 4D effective potential in this model can be calculated following the methods outlined
in Section. II.1, and written in the following form2

Veff(ϕ, T ) = VT=0 + VT(ϕ, T ) + VDaisy(ϕ, T ) + VQCD. (III.4)

2From here on, we will no longer denote the background field by ϕc but merely as ϕ for notational
simplicity.
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Here, VT=0 is the RGE-improved effective potential in Landau gauge at zero temperature.
VT is the standard one-loop finite-temperature contribution, and VDaisy denotes the con-
tribution from Daisy resummation. The final term, VQCD, encodes QCD effects that are
triggered if supercooling persists to temperatures below the QCD scale, and which affect
Φ via the portal coupling in Eq. (III.1). Finally, in Eq. (III.4) we have implicitly assumed
that the initial B−L phase transition can be studied by setting vh = 0 and only consider
dependence on ϕ.3 This assumption is commonly used when ⟨ϕ⟩ ≡ vB−L ≫ ⟨h⟩ ≡ vh and
was scrutinized in the context of a classically conformal model with extended gauge sector
in [262]. There, it was shown that reducing the scalar potential to the direction of the
new symmetry-breaking scalar is a reliable approximation.

In the following, we summarize the expressions for each of the contributions in Eq. (III.4).
Starting with VT=0, we note that for classically conformal models, it can be formally
written in the following form [90,112,302,303]

VT=0 =
λ(t)

4
G4(t)ϕ4, G(t) = exp

{
−
∫ t

0
dt′ γ[λ(t′)]

}
, (III.5)

where t = log(µ/µ0), with µ the RG scale and µ0 an arbitrary reference scale, λ parametriz-
ing a set of couplings, and γ denoting the anomalous dimension of the field ϕ. A variety
of approximations of Eq. (III.5) have been employed in the literature. One widely used
approximation, which was introduced in the seminal paper [90] and employed in many
subsequent studies of GW-production in CCBL, improves the tree-level potential by in-
cluding a running coupling and the wavefunction renormalization factor. We review how
this construction works in Appendix B, and proceed by describing the result used by us.

The one-loop RGE improved zero-temperature contribution to Veff in Landau gauge and
the MS renormalization scheme reads

VT=0

(√
Zϕ(t)ϕ, t

)
= Vtree

(√
Zϕ(t)ϕ, t

)
+ VCW

(√
Zϕ(t)ϕ, t

)
, (III.6)

with

Vtree(ϕ, t) =
λϕ(t)

4
ϕ4, (III.7)

VCW(ϕ, t) =
λ2pϕ

4

64π2

[
log

λpϕ
2

2µ2
− 3

2

]
+

9λ2ϕϕ
4

64π2

[
log

3λϕϕ
2

µ2
− 3

2

]
+

48g4B−Lϕ
4

64π2

[
log

4g2B−Lϕ
2

µ2
− 5

6

]

+
λ2ϕϕ

4

64π2

[
log

λϕϕ
2

µ2
− 3

2

]
−

3∑
i=1

8Y 4
Ni
ϕ4

64π2

[
log

2Y 2
Ni
ϕ2

µ2
− 3

2

]
, (III.8)

where the wave-function renormalization is given by Zϕ(t) = exp
{
−2
∫ t
0 γ(t

′) dt′
}
and the

anomalous dimension γ reads [304],

γ =
1

16π2

[
2
∑
i

(YNi)
2 − 12g2B−L

]
. (III.9)

Here t ≡ log µ(ϕ, T )
vB−L

, as introduced in Section II.1, which is fixed as µ(ϕ, T ) = Max[ϕ, πT ],

following Ref. [173]. All couplings in Eq. (III.8) are evolved using the 1-loop RGEs listed

3For temperatures below the QCD scale, however, we set vh to a nonzero value as described later in
this section.
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in Appendix A, although we have suppressed the explicit t dependence of couplings in
Eq. (III.8) for the sake of readability. One can readily verify that this result for VT=0

satisfies the RGE in Eq. (II.36) to one loop,

µ
dVT=0

dµ
=

(
βλϕ

∂

∂λϕ
− γϕ ∂

∂ϕ

)
Vtree + µ

∂VCW

∂µ
= 0, (III.10)

with γ given in Eq. (III.9) and βλϕ in Eq. (A.9).

One can freely fix the minimum of Eq. (III.6) to be located at a given value ϕ = vB−L,
by imposing

dVT=0

dϕ

∣∣∣∣∣
vB−L

= 0. (III.11)

This constraint equation leads to a boundary condition for λϕ(t) at t = 0,

λϕ(0) +
1

32π2

[
λ2p(0) + 10λ2ϕ(0) + 48g4B−L(0)− 8

3∑
i=1

Y 4
Ni
(0)

]
+
λ2p(0)

16π2

[
log

(
λp(0)

2

)
− 3

2

]

+
9λ2ϕ(0)

16π2

[
log (3λϕ(0))−

3

2

]
+

48g4B−L(0)

16π2

[
log
(
4g2B−L(0)

)
− 5

6

]
+
λ2ϕ(0)

16π2

[
log (λϕ(0))−

3

2

]
−

3∑
i=1

8Y 4
Ni
(0)

16π2

[
log
(
2Y 2

Ni
(0)
)
− 3

2

]
≈ 0, (III.12)

where we used Eq. (III.9) and Eq. (A.9). The equation simplifies to

λϕ(0) ≈
g4B−L(0)

π2
[
1− 3 log

(
4g2B−L(0)

)]
− 1

2π2

3∑
i=1

Y 4
Ni
(0)
[
1− log

(
2Y 2

Ni
(0)
)]
, (III.13)

after neglecting contributions from scalars, which are subleading [265]. In the limit where
the right-handed neutrinos are much lighter than the Z ′, Eq. (III.13) reduces to a relation
of the form λϕ ∼ g4B−L. Relations of this type between the scalar coupling and the fourth
power of the gauge coupling are characteristic to Coleman-Weinberg models, ensuring
that 1-loop and tree-level contributions to VT=0 are comparable in size such that radiative
symmetry breaking is indeed possible, c.f. Eqs. (III.7) and (III.8). The depth of the
potential at the minimum is obtained by plugging Eq. (III.13) into (III.6)-(III.8),

V min
T=0 ≈ −

v4B−L
16π2

[
6g4B−L(0)−

3∑
i=1

Y 4
Ni
(0)

]
. (III.14)

In particular, for fixed vB−L and YNi , increasing gB−L leads to a deeper potential. We
will comment more on the impact of YNi on the potential in Section III.4.

The scalar mass, mϕ, is given by the double derivative of VT=0 evaluated at vB−L. The
result reads,

m2
ϕ =

d2VT=0

dϕ2

∣∣∣∣∣
ϕ=vB−L

≈ −4λϕ(0)v2B−L −
λ2p(0)v

2
B−L

4π2

[
log

(
λp(0)

2

)
− 3

2

]

−
9λ2ϕ(0)v

2
B−L

16π2

[
log (3λϕ(0))−

3

2

]
− 48g4B−L(0)v

2
B−L

4π2

[
log
(
4g2B−L(0)

)
− 5

6

]
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−
λ2ϕ(0)v

2
B−L

4π2

[
log (λϕ(0))−

3

2

]
+

3∑
i=1

8Y 4
Ni
(0)v2B−L
4π2

[
log
(
2Y 2

Ni
(0)
)
− 3

2

]

≈ v2B−L
π2

[
6g4B−L −

3∑
i=1

Y 4
Ni
(0)

]
. (III.15)

By inspecting the result, it is seen that for
(∑3

i=1 Y
4
Ni

)
> 6g4B−L the scalar mass is

tachyonic and the potential does not have a stable minimum at ϕ = vB−L. This implies
that a mass hierarchy MZ′ ≳MNi is a requirement to ensure vacuum stability. 4

Finally, to evaluate the various couplings entering Veff , we simultaneously solve all the
RGE equations for the couplings listed in Eqs. (A.1)-(A.10). The boundary conditions for
SM couplings are set at the Z pole, t = log mZ

vB−L
, to match their measured values [305].

The boundary condition for λϕ is determined by Eq. (III.13), while the remaining BSM
couplings are fixed as follows

g̃(0) = −0.5, (III.16)

λp

(
log

mZ

vB−L

)
= µh

v2h,SM
v2B−L

, (III.17)

YNi(0) =
MNi√
2vB−L

, (III.18)

gB−L(0) =
MZ′

2vB−L
, (III.19)

where µh denotes the coefficient of the quadratic term in the SM Higgs potential and
vh,SM ≈ 246 GeV. Note that Eq. (III.17) ensures that the SM Higgs potential is produced
dynamically through B − L breaking. We ignore YD in the following, as it has negligible
effects on the phase-transition dynamics. The choice g̃ = −0.5 is made following [152,
258], motivated by the observation that it can ensure EW vacuum stability to the Planck
scale [258]. We are then left with the following free parameters: the breaking scale vB−L,
the heavy gauge-boson mass MZ′ , and the three RHN masses MNi . For simplicity, we will
set MN1 =MN2 =MN3 ≡MN in the following.

Finite temperature corrections

The leading thermal correction to the effective potential follows directly from Eqs. (II.40)
and (III.1)-(III.3),

VT (ϕ, T, t) =

3∑
i=1

(−2)T 4

2π2
JF

(
M2
Ni
(ϕ)

T 2

)
+

4T 4

2π2
JB

(
m2
hi
(ϕ)

T 2

)
+
T 4

2π2
JB

(
m2
w(ϕ)

T 2

)

+
3T 4

2π2
JB

(
M2
Z′(ϕ)

T 2

)
+
T 4

2π2
JB

(
m2
χ(ϕ)

T 2

)
, (III.20)

where we have introduced MS field-dependent masses

m2
hi
(ϕ) ≡ λpϕ

2

2
, m2

w(ϕ) ≡ 3λϕϕ
2, m2

χ(ϕ) ≡ λϕϕ2, (III.21)

4Equivalently, the same conclusion can be drawn as follows: The equation for the minimum of the
potential, Eq. (B.3), together with the RG evolution of λϕ governed by Eq. (A.9) imply that ϕ = vB−L is
turned into a maximum instead of a minimum if

(∑3
i=1 Y

4
Ni

)
> 6g4B−L. The scalar coupling λϕ then runs

to negative values at higher scales rendering the potential unbounded from below.
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MZ′(ϕ) ≡ 2gB−Lϕ, Mi(ϕ) ≡ Y i
Nϕ
√
2. (III.22)

For MNi ≪ MZ′ , the thermal contribution in Eq. (III.20) is typically dominated by the
gauge boson. This statement can be motivated as follows. The CW relation λϕ ∼ g4B−L
implies that gB−L is larger than λϕ for gB−L < 1, which is the regime considered by

us. The portal coupling scales as λp ∼ v2h
v2B−L

at the EW scale, c.f. Eq. (III.17), and

although RGE effects generically increase its value at higher scales, it generally remains
much smaller than gB−L. Meanwhile, if MNi and MZ′ are comparable, then RHNs and
Z ′ have comparable impact on the thermal potential. We will consider this scenario and
the associated PT dynamics in Section III.4.1.

The Daisy-resummed contribution to the effective potential follows directly from
Eq. (II.46),

VDaisy(ϕ, T, t) =−
4T

12π

[
(m2

hi
(ϕ) + Πhi)

3
2 −m3

hi
(ϕ)
]
− T

12π

[
(m2

w(ϕ) + Πϕ)
3
2 −m3

w(ϕ)
]

− T

12π

[
(m2

χ(ϕ) + Πχ)
3
2 −m3

χ(ϕ)
]
− T

12π

[
(M2

Z′(ϕ) + ΠZ′)
3
2 −M3

Z′(ϕ)
]
,

(III.23)

The thermal masses are calculated following [306],

Πhi =
T 2

4

[
λp
3

+
g2 + g̃2

4
+ y2t + 2λH +

3g22 + g2

4

]
, (III.24)

Πϕ = Πχ =
T 2

6

[
λp + 2λϕ + 6g2B−L +

3∑
i=1

(
Y i
M

)2]
, (III.25)

ΠZ′ = T 2

[
4g2B−L +

8

3
gB−Lg̃ +

11

6
g̃2
]
, (III.26)

where yt is the top-yukawa coupling, g is the SM hypercharge gauge coupling, and g2 is the
SU(2)L gauge coupling. As consistency checks, we have verified that the last three terms in
Eq. (III.24) are in agreement with the known SM result. The result in Eq. (III.25) can also
be obtained by substituting the high-temperature expansions in Eqs. (II.41) and (II.42)
into Eq. (III.20) and then evaluate the double-derivative w.r.t. ϕ, which yields the same
result. Finally, the result in Eq. (III.26) is consistent with the general result for mass
corrections of longitudinal Abelian gauge bosons with associated gauge coupling g [307],

ΠU(1) = g2T 2

1
6

∑
s

Q2
s +

1

12

∑
f

Q2
f

 , (III.27)

where the sums run over all scalar (s) and fermionic (f) DOFs with charge Qs and Qf ,
respectively, under the U(1) gauge symmetry. To the best of our knowledge, the last two
terms in (III.26) were either neglected or missed in analyses of CCBL before our study
Ref. [4]. The impact of these terms on the phase-transition dynamics is discussed in
Section III.2.5.

QCD effects

Classically conformal models can realize extreme supercooling, where the universe under-
goes a period of thermal inflation as a result of its energy budget being dominated by
∆Veff . If the period of thermal inflation proceeds over a significant number of e-folds, the
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temperature of the thermal plasma may drop to the QCD scale, triggering chiral sym-
metry breaking (χSB). Once quark condensates form, classical scale invariance is broken.
The formation of the top chiral condensate induces a linear term in the SM Higgs po-
tential through the SM quark-Yukawa sector, which generates a nonzero vev for the SM
Higgs ⟨h⟩ ≡ vQCD = O(0.1 GeV) [228, 266, 297, 308–313]. As a result, the portal cou-
pling in Eq. (III.1) generates a quadratic contribution to the effective potential along the
ϕ-direction, which can be modeled as [309,310]

VQCD

(√
Zϕϕ, T, t

)
=
λp(t)v

2
QCDZϕϕ

2

4
Θ(TQCD − T ). (III.28)

Here Θ denotes the Heaviside step function, and we take vQCD = TQCD = 0.1 GeV in our
analysis [258].

Some final comments about Eq. (III.28) are in order. First, both the strong gauge
coupling and the top yukawa coupling become nonperturbative at µ ∼ ΛQCD, resulting in
the breakdown of the coupled system of 1-loop RGEs and perturbative predictability. A
proper treatment of this issue would either require a fully nonperturbative calculation or
matching to a low-energy EFT of QCD, both of which are beyond the scope of this work.
Instead, we will stop evolving the couplings in the nonperturbative region µ ≲ ΛQCD and
use their values slightly above ΛQCD. A second point is that the value of vQCD employed in
Eq. (III.28) should be understood as a rough approximation. A more accurate treatment
would again require nonperturbative methods, for example lattice QCD calculations, as
the formation of the quark condensate is governed by strongly-coupled dynamics.

III.2.2 IR breakdown of perturbation theory

Before we proceed to study FOPT dynamics in this model, it is interesting to note the
following feature: Perturbation theory breaks down in the IR for CCBL. This observation
was, to the best of our knowledge, first made in [303], but subsequently overlooked in many
phenomenological studies. The quartic coupling λϕ, whose value is fixed at µ = vB−L via
Eq. (III.13), evolves according to the one-loop renormalization group equation (RGE):

16π2
dλϕ
dt

= 16

(
6g4B−L −

∑
i

Y 4
Ni

)
+ 8λϕ

(
−6g2B−L +

∑
i

Y 2
Ni

)
+ 20λ2ϕ + 2λ2p, (III.29)

and runs to large negative values in the IR, reaching a singular point at ΛIR. The value of
the IR pole, ΛIR, increases with larger gB−L (while keeping other couplings fixed), but can
be lowered by decreasing −6g4B−L +

∑
i Y

4
Ni
, effectively approaching the region where the

potential becomes unbounded from below (cf. Eq. (III.15)). This motivates the definition

M cr.
N ≡

MZ′

21/4
, (III.30)

representing the value of MN where (−6g4B−L +
∑

i Y
4
Ni
) = 0 for three degenerate right-

handed neutrinos. In Fig. III.1, the region below each curve (corresponding to different
values ofMN as indicated in the figure) indicates where |λϕ| < 4π down to the QCD scale.
LargerMZ′ values require smaller maximal gB−L to compensate for running over extended
scales. The figure also demonstrates that asMN approachesM cr.

N , the perturbativity issue
becomes less severe, as evident from the first term in Eq. (III.29).

The behavior of λϕ falls into three distinct categories:

1. λϕ remains perturbative down to µ = ΛQCD, where the theory is rendered nonper-
turbative by the IR behavior of QCD.
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Figure III.1: The curves show where in parameter space the perturbativity of λϕ breaks
down at the QCD scale, for different choices of MN as indicated by the labels. Perturba-
tivity breaks down before (after) the QCD scale above (below) the curves [4].

2. λϕ becomes nonperturbative at a scale T∗ > µ > ΛQCD. The calculation of the phase
transition, where µ = Max[ϕ, πT ], remains under perturbative control.

3. λϕ becomes nonperturbative at a scale mϕ > µ > T∗, rendering a breakdown of the
perturbative 1-loop treatment of the phase transition dynamics.

As discussed in Section III.4.2 in the context of BALG and its associated gravitational
wave signatures, understanding regimes where perturbativity breaks down above ΛQCD

can be phenomenologically relevant.

III.2.3 Phase transition

With the effective potential in hand, we are equipped to investigate the first-order phase
transition by computing the relevant quantities outlined in Section II.2.1. Our analysis ex-
tends previous studies in two key respects. First, we explore a broader region of parameter
space, and second, we provide a more detailed discussion of QCD-induced transitions [152].
In particular, we consider B −L breaking scales up to 1010 GeV and chart the parameter
region where QCD effects may catalyze the transition.

However, as noted in the preceding section, a precise treatment of QCD-induced ef-
fects would require a nonperturbative analysis. Consequently, our numerical results in
the regime T∗ < TQCD should be regarded as qualitative. Still, we highlight several ro-
bust features of this regime that can be understood without detailed knowledge of strong
dynamics.

Unless otherwise specified, we will assume MN ≪ MZ′ throughout, deferring the dis-
cussion of MN ∼MZ′ to Section III.4.

III.2.4 The phase transition below and above TQCD

To provide an overview of the various regimes of the model, we start by pointing out
Fig. III.2. A detailed discussion of how the figure was obtained is deferred to later in this
section where the behavior of R∗ and R0 are considered. The orange region is where QCD
effects catalyze the first-order phase transition. In terms of the gauge coupling gB−L, the
region covers 0.01 ≲ gB−L ≲ 0.3. In terms of MZ′ , the region extends to MZ′ ≈ 1.5 · 108
GeV. For heavier Z ′, QCD-effects are insufficient to catalyze an escape from extreme
supercooling, and dynamics beyond bubbles would be required, as e.g. outlined in [314],
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Figure III.2: Overview of parameter space showing where the phase transition is expected
to be of first order and complete successfully above (below) the QCD temperature in blue
(orange), and where it is expected to be a rollover (orange) [4].

which we will not discuss further. The region where a FOPT takes place above TQCD is
shown in blue. Finally, the region in red shows where the transition is expected to be a
so-called rollover [297]. Unlike a FOPT, where the field transitions over the barrier due
to thermal fluctuations, a rollover occurs when the field rolls down the potential due to
classical equations of motion. This happens if the field remains in the false vacuum until
the barrier vanishes, and then relaxes to the global minimum.

In the following, we will consider QCD effects on the phase transition. It has been well
understood that the QCD-induced contribution in Eq. (III.28) to the effective potential
efficiently counteracts the thermal barrier and drives the bounce action S3/T to zero [4,
258]. We will consider two qualitative features arising at T ≲ TQCD as a consequence of
this characteristic behavior [4]:

(i) When determining R∗, the calculation can become highly sensitive to small uncer-
tainties in T∗. This can lead to large uncertainties in the prediction of the resulting
GW spectrum.

(ii) The time scale governing the QCD-induced exit from supercooling can be so
short that the phase transition effectively shifts from a first-order transition to a
rollover [297]. We provide a perspective on how to capture this change in dynam-
ics by comparing the characteristic bubble radii at the times of percolation and
production.

To illustrate point (i), consider the impact of varying the gauge coupling gB−L for a fixed
value of MZ′ . A reduction in gB−L leads to an increase in the bounce action S3/T , which
suppresses the transition rate. This trend is shown in Fig. III.3 for MZ′ = 5 ·107 GeV and
gauge couplings gB−L = 0.3 (blue), gB−L = 0.32 (red), gB−L = 0.34 (green). In the case
of gB−L = 0.34, Eq. (II.57) is satisfied well above the QCD scale. In contrast, for smaller
couplings, the transition rate is more suppressed. Thus, for gB−L = 0.3 and gB−L = 0.32,
the percolation condition is only met after the QCD-induced drop in S3/T .

For the presented benchmark points, the condition in Eq. (II.58) is not met at T∗ but only
at lower temperatures. On each curve in Fig. III.3, the two points indicate different key
temperatures: the rightmost point marks where Eq. (II.57) is satisfied, while the leftmost
point shows the first occurrence of when the percolation criterion defined in Eq. (II.58) is
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met. Because there is a nonzero gap between these two points, uncertainty arises in pin-
pointing the exact temperature at which the phase transition completes. This uncertainty
becomes significant since the magnitude of the bounce action can change dramatically over
the interval between the two points—as illustrated by the red benchmark point—leading
to a correspondingly large uncertainty in the calculation of R∗ in Eq. (II.61). Specifically,
the integrand on the right-hand side of Eq. (II.61) is exponentially sensitive to a decrease
in S3/T through Γ(T ), whereas its sensitivity to changes in I(T ) is limited by Eq. (II.58),
and the Hubble parameter is approximately constant. For the red benchmark point, the
calculation yields R∗H∗ ≈ 6 when T∗ is determined by the rightmost point and R∗H∗ ≈ 0.1
when determined by the leftmost point. In comparison, for the blue benchmark point, the
corresponding values are R∗H∗ ≈ 0.04 and R∗H∗ ≈ 0.03, respectively.

The third panel in Fig. III.3 shows how the uncertainties in R∗ translates into uncer-
tainties in the resulting GW spectra, which are computed as described in Section II.2.1.
The criterion in Eq. (II.58) is satisfied for the solid curves and not satisfied for the dashed
ones. As shown, even a slight uncertainty in T∗ for the red benchmark point results in
uncertainties spanning many orders of magnitude in the GW spectra. For reference, the
spectrum corresponding to R∗H∗ = 1 is included as the red dotted curve. In contrast, for
the blue benchmark point the effect is less pronounced, leading only to O(1) uncertainties
in both the peak amplitude and the frequency.

Keeping MZ′ fixed and reducing the value of gB−L in the regime where T∗ < TQCD,
results in a bounce action that decreases very sharply around the temperature Troll —
the temperature at which S3/T approaches zero — while reaching extremely high values
for temperatures just above Troll. Consequently, the transition rate remains negligibly
small except within a very narrow temperature window, during which S3/T rapidly falls
from very high values to zero. This behavior is illustrated in Fig. III.4 for MZ′ = 105

GeV, with gB−L = 0.2 (green), gB−L = 0.1 (red), gB−L = 0.03 (blue), where the dots
mark the respective percolation temperatures. As observed in the figure, for sufficiently
small values of gB−L, S3/T begins to resemble a step function. A similar observation
was made in Ref. [297], where the authors argue that for small enough gauge couplings
one enters a regime in which thermal transitioning is too inefficient to convert the entire
false vacuum (which initially fills the universe) before S3/T vanishes. In this scenario, if
bubble nucleation becomes ineffective, the scalar field remains in the false vacuum until
the thermal barrier between the two vacua disappears, allowing it to roll down to the true
vacuum configuration.

Physically, reducing the gauge coupling while keeping MZ′ fixed makes the first-order
phase transition (FOPT) occur more quickly. Equivalently, many bubbles are nucleated
within a single Hubble volume in a short time interval, resulting in smaller average bubble
radii at the time of percolation. In the regime where T∗ < TQCD, lowering gB−L leads to
reduced values of both R∗H∗ and R∗/R0, where R0 is a measure of the average bubble
size at the time of nucleation, c.f. the discussion around Eq. (II.62). If the ratio R∗/R0

becomes of order one, then the first-order phase transition description ceases to be valid.
We therefore use R∗/R0 as a measure to determine the region of parameter space where
the transition shifts from being first order to a rollover.

We have now assembled all the necessary ingredients to discuss how Fig. III.2 was
obtained. By employing R∗/R0 < 10 as a measure of when the FOPT description breaks
down, we obtained the boundary to the red region in Fig. III.2. For comparison, the values
of (R∗H∗, R∗/R0) for the benchmark points shown in Fig. III.4 are (3 · 10−5, 102) (blue),
(4 · 10−4, 2 · 103) (red), (5 · 10−3, 2 · 104) (green). The boundary between the blue and the
orange regions in Fig III.2 was obtained by requiring that both Eq. (II.57) and (II.58) be

51



CHAPTER III. FIRST-ORDER PHASE TRANSITION IN THE CLASSICALLY
CONFORMAL B − L MODEL

LISA CE

BBO

ET

LVK

Figure III.3: Top: Evolution of the bounce action S3/T for MZ′ = 5 · 107 GeV and
gB−L = 0.3 (blue), gB−L = 0.32 (red), gB−L = 0.34 (green). The significant change
and eventual vanishing of S3/T for T < TQCD is induced by the QCD-contribution in
Eq. (III.28). The pair of dots indicate the temperature at which Eq. (II.57) is satisfied
and at which Eq. (II.58) is first satisfied. Middle: A zoom-in view of the top panel in the
region T < TQCD. Bottom: GW spectra corresponding to the pairs of points shown in
the first two panels. The criterion in Eq. (II.58) is (un)satisfied for solid (dashed) spectra.
For reference, we have included the red-dashed spectra corresponding to R∗H∗ = 1, see
text for details [4].
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Figure III.4: Top: Evolution of the bounce action S3/T for MZ′ = 105 GeV and gB−L =
0.03 (blue), gB−L = 0.1 (red), gB−L = 0.2 (green). The dots indicate the percolation
temperature. Bottom: A zoom-in view of the left panel in the region T < TQCD [4].

satisfied above TQCD in the blue region.

QCD-induced FOPT: Simplified arguments and parametric understanding

So far, our analysis of QCD effects on the first-order phase transition (FOPT) has been
entirely numerical. In the following, we provide simple analytical estimates and illustrative
numerical examples to elucidate how QCD dynamics affect the transition rate Γ, to sharpen
our understanding of QCD’s impact and limitations as a catalyst of FOPTs.

We begin with Fig. III.5, which depicts Γ(T )/H4(T ) as a function of temperature. The
upper panel corresponds to MZ′ = 105 GeV, and the lower panel to MZ′ = 109 GeV.
In the upper panel, QCD dynamics enhances the nucleation rate per Hubble volume and
Hubble time, Γ(T )/H4(T ), by many orders of magnitude above unity before the rollover
temperature is reached (i.e., the termination point of each curve). For low values of the
gauge coupling—as illustrated by the orange, green, and blue curves—the nucleation rate
remains extremely suppressed up until just moments before the potential barrier vanishes.
This behavior implies that the FOPT occurs over a very short time scale. Moreover, the
effect becomes progressively more pronounced by reducing gB−L further and further.

In contrast, the lower panel—which shows Γ(T )/H4(T ) forMZ′ = 109 GeV and selected
values of gB−L—reveals that QCD effects are insufficient to enhance Γ(T )/H4(T ) above
unity for MZ′ = 109. In this case, either bubble nucleation catalyzes the transition at
temperatures several orders of magnitude above TQCD (as seen in the red and orange
curves) or the transition cannot complete via bubble nucleation at all (as indicated by the
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green and blue curves).

To gain simple parametric intuition about how QCD effects influence the nucleation
rate, consider the regime where the temperature approaches Troll from above. In this
limit, the nucleation rate behaves parametrically as

Γ

H4

∣∣∣∣
T≈T+

roll

∼ T 4
roll

H4
, (III.31)

with

H4 ≈ (∆V )2

9M4
P

, ∆V ≈ 3M4
Z′

128π2
, (III.32)

where we have used Eqs. (III.14) and (II.48). Combining these expressions and setting
Troll = O (0.01 GeV), one obtains the parametric estimate

Γ

H4

∣∣∣∣
T≈T+

roll

∼
(
MP · 1 GeV

M2
Z′

)4

. (III.33)

In particular, setting MZ′ = 105 GeV yields an estimate that agrees qualitatively with
the value observed in the upper panel in Fig. III.5. It also suggests that QCD effects
are insufficient to provide nucleation rate of order unity for MZ′ ≳ 109 GeV, which is
consistent with the behavior shown in the lower panel in Fig. III.5.

It is crucial to note that Γ(T )/H4(T ) ≳ 1 is a necessary but not sufficient condition
for the phase transition to complete. The orange region in Fig. III.2, representing FOPT
completion below TQCD, is determined by requiring that also Eqs. (II.57) and (II.58)
should be satisfied. Eq. (II.58) provides a considerably stronger constraint than simply
requiring a unit nucleation rate, thus imposing a more stringent upper bound on MZ′

for QCD-induced FOPT completion. Therefore, Eq. (III.33) approaching unity should be
interpreted as a qualitative, rather than precise, upper bound on MZ′ . The full numerical
analysis underlying Fig. III.2, which incorporates the constraints from Eqs. (II.57) and
(II.58), reveals an upper bound on MZ′ that is nearly an order of magnitude lower than
the simple estimate based on Γ(T )/H4(T ) ∼ 1.

Thermodynamic quantities across parameter space

Next, we extend the scope of our discussion from focusing on aspects of QCD-induced
FOPTs to include regions of parameter space where T∗ > TQCD. To this end, numerical
results of thermodynamic quantities in the MZ′ − gB−L plane will be shown.

Figure III.6 displays the following quantities: T∗ (top left), the ratio T∗/Tn (top middle),
the FOPT strength α (top right), the ratio α/α∞ (bottom left), and the bubble collisions
efficiency factor κcol (bottom right) over large regions of parameter space. In the top
left panel, one observes that reducing the gauge coupling at fixed MZ′ leads to lower
percolation temperatures. The top middle panel demonstrates that in the QCD-induced
regime, the nucleation temperature Tn is very close to the percolation temperature T∗,
whereas in scenarios where supercooling ends slightly above TQCD, these temperatures
may differ by a factor of a few. This confirms the common lore that Tn is not always an
accurate indicator for the completion of a strongly supercooled FOPT [137]. The top right
panel reveals that the FOPT is strongest in the QCD-induced regime, in agreement with
the findings of [152]. The lower left panel in Fig. III.6 displays the ratio α > α∞ across the
MZ′ −gB−L plane, showing that the ratio becomes approximately one on the boundary to
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Figure III.5: Bubble-nucleation rate Γ/H4 for various choices of gauge couplings and
MZ′ = 105 GeV (MZ′ = 109 GeV) shown in the upper (lower) panel. The dashed gray
line shows Γ/H4 = 1, which indicates the nucleation temperature, see text for details [4].

the upper gray region. As mentioned in Section. (II.2.1), we use α ≈ α∞ as a diagnostic to
determine the region where the assumption vw ≈ 1 is expected to break down. Finally, as
discussed in Section II.2.1, when γ̃∗ < γeq, a large fraction of the vacuum energy is used to
accelerate the bubble walls, making bubble collisions the dominant source of gravitational
waves. The region of parameter space where this condition is satisfied corresponds to the
red area in the left panel of Fig. III.6. Once a terminal velocity is reached, corresponding
to γ̃∗ > γeq, the fraction of the total released energy going into the bubble wall decreases
rapidly and instead goes predominantly into kinetic and thermal energy in the plasma. In
this regime, plasma contributions become the primary source of gravitational waves.

Figure III.7 presents contours of the quantities R∗H∗ (left panel) and R∗/R0 (right
panel) across the MZ′ − gB−L plane. The left panel illustrates that R∗H∗ reaches its
maximum when supercooling terminates near the QCD phase transition, as highlighted
by the red band in the center. Moving downward in the plot, QCD dynamics cause R∗H∗
to decrease, while moving upward leads to smaller values due to reduced supercooling.
The right panel shows that when the phase transition is triggered by QCD effects, the
ratio R∗/R0 undergoes a dramatic change, signaling that QCD dynamics is significantly
accelerating the phase transition.

III.2.5 Sensitivity to running couplings and thermal masses

As mentioned in Section III.2, our treatment of the effective potential differs from that
of some previous works on phase-transition dynamics in the classically conformal B − L
model [152,258,264]. The following discussion examines the sensitivity of the percolation
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Figure III.6: MZ′ − gB−L planes showing T∗ (top left), T∗/Tn (top middle), α (top right),
α/α∞ (bottom left), and κcol (bottom right). The upper gray region shows where our
assumption vw ≈ 1 becomes questionable, and the lower-gray region where the transition
is expected to turn into a crossover [4].

Figure III.7: MZ′−gB−L planes showing R∗H∗ (left) and R∗/R0 (right). The gray regions
are explained in Fig. III.6 [4].
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temperature and the onset of a QCD-triggered transition to the specifics of the effective
potential description and calculation. We will also analyze the resulting impact on the
transition strength α and the characteristic bubble size R∗H∗.

For clarity, we consider four distinct approaches to calculating the effective potential [4]:

• Scenario 1 (S1): This scenario, adopted throughout this chapter, utilizes the
effective potential presented in Section III.2.1 with the zero-temperature potential
given by Eq. (III.6). All couplings run and are evaluated at the renormalization scale
µ = Max[ϕ, πT ], as advocated in, e.g., Ref [173].

• Scenario 2 (S2): Here, only the couplings within the T = 0 part of the effective
potential run. The couplings contributing to the finite-temperature corrections are
held fixed. This scenario allows us to isolate the impact of running couplings within
the finite-temperature contributions.

• Scenario 3 (S3): This scenario treats the effective potential following the approach
of Refs. [152,258]:

Veff =
λϕ(t)

4
ϕ4 +

T 4

2π2

∑
j

kjJT
(
mj(ϕ)

2 +Πj(T )
)

+
λp(t)v

2
QCDϕ

2

4
Θ (TQCD − T ) , (III.34)

where the sum runs over the RHNs, the B−L gauge boson, ϕ and χ.5 The following
expressions for the thermal masses are used [152,258],

Πϕ = Πχ =
T 2

6

[
2λϕ + 6g2B−L +

3∑
i=1

(
Y i
M

)2]
, ΠZ′ = 4g2B−LT

2, (III.35)

which should be contrasted with the thermal masses in Eqs. (III.24)-(III.26) em-
ployed in S1 and S2. Only the couplings λϕ and λp run, and they are evaluated at
the scale set by the scalar field µ = ϕ.

• Scenario 4 (S4): This scenario builds upon S3 by incorporating corrections to the
Z ′ thermal mass due to nonzero g̃,

ΠZ′ = T 2

[
4g2B−L +

8

3
gB−Lg̃ +

11

6
g̃2
]
. (III.36)

This allows us to assess the impact of this corrected thermal mass. As argued
earlier, we set g̃ = −0.5 in this work following the suggestion in [152, 258]. By
comparing (III.35) and (III.36) one can see that the thermal barrier is weakened in
S4 compared to S3 when gB−L > 11

32 .

Figure III.8 shows the percolation temperature T∗ (top left), the phase transition strength
α (top right), and the characteristic bubble size R∗H∗ (bottom) for the four effective
potential scenarios described above. We fix MZ′ = 105 GeV and MN = 103 GeV, while
varying gB−L. S1 is shown in black, S2 in blue, S3 in red, and S4 in green.

The upper left panel in Fig. III.8 shows that the different effective potentials yield
substantially distinct predictions for the percolation temperature T∗, with solid curves
indicating the minimum temperature at which both Eqs. (II.57) and (II.58) are satisfied,
and dashed curves representing temperatures where only Eq. (II.57) is met. Notably, all

5It should be noted that the thermal corrections here are treated in the so-called Parwani procedure [127]
in contrast to the Arnold-Espinosa treatment [128] employed in Eq. (III.4).

57



CHAPTER III. FIRST-ORDER PHASE TRANSITION IN THE CLASSICALLY
CONFORMAL B − L MODEL

Figure III.8: Comparison of T∗ (upper left), α (upper right) and R∗H∗ (lower) correspond-
ing to the four different effective potentials described in the text. S1 is shown in black, S2
in blue, S3 in red, S4 in green [4].

scenarios exhibit a common feature: an inherent uncertainty in determining T∗ when su-
percooling terminates slightly above TQCD. The upper right and lower panels demonstrate
significant differences in the phase transition strength α and the characteristic bubble size
R∗H∗ among the four scenarios. Although the curves exhibit qualitatively similar be-
havior, they are shifted relative to each other, as a consequence of the differences in T∗
between the scenarios.

The discrepancies in T∗, α, and R∗H∗ have a profound impact on the predicted gravita-
tional wave (GW) spectra, as illustrated in Fig. III.9. The figure presents the GW spectra
for gB−L = 0.28 (left panel) and gB−L = 0.4 (right panel),6 with a prominent discrepancy
between the red and green spectra in the left panel. This discrepancy arises from the dis-
tinct dominant sources of GWs: bubble collisions for the green spectrum and sound waves
for the red spectrum. Here, the green curve’s slight double-peak structure is attributed
to its primary sourcing by bubble collisions, accompanied by a significantly smaller yet
non-negligible sound-wave contribution. In both panels, there is a clear difference between
S1 & S2 and S3 & S4. Ultimately, Figs. III.8 and III.9 underscore how differences in the
determination of the effective potential can lead to significantly different predictions for
observables.

III.3 Gravitational waves

The following section examines the gravitational wave (GW) spectrum produced by the
first-order phase transition (FOPT). We demonstrate that, contrary to previous claims
in the literature, achieving a significant period of intermediate matter domination in this
model requires substantial fine-tuning. This section considers the regime where MN ≪
MZ′ , while the case of comparable masses (MN ∼MZ′) is analyzed in Section III.4.

To illustrate gravitational wave signatures in this model, we present selected spectra

6The sensitivity curves for various experiments are taken from Ref. [161].
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Figure III.9: Gravitational wave spectra corresponding to the four different scenarios with
the same color-coding as in Fig. III.8 for gB−L = 0.28 (left) and gB−L = 0.4 (right) [4].
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Figure III.10: Illustration of resulting gravitational wave spectrum for MZ′ = 105 GeV
(left panel) and MZ′ = 107 GeV (right panel) for different choices of gB−L as indicated in
the figure [4].

in Fig. III.10. The left panel shows results for MZ′ = 105 GeV, while the right panel
corresponds to MZ′ = 107 GeV, each displaying spectra for various values of the gauge
coupling gB−L as indicated in the figure. For smaller gauge couplings (gB−L = 0.14 and
0.24), the gravitational wave signal is dominated by bubble collisions, whereas for larger
couplings (gB−L = 0.34, 0.44, and 0.54), plasma contributions become the primary source.
Note that this is consistent with our discussion of κcol in the previous section. In the
panel to the left, gB−L = 0.54 is not shown since it is in the region where vw ≈ 1 becomes
questionable, while in the panel to the right, gB−L = 0.14 is not shown since it is in the
”rollover” regime, c.f. Fig. III.2. Finally, the shift in higher peak frequencies for higher
values of vB−L, is a direct consequence of the increasing value of H∗ from larger energy
budgets. This can be understood (parametrically) by recalling the following dependencies
R∗ ∼ H−1

∗ and fpeak ∼ R−1
∗ presented from Section II.2.1.

A comprehensive overview of the peak amplitude Ωpeak and the corresponding peak
frequency fpeak is illustrated in the left and right panels of Fig. III.11, respectively. The
highest peak amplitudes are achieved by maximizing supercooling while ensuring that
the bubble walls reach a terminal velocity before colliding, allowing plasma sources to be
the primary contributors to the gravitational wave (GW) spectra. In the left panel, the
region below the red area indicates that bubble collisions are the dominant source of GW
contributions. The narrow yellow band around gB−L ∼ 0.3 corresponds to percolation
temperatures above TQCD, as shown in the left panel of Fig. III.6. For fixed MZ′ , the
minimum peak frequency occurs in the region where bubble collisions dominate the GW
contribution and T∗ > TQCD. Reduced supercooling leads to smaller R∗, as depicted in
Fig. III.7, resulting in higher peak frequencies, with fpeak ∼ R−1

∗ . When T∗ < TQCD,
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Figure III.11: MZ′ − gB−L planes showing Ωpeak (left) and fpeak (right). The gray regions
are explained in Fig. III.6 [4].

QCD effects accelerate the transition, leading to smaller R∗ and consequently higher peak
frequencies.

While, Fig. III.11 presents a comprehensive overview of the GW spectra associated with
bubble dynamics in this model, it is not of immediate phenomenological use. To fully
assess the observability of the SGWB generated in this model, we calculate the signal-
to-noise ratio (SNR) for selected detectors using the formula presented in Eq. (II.90)
with T = 4 years. In Fig. III.12, we show the results for LISA (top left) [162], BBO (top
middle) [163,164], DECIGO (top right), aLIGO + aVirgo + Kagra (bottom left) [165–167],
ET (bottom middle) [168], and CE (bottom left) [169, 170]. LISA can probe a significant
part of the parameter space for MZ′ ≲ 106 GeV. CE and ET are quite complementary to
LISA, as they can probe large portions of parameter space for MZ′ ≳ 105 GeV. Advanced
Ligo-Virgo-Kagra will also be able to probe some parameter space outside LISA’s reach.
Finally, BBO and DECIGO will be able to probe most of the parameter space considered
here, apart from the upper right corner– corresponding to heavy Z ′ and large gauge
couplings– and a small region in the lower part of our parameter space. Altogether,
Fig. III.12 highlights the testability of the CCBL model at future GW observatories, and
which parts of parameter space can be excluded or lead to a breakthrough discovery.

Impact of the lifetime of ϕ

Next, we consider how the symmetry-breaking field ϕ may impact the GW spectra. It is
well known that GWs can be used as a powerful probe of the lifetime of ϕ. In particular,
if ϕ is long-lived, it can temporarily dominate the energy density of the universe in a
matter-like phase, thereby affecting both the amplitude and spectral shape of the resulting
gravitational wave signal. This possibility has been explored in several works, see e.g. [152,
192,315–318]. In the following, we revisit the estimation of the lifetime of ϕ, arguing that
previous treatments of this model have been too simplistic.

We begin by reviewing a simple estimate for the decay rate Γϕ used in previous studies,
which suggests that an intermediate matter-dominated era emerges after the phase transi-
tion in large regions of parameter space for MZ′ ≫ 2 · 105 GeV. However, when including
decays of the form ϕ → NN and renormalization group (RG) running effects, we argue
that realizing such a phase requires significantly more fine-tuning than indicated by the
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Figure III.12: MZ′−gB−L planes showing log10 SNR for LISA (top left), BBO (top middle),
DECIGO (top right), LVK (bottom left), ET (bottom middle), CE (bottom right). The
contour corresponding to SNR= 10 is shown by black-dashed curves [4].

naive approximation.

In particular, the detailed study of gravitational wave spectra in the CCBL model pre-
sented in Ref. [152] considered only a single decay mode, ϕ → hh, and adopted the
approximate decay rate

Γϕ ≈ 2.5× 107gB−L

(
MZ′

GeV

)−3

. (III.37)

This decay rate directly impacts the evolution of the universe’s energy density, as can
be seen from the Boltzmann equations (II.81)–(II.82). Based on Eq. (III.37), Ref. [152]
concluded that a significant matter-dominated epoch may arise for MZ′ ≫ 2 · 105 GeV,
assuming strong phase transitions with α≫ 1. This impacted the peak amplitude of the
GW spectra as follows: increasing the symmetry-breaking scale, while keeping gB−L fixed,
lead to increasingly suppressed peak amplitudes for MZ′ ≫ 2 · 105 GeV [152].7

A more accurate treatment of the scalar decay rate must account for both additional
decay channels and radiative corrections to the ϕ→ hh process. In particular, RG running
significantly affects the portal coupling λp, which governs the rate of ϕ→ hh decays. The
one-loop RG equation for λp is given by:

16π2
dλp
dt

=

(
−3

2
g2 − 9

2
g22 − 24g2B−L −

3

2
g̃2 + 4

∑
i

Y 2
Ni

+ 6Y 2
t + 12λh + 8λϕ

)
λp

+ 12g2B−Lg̃
2 + 4λ2p. (III.38)

To trigger a first-order phase transition (FOPT), a sizable gB−L is generally required,
as established in Fig. III.2. Recall also that sizeable g̃2 is motivated to resolve the SM

7It is worth noting that the description employed so far is somewhat idealized: the effective equation of
state (EoS) ω during the intermediate phase before ϕ decays is not exactly zero (as in pure matter domi-
nation), but instead lies between that of radiation and matter, as pointed out to us by Yann Gouttenoire.
This subtlety does not affect our following discussion.
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instability and perturbativity of the model [258]. Even if g̃ is zero at some scale, it will
generically evolve to nonzero values at both higher and lower scales due to its RG evolution
governed by:

16π2
dg̃

dt
=

(
41

3
g2 + 12g2B−L

)
g̃ +

32

3
g̃2gB−L +

32

3
g2gB−L +

41

6
g̃3. (III.39)

As a consequence, although λp must remain small at the electroweak scale to reproduce
the observed Higgs potential, RG running typically drives it to significantly larger values
at higher scales, c.f. the first term on the second line of Eq. (III.38). Consequently,
the obtained value of Γϕ→hh is generically orders of magnitude larger than the result in
Eq. (III.37) when λp is evaluated at µ = mϕ ≫ mZ0 . This has an important consequence:
The predicted duration of the matter-dominated epoch typically becomes negligible if
Γϕ→hh is evaluated at µ = mϕ ≫ mZ0 . Since the process under consideration is ϕ decays
(with ϕ oscillating around the minimum of its potential located at ϕ = vB−L), we advocate
evaluating λp(µ = mϕ) when computing Γϕ→hh, which we do in the following. Finally, we
note that varying µ by a factor few around µ = vh generates large relative corrections to
the decay width, signaling large theoretical uncertainty if one would calculate Γϕ using
λp(µ = vh).

Even if the decay channel ϕ→ hh would be suppressed, the presence of a right-handed
neutrino with mass MN < mϕ/2 opens up a new decay channel that is independent of the
value of λp, and which can significantly impact the duration of the matter-like era. The
total decay rate, taking all possible channels into account, reads8

Γ = Γ(ϕ→ hh) + Γ(ϕ→ NN) + Γ
(
ϕ→ f̄SMfSM

)
+ Γϕ→V V , (III.40)

Γ(ϕ→ hh) =
v2B−Lλ

2
p

32πmϕ

√
1− 4

m2
h

m2
ϕ

, (III.41)

Γ(ϕ→ NN) =
g2BL
4π

mϕ

3∑
i=1

m2
Ni

M2
Z′

(
1− 4

m2
Ni

m2
ϕ

)3/2

, (III.42)

Γ
(
ϕ→ f̄SMfSM

)
=
mϕ sin

2 θ

16πv2h

∑
f

m2
f

(
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4m2
f

m2
ϕ

)3/2

, (III.43)

Γϕ→V V =
CVm

3
ϕ sin

2 θ

16πv2h

√
1− 4m2

V

m2
ϕ

(
1− 4m2

V

m2
ϕ

+
12m4

V

m4
ϕ

)
, (III.44)

where CV = 1(2) for V = Z0 (W±) and the scalar mixing is defined by sin 2θ =
2vhvϕλp
m2

ϕ−m2
h

[268]. Since three RHNs are required in this model to ensure vanishing gauge

anomalies, we stress that it is mandatory to consider ϕ decays to RHNs. Consequently,
even if λp were small enough to suppress all other decay modes, on-shell decays into RH
neutrinos can still efficiently deplete the ϕ energy density. A simple criterion for the kine-
matic accessibility of this decay can be obtained straightforwardly from Eq. (III.15), which
implies that mϕ > MN requires gB−L ≫ MN

MZ′
.

In summary, accounting for both ϕ → NN decays and the RG evolution of λp signif-
icantly alters the predicted duration of any intermediate ϕ-dominated era. Our anal-
ysis shows that such a phase requires substantially more fine-tuning than previously

8ϕ is always lighter than Z′ in the classically-conformal U(1)B−L model, so on-shell decays of ϕ into
Z′Z′ are kinematically forbidden.
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Figure III.13: MZ′−gB−L planes showing Ωpeak/Ω
artificial
peak (left) and fpeak/f

artificial
peak (right).

The gray regions are explained in Fig. III.6 [4].

suggested [152]. In Fig. III.13, we display the ratios Ωpeak/Ω
artificialpeak (left) and

fpeak/fartificialpeak (right), where the ”artificial” quantities are computed using the ap-
proximate decay rate in Eq. (III.37). These results reveal a qualitative shift in the predicted
gravitational wave spectra across large regions of parameter space for MZ′ > 2 · 105 GeV,
particularly in scenarios with extreme supercooling where ϕ dominates the energy budget
at percolation. We emphasize that when using the full decay rate in Eq. (III.40) in con-
junction with the running couplings described in Eqs. (III.16)–(III.19), the intermediate
ϕ-dominated era becomes entirely negligible across the parameter space.

III.4 Right-handed neutrino masses and leptogenesis

So far, we have considered the regime MN ≪ MZ′ , or equivalently, MN ≪ M cr.
N . The

purpose of the following section is to analyze how heavier right-handed neutrinos affect
the FOPT and the resulting GW spectra. We will then identify regions of parameter space
that are particularly suited for BALG, and investigate prospects for probing the relevant
parameter space at GW experiments in the future.

III.4.1 Direct impact of right-handed neutrino masses

The right-handed neutrinos couple to the symmetry-breaking scalar field via the Yukawa
coupling in Eq. (IV.1). Consequently, their masses explicitly enter the Coleman-Weinberg
potential in Eq. (III.8), affecting both the phase-transition dynamics and the resulting
production of gravitational waves. To gain insight into exactly how heavy RHNs af-
fect the FOPT, we utilize the high-temperature expansion of the thermal functions in
Eq. (III.20) [91],

JB(x)→
π2

12
x− π

6
x

3
2 +O

(
x2 log(x)

)
, (III.45)

JF (x)→ −
π2

24
x+O

(
x2 log(x)

)
, (III.46)

where we have ignored JB,F (0) as only field-dependent terms are relevant to the following
argument. Within this high-temperature approximation, the temperature-dependent part
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of the effective potential can be written on the following form,

VT + VDaisy = A(ϕ)T 2 −B(T, ϕ)T + ..., (III.47)

with

A(ϕ) =
1

24

[
4m2

hi
(ϕ) +m2

w(ϕ) +m2
χ(ϕ) + 3M2

Z′(ϕ) +

3∑
i=1

M2
Ni
(ϕ)

]
, (III.48)

B(T, ϕ) =
1

12π

[
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hi
(ϕ) + Πhi)

3
2 + (m2

w(ϕ) + Πϕ)
3
2 + (m2

χ(ϕ) + Πχ)
3
2 + (M2

Z′(ϕ) + ΠZ′)
3
2

]
.

(III.49)

From Eqs. (III.47) and (III.48), it immediately follows that RHNs enhance the thermal
barrier separating the metastable (false) vacuum from the true vacuum. This effect is
illustrated in the left panel in Fig. III.14, where the solid black curve corresponds to light
RHNs, while the dashed and dotted curves represent scenarios with progressively heavier
RHNs.

As the RHN Yukawa couplings increase, the potential becomes shallower around the
true minimum, which can be inferred from Eq. (B.2). This behavior is shown to the right
in Fig. III.14, using the same benchmark parameters as in the panel to the left. It is
important to note that raising the RHN mass beyond MN ≳MZ′ renders the scalar mass
m2
ϕ in Eq. (III.15) tachyonic, destabilizing the potential and making it unbounded from

below. Therefore, we restrict our analysis to the physically viable regime MN ≲ MZ′ .
Within this range for MN , increasing the RHN Yukawa couplings has two key effects: it
raises the thermal barrier and simultaneously lowers the depth of the true vacuum, leading
to enhanced supercooling. In the benchmark scenario shown in Fig. III.14, the percolation
temperature decreases significantly—from T∗ ≈ 2750 GeV for MN ≪ M cr.

N to T∗ ≈ 1260
GeV and T∗ ≈ 11 GeV for MN = 0.5 and 0.8,M cr.

N , respectively.

The analytic considerations above indicate that for RHNs to significantly impact the
gravitational wave (GW) spectrum, their mass MN must be large enough to appreciably
modify the effective potential without rendering it unstable. Our numerical analysis con-
firms this expectation: varying MN while keeping MZ′ and gB−L fixed has little effect on
the resulting GW spectra, except when MN approaches the critical value in Eq. (III.30),
beyond which the effective potential becomes unbounded from below. This behavior is
illustrated in the lower panel in Fig. III.14, which shows the GW spectra corresponding to
the benchmark scenarios discussed previously. This representative example demonstrates
that RHNs have a noticeable impact on the GW signal only for MN ≳ 0.5,M cr.

N .

Finally, we note that while the direct influence of RHN masses on the GW spectrum
is negligible for masses significantly below M cr.

N , there exist scenarios where gravitational
wave observations could indirectly constrain the RHN mass scale. For instance, detecting a
GW signal that exhibits signatures of a matter-dominated epoch would suggest a long-lived
scalar ϕ, thereby placing bounds on the RHN Yukawa couplings and the kinetic mixing
parameter g̃. Combined with an estimate of the U(1)B − L breaking scale vB − L inferred
from the GW spectrum, this could provide valuable, albeit circumstantial, information
about the RHN mass scale [317].

III.4.2 Probing bubble-assisted leptogenesis

So far, we have demonstrated that RHNs can only significantly impact FOPT if their
masses are very close to the critical value M cr.

N . Intriguingly, such heavy RHNs are mo-
tivated by a recently proposed mechanism for low-scale leptogenesis known as bubble-
assisted leptogenesis [264, 286, 291]. This mechanism has been thoroughly studied within
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LISA CE

BBO
ET

LVK

Figure III.14: Top: Illustration of Veff for gB−L = 0.4, MZ′ = 105 GeV, MN ≪ M c.r.
N

(black), MN = 0.5M cr.
N (black dashed), and MN = 0.8M cr.

N (black dotted). The temper-
ature is fixed to T = 2750 GeV, which corresponds to the percolation temperature for
MN ≪ M cr.

N . Bottom: Gravitational wave production associated with the three different
benchmark points [4].

the framework of the CCBL model in [291], and the novel aspect of our work is the recog-
nition that the RHN masses which enable efficient BALG are so close to M cr.

N that they
substantially modify the dynamics of the phase transition. This should be contrasted with
the standard treatment of this model, where MN ≪M cr.

N is assumed when calculating the
effective potential. In the following section, we map out the region of parameter space
where conditions for BALG are favorable and examine the associated GW production from
the FOPT.

Background and analytic arguments

BALG is intimately connected to the broader concept of mass-gain mechanisms for baryo-
genesis [294–296]. The underlying principle of this mechanism involves leveraging bubble
dynamics as a means to drive the RHNs out of thermal equilibrium. As bubbles nucleate

L
H

N
L
H

N

Figure III.15: Schematic illustration of BALG during bubble expansion.
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and expand, RHNs from the surrounding plasma can penetrate the bubble walls (provided
the wall velocities are sufficiently high) and acquire a mass (via the nonzero scalar vev).
The RHNs inside the bubble subsequently decay, generating a non-zero lepton asymme-
try as illustrated schematically in Fig. III.15. If Tn is significantly lower than MN , then
washout from inverse decays will be Boltzmann suppressed during the asymmetry genera-
tion, which provides an advantage over conventional thermal leptogenesis, c.f. Eq. (II.109).
However, following the completion of the FOPT is a period of reheating, during which
additional washout effects can occur. Furthermore, the baryon asymmetry produced dur-
ing the FOPT is diluted by a factor proportional to (Tn/Trh)

3 = (1 + αn)
−3/4,where

αn = ∆V
ρR(Tn)

, due to entropy injection from reheating. The successful application of this
mechanism therefore requires a delicate balance between a strong FOPT and a sufficiently
low reheating temperature to mitigate strong washout and dilution effects.

For the sake of completeness, let us mention that the technical analysis necessary to
determine the final baryon asymmetry generated within the bubble-assisted mechanism
can be systematically broken down into three steps, as outlined in Ref. [291]. Firstly, one
must compute the wall velocity of the expanding bubbles, which is essential for quantifying
the number of RHNs that enter the bubbles. Secondly, the Boltzmann equations for the
B − L asymmetry YB−L and the RHN density YN inside the bubbles must be solved,
starting at T = Tn, while incorporating all relevant washout terms. Finally, the results for
YB−L and YN obtained in the second step must be combined with an additional dilution
factor (Tn/Trh)

3 and used when solving the Boltzmann equations a second time, starting
at T = Trh.

Ref. [291] established that BALG in the context of CCBL can provide an enhancement
of the baryon asymmetry of the universe over conventional TLG, independently of the
CP -asymmetry parameter ϵ1, for MN ≳ 107 GeV. This does not preclude the possibility
of successful BALG at lower masses (MN ≲ 107 GeV), though such scenarios would likely
require a stronger resonant enhancement of ϵ1 than in conventional (resonant) leptogenesis.
Ref. [291] further established that BALG can be more efficient than TLG if the reheat-
ing temperature is sufficiently low, specifically for Trh/MN ≲ 1/7, as washout processes
become sufficiently ineffective. However, for Trh/MN ≲ 1/11, the resulting supercooling
becomes too severe, with strong dilution of the baryon asymmetry due to the smallness
of the ratio (Tn/Trh)

3. In terms of αn, they found that a viable enhancement over TLG is
achievable for 1 ≲ αn ≲ 100. In the following, we demonstrate that the parameter region
favorable for BALG – identified in Ref. [291] —- corresponds to RHN masses that are very
close to their critical value.

After the completion of the phase transition, the scalar field ϕ decays and reheats the
universe. In the mass range of interest, the decay channel ϕ → NN is kinematically for-
bidden, and reheating proceeds predominantly via ϕ→ hh. We have verified numerically
that ϕ decays rapidly. For the sake of analytic understanding, we also compare the decay
rate of this process with the Hubble expansion rate,

Γϕ→hh

H
∼
(

λp
10−4

)2 ( vB−L
109 GeV

)(109 GeV

T

)2
(

10√
g∗(T )

)(
0.1√
λϕ(0)

)
, (III.50)

which provides intuition on how large λp must be for given vB−L and T∗.

Since ϕ decays rapidly after the FOPT, it is justified to treat the reheating as instanta-
neous so the reheating temperature Trh can be obtained from simple energy conservation

Trh ≈
(
T 4
∗ +

30

π2g∗
∆V

)1/4

, (III.51)
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where the difference in potential energy is well approximated by

∆V =
−λϕ(0)v4B−L

4
, −λϕ(0) ≈

1

4π2

(
6g4B−L −

3∑
i=1

Y 4
Ni

)
. (III.52)

For Trh/MN ≈ 1/11, one has T 4
rh ≫ T 4

n [291], such that the second term on the r.h.s. of
Eq. (III.51) dominates and we obtain

Trh ≈ 0.09
(
M4
Z′ − 2M4

N

)1/4
. (III.53)

From Eq. (III.53), one can verify that Trh/MN ≈ 1/11 yields MN ≈ 0.6×MZ′ , or equiva-
lently [4]

MN ≈ 0.7M cr
N . (III.54)

In the opposite limit, where Trh/MN ≈ 1/7, one has Trh/Tn ≈ 1 +O(0.1) and Tn/MN ≳
0.12 [291], which upon using Eq. III.51 yields MN ≲ 0.9M cr.

N [4].

To summarize, we have shown that within the CCBL model, the parameter region where
BALG is most efficient corresponds to right-handed neutrino masses in the range 0.7M cr.

N ≲
MN ≲ 0.9M cr.

N . In this regime, the RHNs are sufficiently heavy to substantially influence
the dynamics of the FOPT and, consequently, the resulting GW spectrum, invalidating
the commonly used approximation MN ≪M cr.

N . In the following, we provide an overview
of the key thermodynamic quantities relevant for BALG and the associated gravitational
wave production within this promising region of parameter space.

As a final remark, we note that Ref. [264] considered BALG in the minimal classically
conformal U(1)B−L model in the resonant regime. It was pointed out in Ref [291] that
their estimate for the final baryon asymmetry is too optimistic, due to the ignorance
of washout effects from RHN annihilation. During our study, we also found that the
benchmark scenario in Ref. [264], which was chosen on the premise that it would avoid
washout from inverse decays, does suffer from additional washout from IDs. Altogether,
this should clarify that there is a sizeable suppression in the generated baryon symmetry
compared to the estimate presented in Ref. [264].

Parameter space

In Fig. III.16, we present theMN −gB−L parameter planes, illustrating the behavior of T∗
(first row), αn (second row), (Trh/Tn)

3 (third row), and Ωpeak (fourth row). The mass of
the Z ′ boson is fixed to 108 GeV in the left column and 109 GeV in the right column. In
the shaded gray region at the bottom of each plot, conditions are unfavorable for BALG.
Here, αn grows by several orders of magnitude, and its values have been omitted for visual
clarity.

The vertical axes in the above-mentioned figures take on significantly larger values than
the vertical axes of the MN − gB−L planes shown earlier in this chapter. The reason is
that larger RHN masses enhance the thermal barrier in the effective potential, requiring
an increased gB−L to maintain the same percolation temperature. Importantly, despite
the large values of gB−L and MZ′ , the FOPT calculation remains within the perturbative
regime at the relevant temperature scales. This is because heavy RHNs soften the IR be-
havior of the running quartic coupling λϕ, as discussed in Section III.2.2. However, when
compared with Fig. III.1, it becomes evident that in substantial regions of the parame-
ter space explored here, perturbativity breaks down at scales above the QCD transition
temperature and we are in regime 2 discussed below Eq. (III.30).
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The first row in Fig. III.16 displays T∗, which lies roughly within the range 10−2 ≲
T∗/MZ′ ≲ 10−1. From the second and third rows, we see that the optimal conditions
for BALG – namely α = O(1) and (Trh/Tn)

3 = O(1) – are realized in a sizeable region
of parameter space close to where vw ̸≈ 1. The fourth row shows the corresponding
gravitational wave amplitudes Ωh2, which is primarily in the range Ωh2 = O(10−9 −
10−10), within the region most favorable for BALG. In contrast, in the lower regions of
the parameter space, which are less optimal for BALG, Ωh2 can increase toO(10−7−10−8).

In Fig. III.17, we show log10SNR for BBO (left), LVK (middle), and ET (right), with
MZ′ fixed to 108 GeV (109 GeV) in the top (bottom) row.9 Both BBO and ET can probe
large regions of the considered parameter space for MZ′ = 108 GeV. Also LVK will be
able to probe some of the considered parameter space for MZ′ = 108 GeV. However, when
the mass scale is increased to MZ′ = 109 GeV, the GW spectra fall outside the reach of
LVK for the parameters considered here. Meanwhile, BBO and ET can probe roughly half
of the considered parameter space, although the parameters providing the most optimal
conditions for BALG fall slightly outside their experimental sensitivity.

The results presented in Fig. III.17 demonstrate that significant portions of the param-
eter space where conditions for BALG are favorable can be probed by several proposed
GW experiments in the future. Thus, in the context of CCBL, upcoming GW experiments
provide an exciting opportunity to test a leptogenesis mechanism where the mass scale
associated with the RHNs lies far outside the reach of colliders [264,286,291].

Comment: Leptogenesis assisted by scalar decays

For completeness, we briefly comment on the non-viability of scalar-decay-assisted lepto-
genesis in the minimal CCBL model. As previously noted, the decay channel ϕ→ NN is
inevitable for RHN masses satisfying mϕ > 2MN > 0, from the consistency of the model.
Hence, the scalar ϕ can act as a nonthermal source for leptogenesis [319–322] in the sense
that RHNs are among its decay products. Decays into RHNs can have a significant impact
on the final B−L asymmetry if they occur (numerously) at temperatures much lower than
the RHN mass, T ≪MN , where washout processes are inefficient. However, realizing this
scenario requires the hierarchy Trh ≪MN < 1

2mϕ, which is not achievable within the min-
imal CCBL setup: As readily seen from Eqs. (III.15) and (III.53), this condition cannot
be satisfied simultaneously, thereby rendering scalar-decay-assisted leptogenesis ineffective
in this model.

III.5 A SGWB from cosmic strings and bubbles

Up to this point, our discussion of gravitational wave sources has been restricted to bub-
bles of true vacuum and their associated dynamics. We now broaden our scope to include
cosmic strings: Since π1(U(1)) ̸= 0, a network of cosmic strings is expected to form in this
model, as discussed in Chapter II. The string network evolves toward the linear scaling
regime, sustained through the production of cosmic string loops, which lose energy via par-
ticle and gravitational radiation, as outlined in Section II.3. In the following, we consider
the SGWB sourced by cosmic strings under the assumptions laid out in Section II.3. As
shown in Fig. II.5, this background could be detectable by BBO for the highest symmetry-
breaking scales considered here, i.e. vB−L ∼ 1010GeV. Consequently, it may be possible
to probe a characteristic GW signal featuring significant overlapping contributions from

9We do not find good observational prospects for LISA, meaning SNR is small within the entire con-
sidered region of parameter space, and therefore do not discuss it further.
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Figure III.16: MN − gB−L planes showing T∗ (first row), αn (second row), (Trh/Tn)
3, and

Ωpeak. MZ′ is fixed to 108 GeV (109 GeV) in the left (right) column. In the lower gray
region, αn increases by many orders of magnitude and is omitted for readability. Notice
that the y-axis is different in the left and right column [4].
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Figure III.17: MZ′ − gB−L planes showing log10 SNR for BBO (left), LVK (middle), and
ET (right). MZ′ is fixed to 108 GeV (109 GeV) in the top (bottom) row [4].

both cosmic strings and FOPT dynamics. While the idea of identifying unique GW sig-
natures arising from the superposition of different sources is not new, concrete examples
have so far (to the best of our knowledge) been limited to models involving at least two
distinct symmetry-breaking scales (see, e.g., [298–300]). The aim of the following section
is to demonstrate that, within the CCBL model, a distinctive GW signal can emerge even
from a single symmetry-breaking event.

To the right in Fig. III.18, we show the stochastic gravitational wave spectra generated
by cosmic strings for symmetry-breaking scales vB−L = 109GeV (red), vB−L = 4×109 GeV
(green), and vB−L = 1010GeV (blue). These results illustrate that GWs sourced by cosmic
strings could be detectable by BBO for vB−L ≳ 109GeV. The gray dashed line indicates
the expected cut-off frequency for string loops dominated by cusp structures, discussed in
Section II.3. In the right panel of Fig. III.18, we show the GW spectra from cosmic strings
(black curve) and from FOPT dynamics (colored curves) with the symmetry-breaking scale
fixed to vB−L = 1010GeV, and different values for the gauge coupling gB−L as indicated in
the figure. The blue and red spectra are predominantly sourced by bubble collisions, with
the red spectrum exhibiting a double-peak structure due to a significant contribution from
plasma sources. In contrast, the green and purple spectra are primarily sourced by plasma
effects. Increasing gB−L shifts the spectra toward higher frequencies, eventually pushing
them beyond the sensitivity reach of the experiments considered here. As evident from the
figure, BBO and ET could potentially detect signals exhibiting overlapping contributions
from cosmic strings and bubble collisions for vB−L ≃ 1010 GeV within the CCBL model.

III.6 Conclusions

Extending the SM gauge group by U(1)B−L provides an interesting route to address ques-
tions about the origin of neutrino masses, the origin of the BAU, and the nature of DM.
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Figure III.18: Left: SGW spectra from cosmic strings for breaking scale vB−L = 109 GeV
(red), vB−L = 4 · 109 GeV (green), vB−L = 1010 GeV (blue). Right: SGWs sourced by
cosmic strings (black curve) and FOPT dynamics (colored curves) for fixed vB−L = 1010

GeV. The value of the gauge coupling is gB−L = 0.37 (blue), gB−L = 0.38 (red), gB−L =
0.39 (green), and gB−L = 0.45 (purple) [4].

In this chapter, we considered a minimal B − L model exhibiting classical scale invari-
ance. The model dynamically generates RHN masses and the EW scale, and can address
the baryon asymmetry of the universe through BALG. The primary focus of this chap-
ter, however, has been the strongly first-order phase transition associated with B − L
breaking, which occurs over a significant portion of the parameter space, and the resulting
gravitational wave background.

In Section III.2.4, we examined how QCD dynamics influence the phase transition in
regimes where supercooling drives the plasma temperature below the QCD scale. We
showed that the explicit breaking of scale invariance induced by QCD accelerates the
phase transition, resulting in smaller bubble radii at the time of percolation. By requiring
that the bubble radii at percolation significantly exceed those at the time of nucleation,
we carved out the region of parameter space where QCD effects can catalyze a first-order
phase transition (FOPT). The region is illustrated in Fig. III.2, which summarizes the
phase-transition dynamics across a broad range of the model’s parameter space. We also
emphasized that small uncertainties in the percolation temperature for a QCD-induced
FOPT can lead to large variations in the resulting gravitational-wave (GW) spectrum,
as shown in Fig.III.3. Our findings motivate dedicated non-perturbative studies of QCD-
triggered FOPTs, particularly since this regime is (partly) accessible to upcoming GW
experiments.

Following the FOPT there is an intermediate phase of reheating, during which the scalar
field ϕ may temporarily dominate the energy budget of the universe, which could leave
a characteristic feature in the GW spectrum. Accounting for RG evolution of couplings
and for ϕ → NN decays, we argued that the duration of the intermediate ϕ-dominated
phase is negligible without fine tuning. This should be contrasted with previous find-
ings [152], where an extended ϕ-domination phase was predicted across sizable regions of
parameter space. We demonstrated that predictions for the peak amplitude and frequency
of the GW spectrum are significantly affected by the calculation of the lifetime of ϕ, as
shown in Fig. III.13, with deviations between our and previous results reaching several
orders of magnitude. Consequently, our updated signal-to-noise ratio (SNR) predictions
(Fig. III.12) suggest more optimistic detection prospects in large portions of parameter
space, improving upon previous results [152].

Theoretical consistency of the CCBL model requires the presence of three RHNs. In fact,
the RHNs play an important role in generating light neutrino masses through type-I seesaw
and the BAU through leptogenesis in this model. However, RHNs are often neglected in
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the calculation of Veff . This is justified in the limit where MN ≪ MZ′ . In contrast,
if MN ∼ MZ′ , then the RHNs can have a significant impact on the effective potential
and consequently the FOPT dynamics and GW production. In fact, favorable conditions
for leptogenesis via bubble assistance point to heavy RHNs comparable to MZ′ [291].
Motivated by this observation, we mapped out the parameter space where conditions for
BALG are optimal, demonstrating that the mechanism can be probed significantly by
upcoming GW experiments, c.f. Figs. III.16 and III.17. In particular, we identified the
mechanism as a target for both the Einstein Telescope and BBO for MN in the promising
mass range of 108 − 109 GeV.

Finally, as established in Chapter II, the formation of a cosmic string network is a generic
prediction in theories featuring spontaneous breaking of a U(1) symmetry in the early uni-
verse. In this chapter, we considered the GW signal sourced by loops of cosmic strings.
Notably, we demonstrated that for a symmetry-breaking scale of vB−L ∼ 1010 GeV, the
resulting SGWB exhibits a distinctive spectral shape with non-negligible overlapping con-
tributions from both cosmic strings and FOPT dynamics. As illustrated in Fig. III.18 for
a number of parameter points, the combined spectrum lies within the reach of upcoming
GW experiments. While the concept of multi-component GW signals is not new, to our
knowledge this is the first explicit realization of overlapping contributions from cosmic
strings and a FOPT originating from the same symmetry-breaking event. Fig. III.18 thus
serves as a concrete proof-of-principle for such a signal within an established BSM model.

A Renormalization-group equations

Below, we list the 1-loop RGE’s for the couplings in the theory [301,304,323],

16π2
dg

dt
=
41

6
g3, (A.1)

16π2
dg2
dt

=− 19

6
g32, (A.2)

16π2
dg3
dt

=− 7g33, (A.3)

16π2
dgB−L
dt

=
32

3
g̃g2B−L +

41
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=

(
41

3
g2 + 12g2B−L
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32
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g̃3, (A.5)
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=
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16π2
dλp
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Ni

+ 6Y 2
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2 + 4λ2p.
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Here g, g2, and g3 denote the SM hypercharge, weak, and strong gauge couplings, respec-
tively. Yt denotes the top Yukawa, and the remaining couplings are defined in Section III.2.

B Approximation of the effective potential

In the following, we review the approximation of VT=0 introduced in [90], and used in
many subsequent studies of this model,

VT=0

(√
Zϕ(t)ϕ, µ

)
=
λϕ(t)

4
Z2
ϕ(t)ϕ

4, (B.1)

with Zϕ(t) and γ given in Section III.2.1. Fixing the minimum of the potential at ϕ =
vB−L, implies the following boundary condition for λϕ(t),

dλϕ
dt

∣∣∣∣
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+ 4λϕ(0) [1− γ(0)] = 4λϕ(0) +
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π2

[
6g4B−L(0)−

3∑
i=1

Y 4
Ni
(0)

]
= 0, (B.2)

where in going to the second line we neglected loop contributions from scalars, which are
subleading [265]. For MN ≪ MZ′ , Eq. (B.2) reduces to λϕ(0) ≈ − 3

2π2 g
4
B−L(0), manifest-

ing the characteristic relationship between λϕ and g4B−L in Coleman-Weinberg models.
Plugging Eq. (B.2) into (B.1), we obtain

V min
T=0 ≈ −

v4B−L
16π2

[
6g4B−L(0)−

3∑
i=1

Y 4
Ni
(0)

]
, (B.3)

in agreement with Eq. (B.3). The mass of ϕ is obtained straightforwardly from Eq. (B.1),
and the result reads [90]

m2
ϕ =

d2VT=0

dϕ2
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8π2
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Y 4
Ni
(0)

]
, (B.4)

which is in agreement with Eq. (III.15).
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CHAPTER IV

Cosmic strings as a non-thermal
source for leptogenesis

IV.1 Introduction

In this chapter, we will continue our study of gauged U(1)B−L models, and consider
breaking scales up to 1015 GeV. In contrast to the previous chapter, where we considered
a specific model and its gravitational wave signatures, we will take a more general approach
here and only require that (gauged) B−L is spontaneously broken in the hot early universe
and that RHNs have the following Yukawa interactions,

LN = −Y i
NΦN

c
iNi − Y ij

D LiH̃Nj + h.c. . (IV.1)

The first term dynamically generates Majorana masses when Φ acquires a vev while the
second term generates Dirac masses upon electroweak (EW) symmetry breaking.

By adapting a generalist approach without specifying the scalar sector of the theory, we
will not have much to say about the nature of the B − L phase transition, which could
be of first or higher order. However, a generic prediction in the class of models under
study is the formation of a network of cosmic strings (CS), as reviewed in Chapter II. For
sufficiently high breaking scales, the GW production from loops of cosmic strings could
be probed at upcoming experiments, c.f. Fig. II.5, which makes these models interesting
from an observational point of view. Additionally, loops of cosmic string can also decay
via particle radiation, as discussed in Section II.3, and with the scalar-breaking field Φ
coupling directly to the RHN as in Eq. (IV.1), loop decays could result in significant non-
thermal production of RHNs. In particular, the lepton asymmetry generated by RHNs
sourced at T ≪MN would be protected from large wash-out effects.

The question that we will pursue in this chapter is whether or not the non-thermal
production of RHNs from cosmic string loops can have a significant impact on leptogenesis,
see Refs. [324–334] for related earlier work in this direction. This is an interesting question
not only from a theoretical point of view, but also because it could provide a link between
observable gravitational waves and high-scale leptogenesis with mass scales far beyond
the reach of particle colliders. From a practical point of view, however, it is clear that a
quantitative analysis of B−L asymmetry from loops of cosmic string will inherently suffer
from large sources of uncertainty. The latter includes particle-production efficiency from
strings, evolution of cosmic strings before reaching the linear scaling regime, how energetic
particles emitted from loops are, and more.

This chapter aims to systematically study particle production rates from cosmic strings
and use the results to estimate the maximum impact that cosmic strings can have as a
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non-thermal source for leptogenesis. In particular, we will show that the B − L asym-
metry resulting from RHN-production from linearly scaling cosmic strings in a radiation-
dominated universe is a negligible effect, contrary to previous claims in the literature.

The chapter is structured as follows: We start with a brief historical note, to put our
work into context. In Section IV.2, we present classical Boltzmann equations for leptoge-
nesis in the presence of cosmic strings, leaving some technical details to Appendix A. The
resulting Boltzmann equation for RHNs involve a source term from cosmic-string loops.
In Section IV.3, we provide analytical expressions for this term for various classes of loops
and for different epochs in the cosmic string evolution, leaving detailed derivations to Ap-
pendix B. In particular, using the velocity-dependent one-scale (VOS) model [335–338],
which is an analytical framework to model the evolution of the long-string network, we in-
clude a detailed treatment of strings during the friction-dominated epoch. In Section IV.4,
we determine the impact of non-thermally sourced RHNs from cosmic strings on lepto-
genesis before summarizing our results and providing an outlook in Section IV.5. It will
be assumed throughout this chapter that the B − L symmetry is broken when the uni-
verse was radiation dominated.1 A brief discussion of the case of non-thermal breaking of
U(1)B−L is included at the end of the chapter.

Brief historical context

Cosmic strings in a U(1)B−L model where RHNs receive their mass via spontaneous sym-
metry breaking, as in Eq. (IV.1), may host localized right-handed-neutrino bound states,
making them current carrying cosmic strings (CCCS). In particular, by setting Φ = 0 in
Eq. (IV.1) and the winding number of Φ to n, it is possible to show that there exists
n RHN zero-mode solutions to the Dirac equation in the (straight) cosmic string back-
ground [339, 340]. Zero-modes move along the straight string at the speed of light, and
turn the string into a superconducting wire or a superconducting string as pointed out by
Witten four decades ago [341]. It should be noted that the string is not superconducting
in the usual electromagnetic sense, but under U(1)B−L. At the microscopic level, CCCS
may be generated through capture of RHNs by cosmic strings with simultaneous emission
of a U(1)B−L gauge boson [342] or a Φ field [343]. Cosmic-string loops are also expected
to have bound-state solutions, albeit with nonvanishing effective masses.2

The observation that RHNs can be trapped as transverse zero modes in the core
of the strings, motivated the original proposal of non-thermal leptogenesis via cosmic
strings [329]: As cosmic string loops decay, they release the neutrinos trapped in the core.
The released neutrinos acquire a heavy Majorana mass and decay to produce a lepton
asymmetry. This idea was subsequently considered in Refs. [331–333] in a cosmological
history where T ≳ MN1 , and in Ref. [334] in the context of (supersymmetric) hybrid in-
flation. The physical picture presented in these papers was that loops of string decay by
emitting gravitational radiation until their lengths become comparable to their width, after
which they annihilate and emit O(1) RHNs. These papers concluded that non-thermally
produced RHNs from cosmic strings could provide the dominant contribution to the BAU
for vϕ ≳ 1011−13 GeV.

The current chapter aims to revisit the expectation that cosmic strings associated with
sufficiently high vϕ can have a significant impact on leptogenesis in light of updated pre-

1We expect the results of our analysis to also be reliable if the symmetry is broken at the end of
inflationary reheating shortly before the universe becomes radiation dominated.

2In the absence of cusps and small scale structure on the loop, one expects a picture derived on the
assumption of exact zero modes to still hold for cosmic strings with radius much larger than the width of
the string [344].
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dictions for particle-production rates and a careful evaluation of string evolution. In
particular, we will incorporate that RHNs may be emitted by loops while they shrink, in
addition to being emitted in the final collapse.

Finally, we will model the evolution of the long-string network and loops using results
and frameworks developed for non-superconducting strings, leaving a more detailed anal-
ysis for future work. Some recent generalizations of the VOS model [335–337] to facilitate
semi-analytical modeling of dynamics of CCCS networks and various applications of it can
be found in [345–349]. For recent field-theory simulations of the evolution of a current-
carrying network of strings, see [350], and also [351] for related recent developments.

IV.2 Boltzmann equations

In the following, we set up classical Boltzmann equations incorporating RHN-production
from cosmic-string loops. This framework will be used in Section IV.4 to calculate the
contribution from non-thermally sourced RHNs to the BAU.

A complication in writing down the Boltzmann equations is that the momentum-
distribution of the non-thermally produced RHNs can be sensitive to the details of the
particle emission from loops. After being emitted into the thermal plasma, the RHNs may
attain kinetic equilibrium through number-conserving scatterings with other particles in
the plasma. However, for T ≪ MN , all scattering rates are expected to be suppressed
compared to the Hubble expansion, and the emitted RHNs may not reach kinetic equilib-
rium. In principle, non-equilibration of RHNs does not pose a problem if the Boltzmann
equations are analyzed at the level of phase-space distribution functions. However, in
the context of the present study, we prefer to work with integrated Boltzmann equations,
which become more complicated if the assumption of kinetic equilibrium breaks down. In
the following, we will therefore present equations valid in two different regimes:

• For T ≳MN1 , we assume a thermal population of RHNs generated through interac-
tion in the thermal bath and possibly CS-sourced RHNs. The RHNs are assumed to
be in kinetic equilibrium and subject to the standard integrated Boltzmann equation
from TLG with the addition of a source term associated with cosmic-string loops.

• For T ≪MN1 , we no longer assume the RHNs to be in kinetic equilibrium. Here, we
derive an integrated Boltzmann equation under a certain assumption (to be specified)
about the momentum distribution of RHNs inherited from CS decay, see Ref. [322]
for a similar approach in a different context.3

We work in the one-flavor approximation,4 use Maxwell-Boltzmann statistics, and ignore
the effects of Fermi blocking and stimulated emission.

IV.2.1 Boltzmann equations describing the first period

For T ≳MN1 , the Boltzmann equations take the following form,5

∂YN1

∂z
= −2S2N

(
Y 2
N1
− (Y eq

N1
)2
)
− (D + S)

(
YN1 − Y eq

N1

)
+

1

s(z)H(z) · z
∂ncsN1

∂t
, (IV.2)

∂YB−L
∂z

= −ϵ1D
(
YN1 − Y eq

N1

)
−WYB−L. (IV.3)

3There are also more sophisticated methodologies available to deal with kinetic decoupling in the context
of Boltzmann equations, see e.g. Refs. [352,353].

4As pointed out, this is the correct description for T ≳ 1012 GeV, which is the regime of primary
interest in this chapter.

5See e.g. [224,225] for details about D, S, and W , and [354] for details about S2N .
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Here, H(z) denotes the Hubble parameter, z = MN1/T , ϵ1 is the CP -asymmetry in
N1 decays, and Y = n/s, where s denotes entropy density. D accounts for decays and
inverse decays, S for ∆L = 1 scatterings involving one external N1, and W for washout
processes. The first term on the r.h.s. of Eq. (IV.2) accounts for the processes NN ↔
ff̄ , Z ′Z ′, Z ′ϕ, ϕϕ [354]. The last term on the r.h.s. of Eq. (IV.2) accounts for RHN

production from loops of cosmic string, where
∂ncs

N1
∂t denotes the RHNs production rate

from CS loops.

IV.2.2 Boltzmann equations describing the second regime

Next, we present evolution equations for YB−L and YN1 for z ≫ 1, including the possibil-
ity of breakdown of kinetic equilibrium. Some details about their derivations have been
included in Appendix A.

The Boltzmann equation for RHNs at z ≫ 1 takes the approximate form,

∂YN
∂z
≈ Kz

γN
(Y eq
N − YN ) +

1

s(z)H(z) · z
∂nc.s.N

∂t
, (IV.4)

where γN denotes the Lorentz factor of RHNs emitted from cosmic loops, and K is the
standard decay parameter [86]

K =
Γr.f.

H(M)
, (IV.5)

and Γr.f. denotes the zero-temperature decay width of N1. The limit of kinetic equilibrium
can be recovered (approximately) by setting γN = 1. The Boltzmann equation for B − L
takes the form,

∂YB−L
∂z

≈ −ϵ1
Kz

γN

(
YN − Y eq

N

)
− YB−L

[
WID + 2W sub

∆L=2

]
, (IV.6)

when accounting for washout contributions from inverse decays and ∆L = 2 scatterings.

IV.2.3 Estimate of B − L generation for z ≫ 1

As a preparation for the leptogenesis analysis for scaling cosmic strings, it will be useful
to derive an analytical upper limit on the baryon asymmetry produced for z ≫ 1. First,
for z ≫ 1, we can neglect Y eq

N1
. As a second simplification, we will neglect washout

contributions. This will allow us to obtain an analytical upper limit on the generated
B − L asymmetry. With these simplifications, the Boltzmann equations above reduce to,

∂YN1

∂z
≈ −K ′zYN1 +

1

s(z)H(z) · z
∂nc.s.N

∂t
, (IV.7)

∂YB−L
∂z

≈ −ϵ1K ′zYN1 , (IV.8)

where we defined

K ′ ≡ K

γN
. (IV.9)

Note that in the limit
∂nc.s.

N
∂t = 0, the B − L asymmetry takes the expected form,

YB−L(z) = YB−L(z0)− ϵ1
∫ z

z0

∂YN1(z
′)

∂z′
dz′, z0 ≫ 1. (IV.10)
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Below, we will find that the source term for scaling cosmic strings in a radiation-dominated
universe can be written on the following form,

1

s(z)H(z) · z
∂nc.s.N

∂t
= Cz−n, n ≥ 2, (IV.11)

where C is a constant. Substituting this parametrization into Eq. (IV.7), one can readily
verify that the set of Boltzmann equations (IV.7)-(IV.8) has the following general solution

YN1(z) = e−
1
2
K′z2

[
YN1(z0) e

1
2
K′z20 + C

∫ z

z0

x−ne
1
2
K′x2 dx

]
, (IV.12)

YB−L(z) = YB−L(z0)− ϵ1YN1(z0)
(
1− e− 1

2
K′(z2−z20)

)
− ϵ1C

∫ z

z0

x−n
(
1− e− 1

2
K′(z2−x2)

)
dx. (IV.13)

It immediately follows that the generated asymmetry is bounded from above as follows,

|YB−L(z)− YB−L(z0)| ≤ ϵ
[
YN1(z0) +

C

n− 1

(
z1−n0 − z1−n

)]
≤ ϵ

(
YN1(z0) +

C

(n− 1)zn−1
0

)
. (IV.14)

Note that this inequality turns into an equality if one sets YB−L(z) − YB−L(z0) =

ϵ1
∫ z
z0

1
s(z)H(z)·z

∂nc.s.
N
∂t as was done in Refs. [331,334].

We obtained Eq. (IV.14) by considering z, z0 ≫ 1 where contributions from scatter-
ings involving one RHN are negligible compared to decays, Y eq

N is vanishingly small, and
assuming washout effects are suppressed. By introducing a phenomenological parameter
κw(z), we can recast our result for the generated asymmetry as,

|YB−L(z)− YB−L(z0)| = κw(z)ϵ1

[
YN1(z0) +

C

(n− 1)

(
1

zn−1
0

− 1

zn−1

)]
, κw(z) ≤ 1,

(IV.15)

where κw(z) encodes the effect of K ′z2 <∞ and washout effects that we have ignored in
our analytical treatment. Asymptotically, when both washout effects and RHN injection
are negligible, we expect κw(z →∞) to become a constant.

Finally, the baryon asymmetry generated as a result of loop decays takes the form,

|YB(z ≫ z0)− YB(z0)| ≈ Csph

(
κw(z)ϵ1YN1(z0) + ϵ1 κw(z)

C

n− 1

1

(z0)n−1

)
, (IV.16)

where Csph is the sphaleron-conversion factor [355]. Ignoring a potential initial N1 abun-
dance at z0, which will be accounted for in more complete calculations presented in the
second part of Section IV.4, the result reduces to

|YB(z)− YB(z0)| ≈ Csphϵ1 κw(z)
C

n− 1

1

(z0)n−1
. (IV.17)

For this contribution to account for the observed BAU, YB ≈ 8.7 · 10−11, the constant C
must satisfy

C ≈ YB(n− 1)(z0)
n−1

Csphϵ1κw(z)
≳

2.7(n− 1)(z0)
n−1

κw(z)

(
106 GeV

MN1

)
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≳ 2.7 (n− 1)(z0)
n−1

(
106 GeV

MN1

)
, (IV.18)

where we used the bound in Eq. (II.124) in the second step, and κw(z) ≤ 1 in the last
step. We will return to this result in Section IV.4.

IV.3 Non-thermal right-handed-neutrino production rate

In the following, we will derive analytical expressions for the source term
∂nc.s.

N
∂t entering

the Boltzmann equation for YN1 , using the methodology reviewed in Section II.3. We first
consider contributions during the linear-scaling regime, where the string behavior is best
understood. We then proceed with a critical examination of potential contributions during
the friction-dominated epoch. Ultimately, the results derived in the linear-scaling regime
will be of limited interest to leptogenesis. Nonetheless, we provide detailed derivations of
the results in Appendix B, hoping that they may prove useful in other contexts.

The number of loops produced per unit time during linear scaling, and the power emitted
via particle radiation can be determined from the equations presented in Section II.3. The
picture is more subtle in the friction-dominated epoch, where we will rely on the VOS
model to analyze the behavior of the long-string network and loops. After the particle-
emission rates from cosmic-string loops have been estimated, the next problem amounts
to determining the fraction of emitted particles that are RHNs or decay to RHNs. Abelian
Higgs simulations do not offer insight to the number of RHNs produced, as the only quanta
in the AH model are Φ and Aµ. We will handle the uncertainty in number of produced
RHNs by introducing a phenomenological parameter 0 ≤ fN ≤ 1, which we define as the
power emitted from loops into RHNs normalized by the total power emitted from loops
into particle radiation.

IV.3.1 Particle emission from loops produced during linear scaling

Strings experience a significant friction force due to elastic scatterings with particles in
the plasma for a period after formation, as explained in Section II.3. The friction force
per unit length in the rest frame of a string moving with velocity v through a plasma with
temperature T is given by [180]

F = − µv

lf
√
1− v2

, (IV.19)

where lf is the so-called friction length scale. The most prominent contribution to F arises
from Aharonov-Bohm (AB) scattering of U(1)B−L charged particles off the string [181].
Intuitively, this effect arises as cosmic string solutions are cylindrical field-configurations
carrying magnetic flux ΦB determined by n =

qϕ
2π

∮
γ A⃗·d⃗l =

qϕ
2πΦB, which is confined within

a diameter roughly given by the Compton wavelength of the B − L gauge field [107]. In
this sense, the string constitutes a nearly-idealized solenoid giving rise to Aharonov-Bohm
scattering effects. The friction length scale associated with the Aharonov-Bohm force
takes the following form,

lf =
µ

βT 3
, (IV.20)

where the drag-coefficient is given by [180]

β = 2π−2ζ(3)
∑
i

gi sin
2(πνi). (IV.21)
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The sum runs over all thermalized and relativistic particle species in the plasma with mass
m ≪ T . Here gi is the number of relativistic degrees of freedom multiplied by 1 (3/4)
for bosons (fermions) and νi is the AB phase, meaning that when a particle with B − L
charge qi is transported on a closed path around the string its wavefunction picks up a

phase 2πνi = 2π
(
qi
qϕ

)
, where qϕ = 2. Notably, all SM particles and RHNs contribute to

damping the U(1)B−L string, with the contribution from SM species given by βSM = 27ζ(3)
π2 .

The friction force in Eq. (IV.19) significantly damps the string’s motion initially, and
smoothens out kinks and cusps on a string, reducing the efficiency of radiation channels
during the friction-dominated era [356]. The duration of the friction-dominated epoch can
be estimated using the VOS model, which provides a notion of friction time. The latter
is typically defined as the instance when damping due to the frictional force becomes
comparable to damping due to the expansion of the universe [335],

2H(tfric) =
β[T (tfric)]

3

µ
. (IV.22)

For a radiation dominated universe, the temperature corresponding to the latter can be
estimated as

Tfric =
2π

3β

√
g∗
10

µ

MP
≈ 2π

3β

√
g∗
10

(
vϕ
MP

)
vϕ, (IV.23)

where we in the last step used Eq. (II.95). If we assume that the network formation
time tF is the cosmic time when the energy scale of the universe is equal to the string
tension [192], and that the universe is radiation dominated at the time, then the corre-
sponding formation-temperature is given by

TF ≈
(

30

π2g∗

)1/4

vϕ. (IV.24)

Parametrically, we see that the two temperature scales in Eq. (IV.23) and (IV.24) are
separated by vϕ/MP , implying that lowering vϕ increases the duration of the friction-
dominated epoch. As a first approximation, which we will return to later in detail, it
is possible to assume that the network reaches scaling behavior at t = tfric. The results
presented in the following for particle production from loops produced during linear scaling
are then only valid for ti > tfric, where ti denotes the time when a loop is produced.

We find that the rate of RHN injection from loops of cosmic strings can be expressed
on the following form,

dncsN1

dt
=

√
2fNµFαCeff(ti)

γαEN

A

tk
, (IV.25)

for each combination of loop size and energy-loss mechanism considered here, c.f. Ap-
pendix B for details. The parameters A and k > 0 encode the specifics of the loops
and energy-loss mechanism considered and will be given on a case-by-case basis below,
EN = γNMN1 denotes the average energy of the produced RHNs, and µ, Fα, γα, Ceff were
introduced in Section II.3. We also provide (approximate) relations between ti and t,
which can be used to assess when the expressions satisfy the validity condition ti > tfric.

Small cusp-dominated loops: For small cusp-dominated loops, we obtain a contribu-
tion from collapsing loops and direct particle radiation from strings when the would-be-size
of the loop is smaller than its width

A = 1, k = 3, t = ti, for
ω

ΓGµ
≳ t, (IV.26)
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A ≈ ω

ΓGµ
, k = 4, t ≈ ti +

2

3
√
w
(ΓGµti)

3/2, for
ω

(ΓGµ)3
≳ t ≳

ω

ΓGµ
, (IV.27)

The contribution from cusp-evaporations read,

A = Nc, k = 3, t ≈ ti, for
ω

(ΓGµ)3
≳ t ≳

ω

ΓGµ
, (IV.28)

where Nc ∼ 2 is the average number of cusp annihilations per period [209].

Big cusp-dominated loops: The contribution from collapsing loops reads,

A = α
3/2
l w1/6, k = 19/6, t = ti +

2

3

1

w1/2
(αti)

3/2, for
ω

(ΓGµ)3
≳ t ≳

ω

α3
l

, (IV.29)

and from cusp evaporations,

A ≈ Ncα
1/2
l

w1/6
, k = 17/3, t ≈ (αlti)

3/2

w1/2
, for

ω

(ΓGµ)3
≳ t ≳

ω

α3
l

. (IV.30)

Small kink-dominated loops: The contribution from collapsing loops reads,

A = 1, k = 3, t = ti, for
ω

ΓGµ
≳ t, (IV.31)

A ≈ ω

ΓGµ
, k = 4, t ≈ ti +

(αlti)
3/2

w1/2
, for

ω

(ΓGµ)2
≳ t ≳

ω

ΓGµ
, (IV.32)

and from kink-kink collisions,

A ≈ Nkk

wµ1/2
, k = 3, for

ω

(ΓGµ)2
≳ t ≳

ω

ΓGµ
, (IV.33)

where Nkk is the average number of kink-kink collisions per oscillation.

Big kink-dominated loops: The contribution from collapsing loops reads,

A = α
3/2
l w1/4, k = 11/4, t ≈ ti +

(αlti)
2

2w
, for

ω

(ΓGµ)2
≳ t ≳

ω

α2
l

, (IV.34)

and from kink-kink collisions,

A ≈ Nkkα
1/2
l

µ1/2w5/6
, k = 11/4, t ≈ (αlti)

2

2w
, for

ω

(ΓGµ)2
≳ t ≳

ω

α2
l

. (IV.35)

Only GW radiation: We also consider loops that shrink by emitting gravitational
radiation and only emit particles in their final collapse. The contribution from small loops
reads,

A = 1, k = 3, for
ω

ΓGµ
≳ t, (IV.36)

A ≈ 25/2ω

ΓGµ
, k = 4, for t ≳

ω

ΓGµ
, (IV.37)

and the contribution from big loops reads,

A =
α
3/2
l w

(ΓGµ)5/2
, k = 4, t ≳

w

ΓGµ
. (IV.38)
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Instantaneous particle emission: In light of recent AH simulations [199], see also [357],
we also consider a maximal RHN production rate from strings, where the full energy-loss
rate from long strings to loops is converted instantaneously to particle radiation. The
purpose is to assess the potential impact of cosmic strings on leptogenesis in a maximally
optimistic scenario, providing a benchmark estimate that can inform future studies once
a consensus on particle production from loops is fully established within the community.
The result reads,

A = 1, k = 3, t = ti. (IV.39)

For future reference, we also include the full expression in this case,

dnN
dt
≈ fN

√
2µCeff(t)

γNMN1t
3
. (IV.40)

IV.3.2 Going beyond the linear scaling regime

Next, we want to consider the contribution to the BAU from loops produced in the friction-
dominated epoch. This is complicated by several sources of uncertainty:

• The role of particle production in cosmic-string loop decays is a topic of debate, as
discussed in Section II.3. Abelian-Higgs simulations by different groups yield quali-
tatively different results for particle production rates, with existing studies focusing
on the linear scaling regime where friction is negligible. To our knowledge, there are
currently no quantitative predictions for the efficiency of particle production from
cosmic strings during the friction-dominated epoch derived from numerical simula-
tions. Consequently, any quantitative assessment of particle-production efficiency
for z ≲ zfric is subject to significant uncertainty.

• Prior to the onset of the linear scaling regime, the characteristic properties of the
cosmic string network evolve dynamically. A widely adopted framework for mod-
eling this evolution is the VOS model [335–337] mentioned several times in this
chapter, in which the average string velocity and the characteristic network length-
scale are treated as dynamical variables. This approach provides a quantitative
description that captures the complete evolution of the string network following its
formation [338]. We will employ the VOS model to analyze energy loss from the
long-string network to loops during the friction-dominated epoch.

VOS model

In the following, we summarize the VOS formulae that are of direct relevance to us and refer
the interested reader to Refs. [107, 335, 336, 338] for further details about the formalism.
The energy-loss rate from the long-string network to loops is given by(

dρ∞
dti

)
to loops

=
c̃v∞µ
L3(ti)

. (IV.41)

Here c̃ denotes the loop-chopping efficiency, v∞ the average root-mean-square velocity of
string-segments of the long strings, and L the single length scale entering the framework.
L can be interpreted as the average distance between strings or a correlation length [338],
and c̃ is the only free parameter of the model and has to be determined from e.g. simu-
lations. Abelian Higgs [358,359] and Nambu-Goto [337] simulations suggest the following
(constant) values,

AH : c̃ = 0.57± 0.04, NG : c̃ = 0.23± 0.04, (IV.42)
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respectively. We stress that the values for c̃ are obtained for strings in the linear scaling
regime, and that in principle, the value of c̃ could be modified in the friction-dominated
epoch. This provides an important source of uncertainty in VOS modeling of the friction-
dominated epoch, which deserves attention in future studies.

By identifying Li = ξ(ti)ti, where ξ is a time-dependent parameter, the expression above
can be rewritten to the form given in Eq. (II.97),(

dρ∞
dti

)
to loops

=

√
2µCeff(ti)

t3i
, with Ceff(ti) =

c̃v∞√
2ξ3

. (IV.43)

For a given value or parametrization of c̃, the efficiency parameter Ceff can be determined
by solving the VOS equations for the long-string network [335,336],

dL

dt
= HL(1 + v2∞) +

Lv2∞
2lf

+
c̃v∞
2
, (IV.44)

dv∞
dt

= (1− v2∞)

[
k(v∞)

L
− v∞

(
2H +

1

lf

)]
, (IV.45)

where lf was defined in Eq. (IV.20) and k(v∞) is a phenomenological function that has
been fitted by simulations [337],

k(v) =
2
√
2

π
(1− v2)(1 + 2

√
2v3)

1− 8v6

1 + 8v6
. (IV.46)

In the linear-scaling regime, ξ and v∞ become constant yielding a time-indepedent value
for Ceff .

Solution to VOS equations

To solve the VOS equations (IV.44)-(IV.45), we first rewrite them in terms of the dimen-
sionless quantities ξ, v∞, and z =MN1/T ,

6

dξ

dz
=
c̃v∞
z

+
ξ

z

[
−1 + v2∞ +

v2∞β
2z

√
90

π2g∗

(
MN1MP

µ2

)]
, (IV.47)

dv∞
dz

=

(
1− v2∞
z

)[
2k(v∞)

ξ
− 2v∞ −

v∞β
z

√
90

π2g∗

(
MN1MP

µ

)]
. (IV.48)

Numerical example solutions are displayed in Fig. IV.1 for vϕ = 1014 GeV andMN1 = 1014

GeV (top) and MN1 = 1010 GeV (bottom) where ξ is shown to the left, v∞ in the middle,
and the rate of energy loss from the long-string network to loops given in Eq. (IV.41) to
the right. The gray dashed line shows the value of zfric obtained from Eq. (IV.23). Note
that the values on the horizontal axes differ in the two lowest rows compared to the first
two rows for v∞ and dρ∞

dti
. Some comments are in order:

• The long-string network relaxes to the linear scaling regime (ξ = constant) after
zfric. Recall that in the analytical calculations above, we assumed that the string
network reached scaling instantaneously at z = zfric. We see that this is not an
accurate approximation. In fact, scaling is reached significantly after the end of
friction domination zs ≫ zfric.

• The initial evolution of the correlation-length parameter, ξ, is sensitive to initial
conditions, and subsequently flows to an attractor solution that is independent of
initial conditions (c.f. the left column of Fig. IV.1).

6In particular, we use d
dt

= zH d
dz
, t = 1

2H
, and dξ

dt
= 1

t
dL
dt

− L
t2
.
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Figure IV.1: Example solutions for ξ (first column), v∞ (second column), and dρ∞
dti

(third
column). The value of vϕ and MN1 is the same in each row (as indicated in the first figure
of each row). The different colored curves correspond to different initial conditions for ξ
and v∞ at t ≈ tF , as indicated in the labels in the second column.

• The long-string average root-mean-square (rms) velocity, v∞, is initially suppressed
by the thermal plasma, making the string motion non-relativistic, independently of
initial conditions (c.f. the middle column in Fig. IV.1). The string motion gradu-
ally becomes relativistic, and for z ≫ zfric it asymptotes to the scaling value given

implicitly by v∞ =
√

k(v∞)
k(v∞)+c̃ [192].

• The fact that v∞ is time dependent could imply that the average boost factor γα of
loops of type α also exhibits a strong time dependence. This could have implications
for their production rate.

• All results are obtained assuming that c̃ = 0.23 from the time of formation. Altering
this assumption could lead to drastically different results.

• We find that the results for (vϕ/GeV, MN1/GeV) = (10a, 10a−c), c > 0, are similar
to the results for (vϕ/GeV, MN1/GeV) = (10a, 10a) upon rescaling the z-axis by a
factor 10−c.

• Using Eq. (IV.43), we find Ceff = 5.4 in the linear scaling regime, in agreement with
Ref. [192].
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VOS for loops

Next, we consider loop evolution in VOS. As stated above, there are no recent simulations
to guide our understanding of particle production from loops during the friction-dominated
epoch. However, it is understood that the efficiency of radiation energy loss from loops is
sensitive to the rms velocity of loops vl: The rate of energy loss from loops to gravitational
radiation scales with the sixth power of vl,(

dl

dt

)
GW

= −ΓGµ
(
2v2l
)3
, (IV.49)

where the factor
(
2v2l
)3

is typically omitted as the loops are expected to satisfy vl = 1/
√
2

in the linear scaling regime [336]. Similarly, radiation-loss due to particle production is
expected to be sensitive to vl, as an efficient damping force (induced by the thermal plasma)
is expected to smooth out small-scale structure that could source particle radiation. For
this reason, we will use relativistic vl as a means to diagnose at which point in the cosmic
evolution particle production from loops may become significant.

VOS equations for a loop of cosmic string with length l and rms-velocity vl can be
formulated as [336]

dl

dt
= (1− 2v2l )Hl −

lv2l
lf
−
(
dl

dt

)
Rad

, (IV.50)

dvl
dt

= (1− v2l )
[
2πk(vl)

l
− vl

(
2H +

1

lf

)]
, (IV.51)

where (
dl

dt

)
Rad

=

(
dl

dt

)
GW

+

(
dl

dt

)
P.R.

. (IV.52)

The first term on the r.h.s. of Eq. (IV.52) is given in Eq. (IV.49), and the second term
denotes energy loss due to particle radiation. It is clear from Eq. (IV.51) that as loops
shrink, their motion becomes more relativistic.

Solution of VOS for loops

To solve the loop VOS equations (IV.50)-(IV.51), we find it useful to define a dimensionless
quantity ζ(t) ≡ l(t)/w,7 and rewrite the equations as

dζ

dz
=
ζ

z

[
(1− 2v2l )−

(
βv2l
z

)√
90

π2g∗

(
MN1MP

µ

)]
− v6l

(
Γz

π2

)√
90

g∗

µw−1

MPM2
N1

, (IV.53)

dvl
dz

=

(
1− v2l
z

)[
2πz2k(vl)

ζ

√
90

π2g∗

(
MPw

−1

M2
N1

)
− 2vl −

βvl
z

√
90

π2g∗

(
MPMN1

µ

)]
,

(IV.54)

where we used G = 1
8πM2

P
and conservatively set the impact of particle production on the

loop evolution to zero.8 For concreteness, we will set
√
µ = w−1 = vϕ in the following.

The initial size of big and small loops discussed in Section II.3 read

ζ0(z) =
αz2

2

√
90

π2g∗

w−1MP

M2
N

, ζ0(z) =
Γz2

16π

√
90

π2g∗

µw−1

MPM2
N

, (IV.55)

7Note that ζ(t) ∼ 1 signals the final collapse of the loop.
8This is a conservative estimate, as further energy loss via radiation would lead to vl becoming rela-

tivistic sooner.

86



IV.3. NON-THERMAL RIGHT-HANDED-NEUTRINO PRODUCTION RATE

respectively. Solving ζ0 > 1 for z gives the range in z for which the long strings produce
the associated loop type rather than direct emission of particle radiation,

z >Max

zF ,
√

2

α

√
π2g∗
90

M2
N

MPw−1

 , (IV.56)

z >Max

zF ,
√

16π

Γ

√
π2g∗
90

MPM2
N

µw−1

 , (IV.57)

where the first (second) result is for big (small) loops and zF denotes the formation tem-
perature.

Small loops: We have numerically solved Eq. (IV.53) for small loops for different values
of vϕ in the range 1010 ≲ vϕ/GeV ≲ 1015 and zF ≲ zi ≲ 104 with initial condition vl = 0
at loop formation zi. In all cases, we find that vl → 1/

√
2 practically instantaneously.

Based on this observation, we conclude that particle production from small loops during
the friction-dominated epoch could be efficient.

Big loops: We have also solved Eq. (IV.53) for big loops. In this case, we find that
loops produced at zi ∼ zF remain nonrelativistic until the last moments before they
decay. For increasing zi ≫ zF , the loops gradually become relativistic as they shrink,
with loops associated with higher breaking scales being relativistic for a longer period of
their lifespan compared to loops associated with lower breaking scales. This is illustrated
in Fig. IV.2, where ζ(z) is shown in the first column and vl(z) in the second column
for (vϕ/GeV, MN1/GeV) = (1014, 1014) and (1012, 1012) in black and blue, respectively.
Rows 1− 2 correspond to zi = 1, rows 3− 4 to zi = 10, rows 5− 6 to zi = 100, and rows
7− 8 to z = 103. We find that the results for (vϕ/GeV, MN1/GeV) = (10a, 10a−c), c > 0,
are similar to the results for (vϕ/GeV, MN1/GeV) = (10a, 10a) upon rescaling the z-axis
by a factor 10−c.

For (vϕ/GeV, MN1/GeV) = (1014, 1014), we observe that big loops become relativistic
soon after creation for zi ≳ 100. The corresponding statement for (vϕ/GeV, MN1/GeV) =
(1012, 1012) requires zi ≳ 104. Interestingly, as seen from the second row in Fig. IV.2,
loops can undergo a stretching phase for sufficiently low zi and sufficiently low vϕ. The
reason is that the Hubble expansion becomes more important than shrinking effects, which
indeed vanish in the limit vl → 0.

Particle production

In the following, we adopt an optimistic benchmark scenario for particle production, and
analyze it within the VOS framework outlined above. While the VOS framework can
accommodate more sophisticated scenarios, including non-monochromatic loop produc-
tion and time-dependent particle-production efficiencies, the lack of detailed simulations
of string networks and loops in the friction-dominated epoch necessitates simplifying as-
sumptions. We defer further explorations to future work, when simulations can inform
the choice of input parameters.

Analogeous to Eq. (IV.40), we consider a scenario where the energy lost by the string
network is converted to particle radiation instantaneously. The resulting RHN production
takes the form,

dnc.s.N

dt
= fN

(
c̃(t)v∞(t)

γN (t)ξ3(t)

)
µ

MN1t
3
, (IV.58)
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Figure IV.2: ζ(z) (first column) and vl(z) (second column) for (vϕ/GeV, MN1/GeV) =
(1014, 1014) and (1012, 1012) in black and blue, respectively. Rows 1 − 2 correspond to
zi = 1, rows 3− 4 to zi = 10, rows 5− 6 to zi = 100, and rows 7− 8 to z = 103.
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where we have indicated that the loop-chopping efficiency, c̃, and the average Lorentz
boost of the emitted RHNs, γN , could be time dependent.

This scenario yields similar conclusions to assuming that energy is primarily lost to small
loops of initial length li(t) ∼ ΓGµt. For sufficiently early times, we have, li < w, and the
string network effectively produces particle radiation. For li ∼ w, loops annihilate shortly
after formation, so for li ≲ w, the two descriptions are similar. Since the energy-loss rate
of the long-string network is suppressed at later times (cf. Eq. (IV.41)), contributions
from li ≫ w, where the difference between instantaneous particle radiation and small-loop
production becomes significant, are typically negligible.

IV.4 Leptogenesis

In the following, we will consider how RHN production from cosmic strings may impact
leptogenesis. We will first obtain analytical upper limits on the asymmetry generated by

cosmic-string sourced RHNs during linear scaling, using the expressions for
dnc.s

N
dt derived

in Section IV.3.1. To convert the latter to a form suitable for a standard leptogenesis
analysis in a radiation-dominated universe, we use the standard relation9

t =
1

2H
≈ 1

2

√
π2g∗
90

T 2

MP
. (IV.59)

We then provide a detailed discussion of asymmetry production during the friction-
dominated phase, focusing on a maximally optimistic scenario for particle-production
efficiency.

IV.4.1 Asymmetry production during the linear scaling regime

As a first step, it is useful to check if particle production from a linearly scaling network
during the second regime discussed in Section IV.2 can account for the BAU. We will do
this by computing the coefficient C introduced around Eq. (IV.11), and check the bound
in Eq. (IV.18) for producing the BAU during linear scaling with maximal CP violation
and no washout. Let us consider the RHN injection for instantaneous particle production
derived in Eq. (IV.40), which takes the following form

1

zsH

dnN
dt
≈ Cz−2, C =

2
√
2fNCeff

γN

(
g∗
g∗s

)(
vϕ
MP

)2

, (IV.60)

where we used Eq. (II.95). Equating this with Eq. (IV.18), using Eq. (IV.23) and setting
z0 = zfric and Ceff = 5.4, we obtain that for the BAU to be created in said regime in the
limit of vanishing washout and ϵ1 saturating the upper bound in Eq. (II.124), MN1 must
satisfy

MN1

GeV
> 2 · 1016 1

fN

(
1015

vϕ

)3(
MN1

vϕ

)(
g∗s
g∗

)(γN
10

)√106.75

g∗
. (IV.61)

This formula assumes that the string network reaches scaling instantaneously at z = zfric,
which is an overly optimistic assumption, c.f. the discussion in Section IV.3.2 and in
particular Fig. IV.1. Correcting for this by setting z0 > zfric would lead to an even
stronger bound on MN1 .

9See for example Ref. [360].
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For the symmetry to be broken in the radiation-dominated post-inflationary universe,
we require MP /vϕ ≳ 103. More precisely: Planck [17] places an upper bound on the
Hubble parameter during inflation, Hinf ≲ 6 × 1013 GeV, derived from limits on the
tensor-to-scalar ratio. If reheating is instantaneous, the Hubble parameter at the onset of
the radiation-dominated era satisfies Hrd ≲ Hinf , giving a maximal reheating temperature
Tmax
rh ≲ 6 · 1015 GeV. Non-instantaneous reheating can only strengthen this bound as

energy is redshifted away. Assuming the U(1)B−L symmetry is thermally restored after
inflation, it can only break once the universe cools below the scale vϕ, which requires
vϕ ≲ Tmax

rh . This implies MP /vϕ ≳ 103, under the assumption of thermal symmetry
restoration.

Finally, we remind the reader that 0 ≤ fN ≤ 1 and that the value of the boost factor
γN is uncertain. Large simulation have shown that small loops are produced with a
boost factor γs ≳ 10 [190, 193]. Since the rest-mass of a small loop with effective radius
R ≳ w is given by 2πµR, which is larger than vϕ, we expect the RHNs produced in our
instantaneous particle production picture to satisfy γN ≳ γs ≳ 10. Putting all of this
together, and requiring MN1 ≲ vϕ for perturbative Yukawa couplings, we see that the
non-thermal production of RHNs during scaling, cannot account for the full BAU. To
summarize, we reached this conclusion by making the following assumptions:

• All the energy injected into loops during the linear scaling regime is immediately
transferred into RHNs. Changing this assumption can only lead to a lower value for
the asymmetry.

• The CP -asymmetry parameter is maximal, i.e. ϵ1 saturates the upper bound in
Eq. (II.124). Changing this assumption can only lead to a lower value for the asym-
metry.

• We neglect all washout. Changing this assumption can only lead to a lower value
for the asymmetry.

• We used z0 = zfric, which is unrealistic. In fact, z0 ≫ zfric, implying that we
significantly overestimate the resulting asymmetry production during linear scaling
in the calculation above.

• We assumed that the symmetry is broken in a post-inflationary universe, such that
the string network is not diluted away by cosmic inflation, which requires MP /vϕ ≳
103.

Note that we did not have to compare the asymmetry production sourced by linearly
scaling strings with the standard thermal LG contribution to (robustly) conclude that the
former does not play an important role in explaining the observed BAU.

Comparison with literature [331, 333]: Our conclusion conflicts with previous
work [331, 333], which suggested that RHN production from cosmic strings could lead
to overproduction of baryon asymmetry. In their studies, the dominant production mech-
anism was through the final collapse of small loops that shrink by emitting gravitational
radiation. In our notation, their result takes the following form up to an O(1) factor,

dnc.s.N1

dt
∼ fN

1

(ΓGµ)t4
. (IV.62)

This is comparable to Eq. (IV.37), which leads to a similar parametric result upon iden-
tifying µ ∼ v2ϕ, w ∼ v−1

ϕ , EN ∼ vϕ.
In Ref. [331], it was argued that the asymmetry produced from RHNs emitted from
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loops can be estimated as,

YB−L ≈ ϵ1
∫

1

s

dnc.s.N1

dt
dt. (IV.63)

Our Eq. (IV.13) is a refinement of this relation. Upon inserting Eq. (IV.62) into
Eq. (IV.13), and using the time-temperature relation (IV.59), we obtain10

YB−L ≈ κw ϵ1 2.8 · 10−5
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106.75
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)3 1
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√
2z0)3

, (IV.64)

where we in the second line used Eq. (II.124). Upon choosing MN1 ∼ vϕ, and setting
κw ≈ 1 and z0 ∼ 1,11 one could naively conclude that it is possible to overproduce baryon
asymmetry from loops associated with B−L breaking well below the GUT scale if washout
effects are weak, consistent with the findings in Ref. [331,333]. However, in Refs. [331,333]
the authors assume that the string network is in the linear scaling regime. As reviewed
in Section IV.3.2, the string network is not expected to reach linear scaling until the
temperature has dropped well below the value in Eq. (IV.23), which implies

z0 ≫ zfric ≈ 0.5

(
MP

vϕ

)(
MN1

vϕ

)
. (IV.65)

Inserting this into Eq. (IV.64) we obtain

YB−L ≪ κw 7.8 · 10−6
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vϕ
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1015GeV

)6
. (IV.66)

This result shows that, in the limit of vanishing washout and maximum value for ϵ1,
particle-production during linear scaling can still not account for the full BAU for vϕ ≲
1015 GeV. In conclusion, we have shown that the optimistic results in Ref. [331, 333],
are inconsistent: Although the authors work under the assumption of linearly scaling
strings, their calculation includes contributions at z ≪ zfric, which provides the dominant
contribution to the baryon asymmetry.

IV.4.2 Asymmetry production during friction domination

The above calculations show that leptogenesis sourced by cosmic strings in the linear scal-
ing regime does not provide a viable explanation of the origin of the BAU. The next step
is to consider the contribution to the BAU from loops produced in the friction-dominated
epoch. Large uncertainties in decay mechanisms, string evolution, loop evolution, and
initial conditions for the string network plague the calculation of the lepton asymmetry.
The accuracy gained by performing a full-fledged numerical analysis of Boltzmann equa-
tions would be drowned in these uncertainties. For this reason, we will generalize the
treatment of Boltzmann equations in Section IV.2.3 to obtain analytical estimates of the
B − L asymmetry. First, we summarize the remaining assumptions that our numerical
examples will follow:

10The factor of
√
2 accompanying zs follows from the relation t ≈ 2ti in Eq. (IV.37).

11Note that Eq. (IV.13) was derived under the assumption z0 ≫ 1, so z0 ∼ 1 is strictly speaking well
outside the regime of validity of the equation.
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• The source term for RHN-injection from cosmic strings is parametrized as follows

1

s(z)H(z) · z
∂nc.s.N

∂t
= C(z)z−n, n ≥ 2, (IV.67)

where we now allow C to have a z−dependence. We will specialize to the optimistic
scenario described around Eq. (IV.58), for which the source term takes the following
form,

1

zsH

dnN
dt

= 2fN
c̃(z)v∞(z)

γN (z)z2ξ3(z)

(
g∗
g∗s

)
µ

M2
P

≡ C(z)z−2, (IV.68)

with

C(z) = 2fN
c̃(z)v∞(z)

γN (z)ξ3(z)

(
g∗
g∗s

)
µ

M2
P

. (IV.69)

• In our numerical examples, we will consider the case vϕ = MN1 . In principle, one
could have MN1 ≲ vϕ while retaining perturbative RHN Yukawa couplings. Since
the energy-loss rate from long strings decrease with time, fixing MN1 ≫ vϕ would
result in the bulk of non-thermal RHN production taking place when washout effects
are highly efficient, resulting in a suppressed final asymmetry compared to the case
of heavier RHNs.

• We will primarily focus on the region z ≫ 1, where the long-string evolution is less
sensitive to initial conditions for vϕ =MN1 , c.f. Fig. IV.1. This is also motivated by
the observation that the contribution from CS to YN1 is negligible for z = O(1) as
we demonstrate in the following.

For z = O(1), the RHN yield is described by Eq. (IV.2). For simplicity, we ignore the
S2N term in the following, which depends on several BSM parameters, and the resulting
equation reads

∂YN1

∂z
= − (D + S)

(
YN1 − Y eq

N1

)
+

1

s(z)H(z) · z
∂ncsN1

∂t
, (IV.70)

where Ref. [225] is used to obtain an expression for the scattering term S. We solve
Eq. (IV.2) numerically for MN1 = vϕ = 1015 GeV and K = 10 with initial conditions
ξ(z = 1) = 0.1 and v∞(z = 1) = 0. Note that the result is insensitive to the choice of
v∞(z = 1) and increasing ξ(z = 1) leads to a lower production-rate of N1, c.f. Fig. IV.1.
The result is shown in Fig. IV.3. In the upper panel, we show YN1 obtained when the
source term in Eq. (IV.70) is included (green), YN1 obtained when the source term in
Eq. (IV.70) is zero (red), and Y eq

N1
(blue). To assess the impact of the source term, we

consider

(Y full
N1
− Y eq

N1
)− (Y no source

N1
− Y eq

N1
)

Y no source
N1

− Y eq
N1

=
Y full
N1
− Y no source

N1

Y no source
N1

− Y eq
N1

, (IV.71)

where Y full
N1

(Y no source
N1

) denotes the solution to Eq. (IV.70) with (without) the source
term. We find that Eq. (IV.71) is below 1% for z ≲ 8 and below 10% for z ≲ 12. This
indicates that the source term has a negligible impact (at most O(1%)) on the asymmetry
production for z = O(1). Meanwhile, for z = O(10), the cosmic-string source term has a
dramatic impact on the YN1 abundance. We consider this regime next.
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Figure IV.3: Upper panel: YN1 obtained when the source term in Eq. (IV.70) is included
(green), YN1 obtained when the source term in Eq. (IV.70) is zero (red), and Y eq

N1
(blue).

Lower panel: Numerical evaluation of Eq. (IV.71). See text for details.

For z ≫ 1, where Y eq
N1

is small compared to YN1 , the equations (IV.4)-(IV.6) are appli-
cable, which we reproduce here in a suitable form,

∂YN
∂z
≈ −K ′zYN +

1

s(z)H(z) · z
∂nc.s.N

∂t
, (IV.72)

∂YB−L
∂z

≈ −ϵ1K ′zYN − YB−LW. (IV.73)

For the parametrization in Eq. (IV.67), the general solutions for z ≥ z0 ≫ 1 read

YN1(z) = e−
1
2
K′z2

[
YN1(z0) e

1
2
K′z20 +

∫ z

z0

C(x)x−ne
1
2
K′x2 dx

]
, (IV.74)

YB−L(z) = YB−L(z0) e
−
∫ z
z0
W (u) du

− ϵ1YN1(z0) ·K ′e
1
2
K′z20

∫ z

z0

y e−
∫ z
y W (u) du e−

1
2
K′y2 dy

− ϵ1K ′
∫ z

z0

y e−
∫ z
y W (u) du e−

1
2
K′y2

(∫ y

z0

C(x)x−n e
1
2
K′x2 dx

)
dy. (IV.75)

Note that this solution explicitly encodes the effect of washout effects, W , and is valid
for any choice of C(z) in Eq. (IV.67) although we specialize to the parametrization in
Eq. (IV.69).

In Fig. IV.4, we show the result for YN1 (green curve) as a function of z, for vϕ =MN1 =
1015 GeV and z > 20. We have fixed, fN = γN = 1, i.e., assuming all energy is converted
to non-relativistic RHNs. The decay parameter is fixed to K = 10, and increasing its value
leads to a decrease in YN1 . We have included the photon yield Yγ (black dashed) and the
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Figure IV.4: YN1 (red), Y eq
N1

(blue), and Yγ (black) as a function of z starting from where

YN1 is insensitive to initial conditions for the long-string network for vϕ = MN1 = 1015

GeV, fN = γN = 1, and K = 10. Increasing K while keeping other parameters fixed leads
to a decrease in YN1 .

RHN-equilibrium yield Y eq
N1

(blue dashed) for reference. The vertical gray line to the far
right in the plot marks the end of the friction-dominated epoch. As can be seen, the RHN
yield during the friction-dominated epoch can be many orders of magnitude higher than
the corresponding value at z ≈ zfric.
We now have all the ingredients to numerically evaluate the asymmetry generated from

non-thermally sourced RHNs in the regime z ≫ 1. This contribution should be compared
with the thermally produced abundance, given in Eq. (II.116), and reproduced here for
convenience,

Y th
B−L(z →∞) = ϵ1κ̄f . (IV.76)

It is convenient to normalize the asymmetry generated from non-thermally sourced RHNs
at z > z0 by Eq. (IV.76), to make the dependence on ϵ1 drop out, and using Eq. (IV.75)
we obtain(
YB−L(z)− YB−L(z0) e

−
∫ z
z0
W (u) du

)
Y th
B−L(z →∞)

= −YN1(z0)

κ̄f
K ′e

1
2
K′z20

∫ z

z0

y e−
∫ z
y W (u) du e−

1
2
K′y2 dy

− K ′

κ̄f

∫ z

z0

y e−
∫ z
y W (u) du e−

1
2
K′y2

(∫ y

z0

C(x)x−n e
1
2
K′x2 dx

)
dy. (IV.77)

If the expression above is O(1) or larger in the limit z → ∞, it would signal that cosmic
strings could play an important role in generating the BAU.

Using W = W∆L=2 +WID, c.f. Eqs. (II.122)-(II.123) for explicit expressions, K = 10,
z0 = 20, and the maximal values fN = γN = 1, we show Eq. (IV.77) as a function of z
in Fig. IV.5 for vϕ = MN1 = 1015 GeV (green) and vϕ = MN1 = 1014 GeV (red). The
solid curves correspond to m̄ = 0.05 eV, and the dashed curves to m̄ = 0.07 eV. The
results indicate that RHNs sourced by cosmic strings at z ≫ 1 have a negligible impact
on the final asymmetry. We find that varying z0 from 15 to 30 leads to a final result for
the asymmetry that differs from the ones shown by factor of 1.05 to 0.8 (3.8 to 0.44) for
MN1 = 1015 GeV (MN1 = 1014 GeV). The comparatively larger variation for MN1 = 1014

GeV is attributed to less efficient washout, and v∞(z) and ξ(z) being more sensitive to z
in this regime.

94



IV.5. SUMMARY AND OUTLOOK

Figure IV.5: Asymmetry yield generated by cosmic strings at z ≫ 1 as a function of z,
normalized by Y th

B−L(z =∞) for vϕ =MN1 = 1015 GeV (green) and vϕ =MN1 = 1014 GeV
(red). The solid curves correspond to m̄ = 0.05 eV, and the dashed curves to m̄ = 0.07
eV.

In summary, we have shown that even for highly optimistic parameters for RHN-
production from cosmic strings, the latter can at most provide O(1%) corrections to the
final baryon asymmetry for MN1 ≲ 1015 GeV and vϕ ≲ 1015 GeV.

IV.5 Summary and outlook

In this chapter, we considered if RHN production from cosmic strings arising from spon-
taneously broken gauged U(1)B−L can play an important role in leptogenesis. We focused
on the scenario where B − L is broken in the post-inflationary universe after (or near the
end of) inflationary reheating. In this scenario, the universe is radiation-dominated, and
one can solve a coupled set of two Boltzmann equations for YN1 and YB−L as a function
of temperature.

There are large uncertainties associated with particle-production rates from local cosmic
strings, which lead to large uncertainties in the predictions of the baryon asymmetry
generated from CS-sourced RHNs. To gauge the potential importance of CS for LG, we
included predictions based on maximally optimistic assumptions on the efficiency of RHN
production from strings. Furthermore, the discussion was divided into two parts:

1. Contribution from RHNs produced during the linear scaling regime.

2. Contribution from RHNs produced during the friction-dominated epoch.

We first considered the first point and demonstrated that, contrary to previous claims in
the literature, RHN production in the linear-scaling regime has a negligible impact on the
BAU. Along the way, we presented analytic expressions for particle-production rates for
cosmic strings with different small-scale structure, which we hope to be useful in contexts
beyond the present study.

Next, we considered the second point above using the VOS framework to model the
evolution of long strings and loops during the initial friction-dominated epoch. We showed
that the RHN-production rate can be much larger during this epoch compared to the linear
scaling regime, and correspondingly, larger contributions to the BAU may be generated.
However, for breaking scales vϕ ≲ 1015 GeV, which are required to be consistent with

95



CHAPTER IV. COSMIC STRINGS AS A NON-THERMAL SOURCE FOR
LEPTOGENESIS

CMB constraints on the string tension, c.f. Eq. (II.106), we found that the contribution
to the BAU from strings is very small compared to the standard TLG contribution, even
for maximally optimistic choices of string parameters.

As new knowledge about cosmic-string evolution and particle production is developed in
the future, we hope that our study may serve as a useful benchmark for studies addressing
possible connections between cosmic strings and leptogenesis. In closing, we provide an
outlook of scenarios that may be promising for future studies.

Outlook

In this chapter, we assumed that U(1)B−L is broken after the end of inflationary reheating.
This allowed us to conduct a study that does not depend on specifics of an inflationary
scenario, and to compare the string contribution with the standard thermal contribution.
In the future, it would be interesting to understand if there are viable scenarios where
U(1)B−L is broken non-thermally, allowing a hierarchy vϕ ≫ Trh, where Trh denotes the
inflationary reheating temperature, such that the thermal production of RHNs is sup-
pressed. This would bypass one of the main obstructions encountered in this chapter,
namely that the asymmetry from thermally produced RHNs dominates over the asymme-
try produced by CS sourced RHNs. In the absence of other non-thermal sources of RHNs,
cosmic strings could then provide the most important source for leptogenesis.

In the context of (supersymmetric) hybrid inflation models [361–363] featuring a
U(1)B−L symmetry, B − L can be broken at the end of inflation. It has been suggested
that the spontaneous breaking of U(1)B−L to end hybrid inflation can generate the ini-
tial conditions of the hot early universe [364–366]. In this context, heavy neutrinos are
produced non-thermally through inflationary (p)reheating dynamics, and their subsequent
decay can account for the BAU [366]. In particular, the reheating temperature may be
much smaller than MN1 , such that the contribution to the BAU from thermally produced
RHNs is negligible and washout effects are highly suppressed [334]. It could be interesting
to understand if there is experimentally allowed parameter space associated with hybrid
inflation realizations with spontaneously broken U(1)B−L where (p)reheating dynamics
cannot account for the BAU, while cosmic strings can.

More generally, it would be interesting to understand if there are viable model real-
izations where U(1)B−L is broken in a post-inflationary universe where the maximum
temperature is much lower than vϕ and MN1 and the initial abundance of cosmic strings
is not highly diluted. We leave such explorations for future work.

A Integrated Boltzmann equations without kinetic equilib-
rium

A detailed account of classical Boltzmann equations for leptogenesis without the assump-
tion of kinetic equilibrium can be found in Ref. [367], which we follow below. We begin
at the level of phase-space distributions fN1 and f∆L, for N1 and the lepton asymmetry,
respectively,

∂fN
∂t
− |p⃗N |H

∂fN
∂|p⃗N |

= CS2N
[fN ] + CDN

[fN ] + CSN
[fN ] + CS, (A.1)

∂f∆L
∂t
− |p⃗∆L|H

∂f∆L
∂|p⃗∆L|

= CD∆L
[f∆L] + CS∆L

[f∆L] + CS, (A.2)
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where by definition

gN

∫
d3p

(2π)3
CS ≡ ∂nc.s.N

∂t
, (A.3)

and CS2N
, CD/∆L, and CS/∆L denote collision terms involving two external RHNs, de-

cays/ inverse decays, and other scatterings, respectively. Transforming to dimensionless
coordinates z =M/T and yi = |p⃗i|/T we obtain

∂fN
∂z

=
1

H(z) · z (CS2N
[fN (y, z)] + CDN

[fN (y, z)] + CSN
[fN (y, z)] + CS) , (A.4)

∂f∆L
∂z

=
1

H(z) · z (CD∆L
[f∆L(y, z)] + CS∆L

[f∆L(y, z)]) . (A.5)

In the limit z ≫ 1, the r.h.s. of Eq. (A.4) is dominated by CDN
[225], and we can

therefore safely neglect CS2N
and CSN

, which simplifies the Boltzmann equation for N1

significantly. In evaluating the washout contribution in Eq. (A.5), we include the effects
of decays/ inverse decays and ∆L = 2 scatterings, which importantly are not Boltzmann
suppressed for z ≫ 1. Under these assumptions, the Boltzmann equation governing the
RHNs can be written as

∂fN
∂z

=
Γr.f.M

zH(z)EN

(
f eqN − fN

)
+

1

H(z) · z (CS) , (A.6)

where Γr.f. denotes the decay width of the RHN in its rest frame at zero temperature.

The RHN population in the regime under consideration is sourced by cosmic-loop decays,
which determines the initial momentum distribution of RHNs. In the following, we assume
that their distribution is sharply peaked around EN = γNMN1 , where γN parametrizes
how boosted the emitted RHNs are. Under this assumption, we can then treat the factor

EN in Eq. (A.6) as a constant and integrate both sides over gN
∫ d3p

(2π)3
, which upon using

Eq. (A.6) gives

∂YN
∂z

=
Γr.f.

zH(z)

1

γN
(Y eq
N − YN ) +

1

s(z)H(z) · z
∂nc.s.N

∂t
. (A.7)

It is instructive to compare the first term on the r.h.s. with the contribution from decays/
inverse decays in the standard result, Eq. (IV.2), in the limit z ≫ 1. There, the said term
takes the form D ≈ Γr.f.

zH(z) , see e.g. Ref. [225], and we see that Eq. (A.7) has an additional

suppression factor of 1
γN

. Similarly, by following Section 3 in Ref. [367] and Appendix A
in Ref. [224], we obtain

∂Y∆L
∂z

= ϵ1
Γr.f.

zH(z)

1

γN

(
YN − Y eq

N

)
− Y∆L

[
WID + 2W sub

∆L=2

]
, (A.8)

with

WID =
1

4
Kz3K1(z) =

1

2
D
N eq
N

N eq
l

=
γD
2neqL

, W sub
∆L=2 =

γsubN

neqL
, (A.9)

where explicit expressions for γD and γsubN can be found in Ref. [224]. The form of these
Boltzmann equations is in agreement with the results in Ref. [322].
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B Derivations of particle-production rates during linear
scaling regime

In this appendix, we provide detailed derivations of analytic expressions for RHN injection
from different types of cosmic-string loops in the linear scaling regime.12

Particle emission from small cuspy loops

In the following, we consider particle emission from small cuspy loops. The critical length
lc of a cuspy loop, defined in Eq. (II.103), is a measure of when energy loss via GW emission
becomes more important than energy loss via particle production. Once the length of the
loop is smaller than the critical length, particle decay becomes the dominant energy-loss
contribution. We have verified that the following inequality is satisfied for the time scales
relevant to our leptogenesis analysis,

ΓGµt ≲ lc. (B.1)

Consequently, we can neglect energy loss due to GW emission and use the following formula
to estimate how loops evolve in time [203]

dl

dt
= −

√
w

l
. (B.2)

Final collapse

The number of small loops collapsing per unit time and volume at time t > w
ΓGµ equals the

number of loops created inside a volume
(
a(ti)
a(t)

)3
at an earlier time ti. A relation between

t and ti is obtained by integrating Eq. (B.2) and setting l(t) ≈ 0,

t = ti +
2

3
√
w
(ΓGµti)

3/2. (B.3)

The production rate of small loops inside a unit volume at time ti can be read out from
Eq. (II.98)

dn

dti
=
Fs
√
2Ceff(ti)

γs(ΓGµ)t4i
, (B.4)

so the number of small loops collapsing per unit volume at time t is

ṅcol−small(t) ≈ Fs
√
2Ceff(ti)

γs(ΓGµ)t4i

(
a(ti)

a(t)

)3

. (B.5)

All loops created at the same time collapse at the same time so there is no need to integrate
over loop distributions to obtain the total number of loops collapsing at a given time [369].
The injection rate of RHNs per unit volume from small loops collapsing at a time t can
then be estimated as,

ṅcol−small
N (t) ≈ fN


µFs

√
2Ceff(ti)

γst3EN
t = ti, if t ≲ w

ΓGµ ,

Fs

√
2Ceff(ti)

γs(ΓGµ)t4i

(
a(ti)
a(t)

)3
µw
EN

, t = ti +
2

3
√
w
(ΓGµti)

3/2, if t ≳ w
ΓGµ .

(B.6)

12See Section 6.4 in Ref. [368] and references therein for earlier related analysis.
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The fraction of scale factors can be rewritten in terms of time in the usual way,(
a(ti)

a(t)

)3

=

(
ti
t

)p
, p =

2

1 + ω
(B.7)

where ω denotes the equation-of-state of the universe. For the time-scales relevant to our
leptogenesis discussion, Eq. (B.6) can be further simplified to

ṅcol−small
N (t) ≈ fN

µFs
√
2Ceff(ti)

γsEN
×
{

1
t3

if t ≲ w
ΓGµ ,

w
(ΓGµ)t4

, if w
(ΓGµ)3

≳ t ≳ w
ΓGµ .

(B.8)

Cusp evaporation

Cuspy loops also emit particle radiation through cusp evaporation. In the vicinity of a
cusp, string segments overlap, c.f. Fig. II.4, and the corresponding portions of the string
can decay into massive radiation. The typical length of an overlapping segment has been
estimated to be of size

√
wl [370]. Hence, we model the energy going into massive particles

emitted per cusp evaporation to be of order µ
√
wl with corresponding radiated power [192]

P part
cusp = Ncµ

√
w

l(t)
, (B.9)

where Nc ∼ 2 is the average number of cusp annihilations per period [209]. The corre-
sponding average number of RHNs radiated per unit time from a shrinking loop of length
l(t) < lc at time t is estimated as

dN cusp
N

dt
= fN

Ncµ
√
w√

l(t)EN
. (B.10)

The number density of loops with length l at time t is related to the number density of
loops produced at an earlier instant ti,

dn(t)

dl
=

[
a(ti)

a(t)

]3 dn(ti)
dti

dti
dl
, (B.11)

where the loop-length evolution equation in Eq. (B.2) dictates,

l(t)3/2 = l
3/2
i (ti) +

3
√
w

2
(ti − t),

dti
dl

=

√
l(t)√

w + (ΓGµ)3/2
√
ti
. (B.12)

Substituting (II.98) and (B.12) into (B.11), and folding Eqs. (B.11) with (B.10) we obtain
the following expression for the number density of RHNs emitted from cusps on small
loops at times t > w

ΓGµ ,

ṅcusp−small
N (t) ∼ fN

∫ (ΓGµt)

w
dl

[
a(ti)

a(t)

]3 Fs√2Ceff(ti)

γs(ΓGµ)t4i

(
1√

w + (ΓGµ)3/2
√
ti

)
Ncµ
√
w

EN
.

(B.13)

It is clear that the integral receives the largest contributions from the smallest loops, i.e.
loops created at the earliest possible time ti(t). Loops with size l(t) ∼ w satisfy,

t = ti +
2(ΓGµti)

3/2

3
√
w

− 2

3
w, (B.14)
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so we can employ the following approximation,{
ti ≈ t, if w

(ΓGµ)3
≳ t > w

ΓGµ ,

ti ≈ (
√
wt)2/3

ΓGµ , if t > w
(ΓGµ)3

.
(B.15)

For t ≲ w
(ΓGµ)3

, we approximate the integral in Eq. (B.13) by the value of the integrand

evaluated at ti = t, multiplied by the length of the full integration domain. For complete-
ness, we also provide an analytic estimate valid for larger t, that is of less relevance to our
leptogenesis analysis. Here, we use Eq. (B.2) to find that a good parametric estimate for
the length of loops born an O(1) number later than ti is l(t) ≈ (

√
wti)

2/3. Multiplying the

integrand evaluated at ti =
(
√
wt)2/3

ΓGµ with this length scale yields a parametric estimate of
the integral at times t > w

(ΓGµ)3
. The final result is summarized in the following expression

ṅcusp−small
N (t) ≈ fN

Fs
√
2CeffNcµ

√
w

γsEN


0, if w

ΓGµ > t,
1

w1/2t3
, if w

(ΓGµ)3
≳ t ≳ w

ΓGµ ,

(ΓGµ)
4
3−p

w( 1718− p
3 )

1

t(
23
9 +

p
3 )
, if tEWSB > t ≳ w

(ΓGµ)3
.

(B.16)

We have verified numerically that these analytical estimates are in good agreement with
the full integral representation in Eq. (B.13).

Particle emission from big cuspy loops

Next, we consider particle emission from small cuspy loops. Big loops are produced with
a length comparable to the size of the cosmic horizon,

l = αlt, αl ≈ 0.1. (B.17)

After a critical cosmic time tc given by

tc =
lc
αl

=
w

αl(ΓGµ)2
, (B.18)

newly created big loops initially shrink mainly by emitting gravitational radiation. After
shrinking to a parametric lengthscale l(t) ≲ lc, particle production becomes the dominant
energy-loss channel and the shrinking rate accelerates until annihilation.

Final collapse

Loops with sizes comparable to lc or larger will only be produced after a time tc given by
Eq. (B.18), and the lifetime τ of such loops are,

τ ≳
l
3/2
c√
w

=
w

(ΓGµ)3
. (B.19)

We find that collapse of loops with initial size l ≳ lc are irrelevant in the context of
leptogenesis, and are therefore discarded. For loops with an initial size smaller than lc,
i.e. the loops considered below, shrinking is dictated by particle emission.

The annihilation rate of big loops per unit volume at time t is equal to the number of

loops created inside a volume
(
a(ti)
a(t)

)3
at time ti obtained from Eq. (B.2),

t = ti +
2

3

1√
w
(αti)

3/2. (B.20)
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The number of RHNs decaying per unit volume and time from big loops collapsing at a
time t is then,

ṅcollapse−big
N (t) ≈ fN

µwFsCeff(ti)

EXαlt
4
i

(
a(ti)

a(t)

)3

. (B.21)

For loops created at ti ≳ w
α3
l
, Eq. (B.20) reduces to t ≈ 2

3
(αlti)

3/2
√
w

,13 and we obtain,

ṅcollapse−big
N (t) ≈ fN

µFsCeff(ti)

EN

α3−p
l

w
1−p
3 t

8+p
3

,
w

(ΓGµ)3
> t ≳

w

α3
l

. (B.22)

Cusp evaporation

Following the steps outlined for small cuspy loops and taking into account that large
loops can become so sizeable that also energy loss via gravitational radiation can become
dominant we use the following estimate,

l(t) ≈
[
(αlti)

3/2 − 3
√
w

2
(t− ti)

]2/3
− ΓGµ(t− ti), (B.23)

dti
dl
≈

√
l(t) + ΓGµ(t− ti)

(ΓGµ)
√
l(t) + ΓGµ(t− ti) + αl

√
li +
√
w
, (B.24)

and obtain,

ṅcusp−big
N (t) ≈ fN

∫ αlt

w
dl

1

tp
FsCeff(ti)

αlt
4−p
i

dti
dl

Ncµ
√
w√

l(t)EN
, t >

w

αl
. (B.25)

The integrand is proportional to,

1

tp
1

t4−pi

dti
dl

1√
l(t)

=
1

tp
1

t4−pi

 1

ΓGµ
√
l(t) + αl

√
li+

√
w√

1+ΓGµ(t−ti)/l(t)

 , (B.26)

so the integral receives its dominant contribution from loops that are close to collapsing.14

This is to be expected, as the loop-production efficiency decreases with time and the
energy-loss efficiency from particle radiation increases with decreasing loop size. Loops

produced around ti ≈ 1
αl

(
√
wt)

2/3
have length l(t) ≈ w,15 and loops produced at n ×

ti(t), n > 1, have length l(t) ≡ ln with

l3/2n ≈ (n3/2 − 1)(αlti)
3/2, (B.27)

assuming that αl
√
αlti >

√
w. As an approximation, we can therefore estimate the value of

the integral by the characteristic length scale (αlti) multiplied by the integrand evaluated

at ti =
1
αl

(
√
wt)

2/3
and l(t) = (

√
wt)

2/3
. The result reads,

ṅcusp−big
N (t) ≈ fN

FsCeff(ti)Ncµ

EN

α2−p
l

w
2−p
3

1

t
7+p
3

,
w

(ΓGµ)3
≳ t ≳

w

α3
l

. (B.28)

13The regime where ti ≲ w
α3
l
typically ends before the friction-time, and is hence irrelevant.

14In this case, the term inside the parenthesis in Eq. (B.26) reduces to

√
1+ΓGµ(t−ti)/l(t)

αl
√
li

.
15This is strictly speaking only true while particle production is the dominant energy-loss contribution,

i.e. while ti ≲ w
αl(ΓGµ)2

, which turns out to be well within the interesting regime for our leptogenesis
analysis.
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Numerically, we find that this estimate is in agreement with the full evaluation of
Eq. (B.26) up to O(1) factors.
The calculations above for big loops are only reliable as long as the loops collapsing at

time t were also created during the linear-scaling regime.16 The loop-production rate dn
dti

,
assumptions about loop sizes at formation, and the effectiveness of energy-loss mechanisms
are all made under the assumption ti > tfric. Hence, Eq. (B.28) is expected to break down
at times t ∼ tfric, and should not be used for ti < tfric, with ti given by Eq. (B.20).

Particle emission from kink-dominated loops

For loops with kinks, a parametric expectation of the critical length scale lk at which
gravitational radiation becomes the dominant decay channel is [202,203],

lk ≈
w

ΓGµ
, (B.29)

and the length-evolution is dictated by

dl

dt
≈
{
−ΓGµ, l≫ lk,

−w
l , l≪ lk.

(B.30)

The derivation of particle emission from kink-dominated loops is carried out similarly as
the cusp-dominated loops. Below, we summarize the results.

Particle emission from small kinky loops

First, we consider particle emission from small kinky loops. If such loops are created at
times ti satisfying,

ti <
w

(ΓGµ)2
, (B.31)

they shrink predominantly due to particle decay. This condition is satisfied in the regime
relevant for our leptogenesis analysis. Following the steps from Eq. (B.3)-(B.8), we obtain
a similar result for the collapse of small kink-dominated loops

ṅcol−small
N (t) ≈ fN

µFs
√
2Ceff(ti)

γsEN
×
{

1
t3

if t ≤ w
ΓGµ ,

w
(ΓGµ)t4

, if w
(ΓGµ)2

≥ t ≳ w
ΓGµ .

(B.32)

For small kink-dominated loops, the analogous relations to Eq. (B.11) read

l2(t) = l2i (ti)− 2w(t− ti),
dti
dl

=
l(t)

(ΓGµ)2ti + w
, (B.33)

and using [203]

Pkink ≈
Nkkµ

1/2

l
, (B.34)

where Nkk denotes the average number of kink-kink collisions per oscillation, the average
rate of RHNs emitted reads

dNkink
N

dt
= fN

Nkk
√
µ

lEN
. (B.35)

16Notice that this is not an issue for small loops, as they decay on sufficiently short timescales that t
and ti are comparable.
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The particle production rate is then straightforwardly obtained as,

ṅkink−small
N (t) ∼ fN

∫ (ΓGµt)

w
dl

[
a(ti)

a(t)

]3 Fs√2Ceff(ti)

γs(ΓGµ)t4i

(
1

w + (ΓGµ)2ti

)
Nkkµ

1/2

EN
. (B.36)

Employing similar approximations as those leading to Eq. (B.16), we arrive at

ṅkink−small
N (t) ≈ fN

Fs
√
2CeffNkk

√
µ

γswEN

{
0, if w

ΓGµ > t,
1
t3
, if w

(ΓGµ)2
≳ t > w

ΓGµ .
(B.37)

Particle emission from big kinky loops

For a big kinky loop, we obtain the following relation between the time of formation ti
and the time of collapse t

2wt = ti(α
2
l ti + 2w) ≈ (αlti)

2, (B.38)

assuming li ≳ w/αl in the last step. The collapse rate for big kink-dominated loops then
yields the following RHN injection,

ṅcollapse−big
N (t) ≈ fN

µFsCeff(ti)

EN

α3−p
l

w1−p/2t2+p/2
,

w

(ΓGµ)2
≳ t ≳

w

α2
l

. (B.39)

RHN radiation from kink-collisions at early times, before gravitational radiation plays a
significant role, takes the form

ṅkink−big
N (t) ≈ fN

∫ αlt

w
dl

1

tp
FsCeff(ti)

αlt
4−p
i

dti
dl

Nkkµ
1/2

l(t)EN
, t >

w

αl
, (B.40)

with

l(t) ≈
√
l2i (ti)− 2w(t− ti),

dti
dl
≈ l(t)

α2
l ti + w

. (B.41)

For li ≳ w/αl, the smallest loops present at time t satisfy the relation ti ≈
√
2wt
αl

. Loops

created at later times, nti with n = O(1), have lengths l(t) ≈
√
(n2 − 1)αlti. Hence, we

estimate the value of the integral by the value of the integrand evaluated at ti =
√
2wt
αl

multiplied by the characteristic length scale αlti. The result reads,

ṅkink−big
N (t) ≈ fN

FsCeffNkk
√
µ

EN

α2−p
l

w2−p/2t2+p/2
,

w

(ΓGµ)2
≳ t ≳

w

α2
l

. (B.42)

We stress that the validity of these formulae rely on the loops being produced at times
ti < tfric.

Particle production from loops shrinking due to GW emission

Here we present the particle production rates for loops that shrink dominantly due to
gravitational radiation. Such loops have longer lifetimes than the loops considered above
and only emit particles in their final collapse. The contribution from small loops reads,

ṅcol−small
N (t) ≈ fN


µFs

√
2Ceff(ti)

γst3EN
, t = ti, if ti ≲ w

ΓGµ ,
Fs

√
2Ceff(ti)2

4−pµw
ENγs(ΓGµ)t4

, t ≈ 2ti, if ti ≳ w
ΓGµ .

(B.43)
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This result is in parametric agreement with the estimate employed in Refs. [331, 333].
The contribution from big loops takes the following form on time scales relevant for our
analysis,

ṅcol−big
N (t) ≈ fN

FsCeff(ti)α
3−p
l µw

EN (ΓGµ)4−pt4
, t ≈ αlti

ΓGµ
, if t ≳

w

ΓGµ
. (B.44)

This rate is only valid for big loops created after the friction-dominated epoch has ended,
i.e. t ≳ αltfric

ΓGµ .

Particle production from loops assuming instantaneous particle emission

In light of recent AH simulations [199], see also [357], we also consider a maximal RHN
production rate from strings, assuming that the full energy-budget of loops is transformed
to particle radiation instantaneously. This analysis aims to assess the potential impact of
cosmic strings on leptogenesis in a maximally optimistic scenario, providing a benchmark
estimate that can inform future studies once a consensus on particle production from loops
is fully established within the community.

In the limit where the energy loss from long strings due to loop formation [107,191,192],

dρ

dti

∣∣∣∣
loop

=

√
2µCeff(ti)

t3i
, (B.45)

is instantaneously transferred into RHNs with an average Lorentz factor γN , we obtain

dnN
dt
≈ fN

√
2µCeff(t)

γNMN1t
3
. (B.46)
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CHAPTER V

Background and motivation

In the first part of this thesis, we considered type-I seesaw BSM extensions and leptoge-
nesis scenarios where the three Sakharov conditions for baryogenesis are satisfied within
the RHN sector. Specifically, B − L violation and CP violation occurred through RHN
interactions. In a type-I seesaw extension, B−L violation is inherent due to the Majorana
nature of RHNs, whereas the requirement of CP violation in the RHN sector can be re-
laxed. In this part of the thesis, we investigate the WILG paradigm [371], which liberates
the RHN sector from the necessity of sufficient CP violation.

Rather than assuming adequate CP violation within the RHN sector, WILG assumes
a non-minimal cosmological background with primordial charge asymmetries generated
by CP -violating dynamics at high energies, which we term ”chargegenesis”. The RHNs
then act as spectators that redistribute these primordial charge asymmetries in a B − L-
violating manner. The crucial point is that RHN interactions generically drive the plasma
towards a B − L-violating state, even if B − L = 0 initially.

In this part of the thesis, we examine both WILG and chargegenesis. In Chapter VI, we
discuss a chargegenesis mechanism based on non-minimal gravitational interactions, which
can generate suitable initial conditions required by WILG. In Chapter VII, we adopt a
bottom-up perspective on WILG, agnostic to the UV mechanism that produced the initial
conditions. There, we address the question, ”what is the lower-bound on the lightest RHN
mass when requiring that the BAU can be generated via WILG?”. The rest of this chapter
is organized as follows. In Section V.1, we review some basic aspects of WILG, focusing
primarily on the temperature regime relevant to our study in Chapter VII. We end Sec-
tion V.1 with a brief comparison of WILG with some related (and unrelated) leptogenesis
frameworks. In Section V.2, we review basic aspects of gravitational baryogenesis, which
is closely related to the chargegenesis mechanism considered by us in Chapter VI. We
also contextualize our work by commenting on some previous extensions of gravitational
baryogenesis, and close with derivations of two results of significant importance to our
analysis.

V.1 Wash-in leptogenesis

The underlying philosophy of WILG is to treat RHNs on a similar footing as weak
sphalerons. As explained in Ref. [372], the theoretical discovery of the weak sphalerons
forty years ago called for a new analysis of the chemical transport in the SM plasma.
Now, the experimental discovery of neutrino oscillations could arguably be used to call for
another revision. Namely, when the type-I seesaw paradigm is used to explain neutrino
masses, it is essential to incorporate RHN interactions into the chemical transport dynam-
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ics of the early universe plasma. Just as weak sphalerons wash in a baryon asymmetry in
the standard leptogenesis framework, RHNs can wash in a B − L asymmetry.

An integral ingredient in WILG is primordial charge asymmetries (or primordial charge
densities). In this context, charge densities describe the differences in number densi-
ties between fermions and antifermions, qi = ni − n̄i. Charge densities can also be ex-
pressed in terms of the chemical potentials µi of the corresponding fermion species as,
qi = giµiT

2/6 [226], where gi denotes the multiplicity of species i. No choice of qi in
the SM is conserved at temperatures slightly above the EWPT, due to weak and strong
sphalerons and Yukawa interactions. However, at higher temperatures – corresponding
to earlier times after the hot Big Bang – some (linear combinations of) qi become ap-
proximately conserved as the rate(s) of the interaction(s) that would violate them are
insignificant compared to the Hubble expansion. Heuristically, a charge-violating interac-
tion Γq scales as Γq ∼ T while H ∼ T 2/MP . As such, at higher temperatures, the number
of conserved global charges in the SM increases. Depending on the temperature scale at
which the B − L asymmetry is washed in by RHNs, there can be up to eleven suitable
(linearly independent) choices of global charges that can be employed in WILG,

qe, q2B1−B2−B3 , qu−d, qd−s, qB1−B2 ,

qµ, qu−c, qτ , qd−b, qB, qu. (V.1)

see Ref. [371] and in particular the supplement material for details and definitions. The
chargegenesis mechanism only needs to create one or a few among these global charges at
high temperatures, while RHNs (with a mass scale that is potentially much lower than
the energy scale associated with chargegenesis) will automatically ensure the generation
of B − L ̸= 0 even if the chargegenesis mechanism conserves B − L.
As the temperature in the thermal plasma drops, the last remaining global charge to

be eliminated by SM interactions is the asymmetry between right-handed electrons and
left-handed positrons, qe. Consequently, as long as the temperature scale of WILG exceeds
the equilibration temperature of the electron Yukawa interaction, Te ≈ 85 TeV [373], it
is always possible to achieve successful WILG assuming a non-zero primordial electron
charge generated by chargegenesis, qinie ̸= 0. As we will be particularly interested in
WILG around the equilibration temperature of the electron Yukawa interaction, we will
specialize the remaining discussion to the temperature range T ≲ 106 GeV, where qe is
the only approximately conserved global SM charge. Detailed discussions of WILG for
general temperatures can be found in Refs. [371,372].

To make progress, we need to express the 16 SM chemical potentials,1

µi, with i = e, µ, τ, Le, Lµ, Lτ , u, c, t, d, s, b,Q1, Q2, Q3, H, (V.2)

in terms of the chemical potentials that are (approximately) conserved by SM interactions,
namely µ̄e and µ̄∆α , where ∆α ≡ B/3 − Lα and α denotes a lepton flavor. Following
Ref. [371], we define conserved chemical potentials µ̄C as qC = µ̄CT

2/6, which absorb
the multiplicity factor. Relations between chemical potentials imposed by interactions
in the thermal plasma are obtained by writing down 16 linear equations that relate the
chemical potentials of processes in thermal equilibrium and constrain chemical potentials

1Here, we do not include the three RHN chemical potentials µNi . A clear justification for this can be
found in Ref. [372]. Although µNi could, in principle, be nonzero at high temperatures, it is driven to
zero when MNi becomes non-negligible. At the time of wash-in LG, T ∼ MNi , one can safely work with
µNi = 0, and all effects of µNi at higher temperatures will have been reverted and hence are irrelevant for
the outcome of WILG.
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associated with conserved charges [355]. For example, above Te, one has the constraint
equation µe = µ̄e = const, and below the equilibration temperature of weak sphalerons,
one has µLe + µLµ + µLτ + 3(µQ1 + µQ2 + µQ3) = 0. Following the procedure outlined in
Refs. [371,372] (see also [355]), the 16 relations can be written in matrix form as

µe

µµ

µτ

µLe

µLµ

µLτ

µu

µc

µt

µd

µs

µb

µQ1

µQ2

µQ3

µH



=



1 0 0 0

7/481 1/13 −29/111 8/111

7/481 1/13 8/111 −29/111
−415/962 −11/26 2/37 2/37

59/962 1/26 −35/111 2/111

59/962 1/26 2/111 −35/111
3/37 0 −1/37 −1/37
3/37 0 −1/37 −1/37
3/37 0 −1/37 −1/37
−6/481 1/13 3/37 3/37

−6/481 1/13 3/37 3/37

−6/481 1/13 3/37 3/37

33/962 1/26 1/37 1/37

33/962 1/26 1/37 1/37

33/962 1/26 1/37 1/37

45/962 −1/26 −2/37 −2/37




µ̄e

µ̄∆e

µ̄∆µ

µ̄∆τ

 . (V.3)

It is trivial to check that the equation above yields µB/3−L = µ̄∆e + µ̄∆µ + µ̄∆τ . Hence,
if the chargegenesis mechanism did not generate an asymmetry in B/3− L, then qB/3−L
remains zero in the thermal plasma, as expected.

The discussion so far makes no reference to RHNs. For concreteness, we will consider
hierarchical RHN masses with the lightest RHN having massM1 ∼ 105−106 GeV and the
other RHNs heavier than 106 GeV, so we only need to focus on N1. In this regime, the
dominant processes involving N1 are decays (Ds) and inverse decays (IDs). At T ∼ M1,
if Ds/IDs are efficient, then µH + µLα = µN1 = 0, which is dubbed the ”strong wash-
in regime”. Combining the strong wash-in condition with Eq. (V.3) gives rise to three
additional relations among chemical potentials

µLe + µH

µLµ + µH

µLτ + µH

 =


−5/13
4/37

4/37

 µ̄e −


6/13 0 0

0 41/111 4/111

0 4/111 41/111



µ̄∆e

µ̄∆µ

µ̄∆τ

 =


0

0

0

 . (V.4)

The second term on the right-hand side is a standard contribution in flavored-
leptogenesis [217, 219–222, 374], accounting for spectator processes in the thermal
bath [375–377]. Meanwhile, the first term on the right-hand side is the relevant term
for WILG.
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It should now be clear that the RHN interactions are driving the plasma to a state
with nonzero B − L charge, i.e. ”washing in ∆α”, where the resulting asymmetry can be
determined by solving the matrix equation above, which yields

µ̄∆e

µ̄∆µ

µ̄∆τ

 =


−5/6
4/15

4/15

 µ̄e =⇒ qwin
B−L = − 3

10
qe, (V.5)

where qwin
B−L denotes the asymmetry produced via WILG. The intuition behind this re-

sult is [378]: The Yukawa interactions between N1, Lα, and H can wash-out the lepton
asymmetries stored in Lα but not the lepton asymmetry stored in right-handed elec-
trons. This results in a nonzero total lepton asymmetry, even for initial conditions where
B − L = L = 0.

Let us summarize some important points about this result and the underlying assump-
tions, which will be important for our study. The following discussion is based on Ref. [372],
where additional details and further points can be found.

• The result in Eq. (V.5) is independent of the CP violation in the RHN sector. In
fact, the asymmetry generated from WILG can be viewed as a contribution on top
of the TLG contribution, such that [371]

qB
s

∣∣∣∣∣
today

= Csph

qthB−L + qwin
B−L

s

∣∣∣∣∣
TB−L

, (V.6)

where TB−L denotes the temperature at which RHN interactions become inefficient,
qthB−L is the contribution from TLG, and Csph is the sphaleron conversion factor [355].

• The derivation of Eq. (V.5) relies on the assumption that RHN interactions are
sufficiently efficient to enforce the conditions µH+µLα = µN1 = 0. In a more general
treatment, one must determine the wash-in contribution by solving the Boltzmann
equations for the three charges q∆α [237,238],

− (∂t + 3H) q∆α = ε1α Γ1

(
nN1 − neqN1

)
−
∑
β

γwαβ
µℓβ + µϕ

T
(V.7)

where the first term on the r.h.s. is the standard source term for q∆α in thermal LG
and the second term is a washout contribution in standard LG, c.f. [3,371] for details.
Since the BEqs are linear in q∆α , one can split them into a thermal contribution and
a wash-in contribution, where the latter takes the form [371],

(∂t + 3H)qwin
∆α =

∑
β

6γwαβ
T 3

(
q0β −

∑
σ

Cβσq
win
∆σ

)
. (V.8)

These equations were solved in Ref. [371] and the results obtained in Eq. (V.5)
exhibit excellent agreement with the exact solutions when the RHN decay parameters
satisfy Kiα = Γiα(T = 0)/H(T = M1) ≫ 1 [371]. Recall from the discussion in
Section II.4 that this condition corresponds to the strong-washout regime in TLG
and, analogously, defines the regime where RHNs efficiently wash in the B − L
asymmetry in WILG.
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• Finally, the derivation above is based on the assumption that qe remains (approxi-
mately) constant, a condition that is justified when TB−L ≳ Te. Under this assump-
tion, the original study, Ref. [371], concluded that WILG can occur at temperatures
as low as T ≈ 100 TeV.

In the next chapter, we will go beyond the assumptions in the second and third points
above by numerically solving a coupled system of Boltzmann equations for q∆α and qe.
This will allow us to improve the previous estimate T ≳ 100 TeV of the temperature range
in which WILG can take place. We will achieve this by numerically solving the three
Boltzmann equations for ∆α coupled to a Boltzmann equation for qe in the temperature
regime T ∼ Te. Naively, one could expect that by increasing the initial asymmetry in qinie
it would be possible to push the limits of WILG further and further. However, in our
treatment, the allowed qinie range will be bounded from above by requiring that SM chiral
plasma instability (CPI) [379–385] is not triggered by qinie . If the initial asymmetry in
right-handed electrons is too large, then an efficient SM chiral plasma instability will be
triggered and convert the chiral charge stored in qe into helical hypermagnetic fields. The
helicity stored in these fields subsequently triggers a significant overproduction of baryon
asymmetry [386] through the mechanism of baryogenesis via helicity decay [387–395] at
the time of the electroweak phase transition. A detailed treatment of CPI is beyond the
scope of this thesis, and we refer to the references above for further details. Here, we
simply quote the upper bound on qinie to avoid triggering an efficient CPI: The initial
chemical potential associated with right-handed electrons, µ̄inie (which is related to qinie via

qinie = µ̄inie
6 T 2) must satisfy [373]

µ̄e
T

∣∣∣
ini

≲ 9.6× 10−4 . (V.9)

For completeness, we note that the CPI bound is typically given in terms of the chiral
chemical potential associated with U(1)Y , µY,5 ≡

∑
i ϵigiY

2
i µi, where the sum runs over SM

fermion species where ϵi = ±1 for right/ left-handed fields and Yi denotes the hypercharge
of species i. It follows from Eq. (V.3) that before the onset of WILG in the temperature
regime of interest, we have µY,5 = 711

481 µ̄e [372, 386] (see e.g. Table 1 in Ref. [372] for an
overview of values for ϵi, gi, and Yi).

Related ideas

Before concluding our discussion of WILG, we highlight that the framework builds
on earlier baryogenesis proposals. Below, we contextualize WILG within the broader
landscape of baryogenesis mechanisms by discussing its connections to and distinctions
from other prominent baryogenesis paradigms.

eR asymmetry without RHNs [396]: A historically relevant question was posed in
Ref. [396]: Can the BAU be generated solely through a primordial asymmetry in eR,
assuming no B − L violation? Their setup corresponds to the one considered above, but
without RHNs. The authors of Ref. [396] recognized that any primordially generated eR
asymmetry would decouple from weak sphalerons for temperatures above Te, estimated
at the time to be around 1 TeV. This temperature is not far from the sphaleron
decoupling temperature, which motivated the question of whether eR could be converted
into eL rapidly enough for weak sphalerons to transform them into antiquarks, thereby
erasing the BAU.2 Their conclusion was negative, highlighting the necessity of B − L

2Indeed, Eq. (V.3) confirms that if some eR asymmetry survives until after sphaleron FO, a net baryon
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violation to generate a BAU from primordial SM charge asymmetries with total B−L = 0.

eR asymmetry with B/L violation [397,398]: The baryogenesis idea closest to WILG
was realized over 30 years ago in Refs. [397, 398], shortly after Ref. [396]. The authors of
Refs. [397, 398] demonstrated that a primordial asymmetry with B − L = 0 and nonzero
qe could generate the BAU in the presence of higher-dimensional operators that violate L
and/or B and whose interactions fall out of equilibrium above Te.

3 WILG builds upon this
observation, but utilizes RHNs for B−L violation instead of higher-dimensional operators.
Thus, wash-in leptogenesis can be seen as a reconciliation of the findings in Refs. [397,398]
with the type-I seesaw paradigm, where B − L violation is inherently achieved through
RHNs rather than higher-dimensional operators as originally envisioned [397, 398].
Notably, the experimental confirmation of neutrino oscillations [55,57,58,60–62] occurred
years after the publication of Refs. [396–398], strengthening the case for RHNs between
the time of those publications and the development of WILG.

Hiding away asymmetry: Another observation made in Ref. [396] was that, starting
with B − L = 0 but nonzero q∆α , LNV interactions could generate the BAU from
primordial lepton-flavor asymmetries q∆α if the LNV interactions involving one or more
(but not all) generations were out of equilibrium until sphaleron FO. I refer to scenarios
where B − L = 0 in the sum of all sectors, but B − L can be nonzero in some sectors,
ultimately leading to the BAU as ”hiding scenarios.” For example, the scenario in
Ref. [396] qualifies as a hiding scenario, since B − L = 0 when all flavors are considered,
but B − L ̸= 0 individually in the different flavors. Hiding scenarios have been a popular
approach to mechanisms that simultaneously address the baryon asymmetry and dark
matter density,4 see, e.g., Refs. [399–401] and references therein for some early ideas. In
contrast, WILG is not a hiding scenario, as it can work for a chargegenesis that yields
initial conditions where B − L = 0 in all sectors/species. A B − L asymmetry is only
washed in when the RHNS enter (or are close to) thermal equilibrium.

Neutrinogenesis [402]: Neutrinogenesis is a well-known hiding mechanism involving
right-handed neutrinos RHNs. It can be viewed as a logical extension of the idea pre-
sented in Ref. [396], where hiding an asymmetry in right-handed electrons was considered.
Specifically, Ref. [402] proposed that if fermions carrying B or L with sufficiently small
Yukawa couplings existed, (B + L) could be hidden in right-handed particles until long
after the electroweak phase transition. The authors of Ref. [402] suggested extending the
SM with a purely Dirac mass structure for neutrinos and generating an asymmetry in
RHNs balanced by an equal and opposite asymmetry in the SM lepton sector, resulting in
a vanishing total lepton number. This approach differs from WILG for the same reasons
given in the previous paragraph.

asymmetry remains, as evident from the expressions for µL and µB :

µL = µe + µµ + µτ + 2(µLe + µLµ + µLτ ) =
1

481

[
−259µ̄∆e − 325(µ̄∆µ + µ̄∆τ ) + 198µ̄e

]
,

µB = µu + µc + µt + µd + µs + µb + 2(µQ1 + µQ2 + µQ3) =
6

481

[
37µ∆e + 26

(
µ̄∆µ + µ̄∆τ

)
+ 33µ̄e

]
.

3At the time, a primordial eR asymmetry was motivated as follows: ”Regenerating the baryon asym-
metry from an eR asymmetry is generic, in the sense that it is natural for decaying GUT gauge bosons or
supersymmetric condensates to produce as large an excess of eR’s as of any other particle.” [397]

4This is typically achieved by generalizing the notion of, e.g., baryon number to a dark sector or
mediators between the visible and dark sectors.
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V.2 Gravitational baryogenesis

In the following section, we will briefly review aspects of gravitational baryogenesis [403],
which will be useful for the study in the next chapter. As a first step, it is instruc-
tive to consider the main idea underlying spontaneous baryogenesis [404–406],5 and how
gravitational baryogenesis can be viewed as an extension of the spontaneous-baryogenesis
paradigm.

Spontaneous baryogenesis

At the end of Chapter I, we reviewed Sakharov’s three conditions for baryogenesis. The
proof of the out-of-equilibrium condition, relied on CPT invariance. The idea of sponta-
neous baryogenesis is to bypass the condition of a departure from thermal equilibrium by
invoking (transient) spontaneous breaking of the CPT symmetry, which shifts the energy
spectra of baryons relative to that of antibaryons. If baryon-number-violating interactions
are present, then a non-vanishing baryon asymmetry could be generated even in thermal
equilibrium.

A canonical realization of spontaneous baryogenesis involves a real scalar field ϕ coupled
to the baryon current jµB as follows,

∂µϕ

M
jµB, (V.10)

where M denotes a model-dependent mass scale. Assuming that the scalar field is homo-
geneous,6 the interaction above reduces to

ϕ̇

M
j0B ≡

∑
i

µini. (V.11)

If ϕ̇ can be treated as a classical background, then CPT symmetry is spontaneously
broken.7 Recall that j0i is simply the difference in the number density between particles
and antiparticles in species i, j0i = ni − n̄i, and that j0B =

∑
iBij

0
i where Bi is the

baryon-number of species i. As suggested in Eq. (V.11), the (normalized) background-

motion of the scalar field, ϕ̇
M , can be viewed as an effective chemical potential that shifts

the baryon and anti-baryon energy spectra relative to each other [404]. Hence, if B-
violating interactions are efficient while ϕ̇ ̸= 0, the number-density of baryons will follow
a distribution with effective chemical potential µB. When the B-violating interactions
decouple at a temperature TD, the baryon number density becomes frozen to the value it
attained during decoupling and a net asymmetry remains,

nB(TD)

s(TD)
≈ 1

s(TD)

µBT
2
D

6
=

1

s(TD)

∑
i

Bi
giκiϕ̇T

2
D

6M
, (V.12)

where

κi =

{
1 for fermions,

2 for bosons.
(V.13)

5See e.g. Refs. [405–411] for some early concrete implementations in particle-physics models and
Ref. [412] for a discussion of cosmological aspects of spontaneous baryogenesis.

6This assumption is compatible with the hypothesis that the universe underwent a period of inflation
prior to the hot big bang.

7We stress that the term
∂µϕ

M
jµB does not violate CPT , as it should be for any interaction derivable

from a relativistic field theory.
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Gravitational baryogenesis and chargegenesis

Gravitational baryogenesis is based on the same set of ideas as spontaneous baryogenesis,
but uses the time evolution of the cosmological background itself as a source of CPT
violation rather than a time-varying spatially homogeneous scalar field. Specifically, an
interaction of the following form is assumed [403]

S ⊃ 1

M2∗

∫
d4x
√−g (∂µR) jµB, (V.14)

where R denotes the Ricci scalar curvature, g is the determinant of the metric, and M∗
is a cut-off scale. This interaction is CP violating but respects CPT . However, in an
expanding universe, where Ṙ ≠ 0, this interaction spontaneously breaks CPT and shifts
the baryon and anti-baryon energy spectra relative to each other, resulting in an effective
chemical potential of the form

µeffB =
Ṙ
M2∗

. (V.15)

The resulting baryon-asymmetry can then be estimated the same way as above,

nB(TD)

s(TD)
≈ 1

s(TD)

∑
i

Bi
giκiṘT 2

D

6M2∗
, (V.16)

where TD again denotes the decoupling temperature of baryon-number-violating interac-
tions.

As seen from Eqs. (V.15)-(V.16), Ṙ takes center stage in this mechanism. In an FLRW
universe, it can be expressed as8

Ṙ =
3

M2
P

ρω̇ +

√
3

M3
P

(1 + ω)(1− 3ω)ρ3/2, (V.17)

where ω denotes the EoS of the universe. Since Eq. (V.17) will be an important result for
us, we review its derivation at the end of this chapter.

Equation (V.17) shows that the gravitationally induced effective chemical potential in
Eq. (V.15) vanishes when ω = −1 or ω = 1/3. This indicates that during epochs domi-
nated by radiation or vacuum energy, such as the standard cosmological history following
inflationary reheating or inflation itself, respectively, the effective chemical potential is
significantly suppressed. The suppression of Ṙ in a radiation-dominated universe can be
mitigated by enhancing the trace anomaly of the energy-momentum tensor. This may
for instance be achieved by introducing numerous new particles charged under a novel
SU(N) gauge group into the thermal plasma, as initially proposed in Ref. [403]. Alter-
natively, substituting R with a scalar function f(R) in Eq. (V.14) offers another viable
approach [414,415]. Furthermore, various modified gravity theories have been explored in
subsequent studies to overcome suppression of Ṙ [416–425].

In the next chapter, we will consider a straightforward framework to circumvent the
significant suppression of Ṙ by leveraging the oscillations of the inflaton field ϕ during the
reheating stage after inflation [426–429]. Following a period of slow-roll inflation driven by
ϕ rolling down its potential V (ϕ), ϕ begins to oscillate around the potential minimum. For

8Note that the first term below was not considered in the original reference [403], but included in some
later works [413].
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a monomial potential approximation around the minimum, V (ϕ) ≈ ϕp, the EoS parameter
is given by ω ≈ (p − 2)/(p + 2) [430], which generally deviates from 1/3 or −1. As we
will demonstrate, this makes the gravitational chargegenesis mechanism compatible with
high-scale inflationary scenarios without requiring modifications to gravity or the addition
of new particle species to the thermal plasma.

In the context of WILG, the gravitational-baryogenesis framework described above can
be relaxed [2]. In particular, the gravitational interaction can be generalized to the form

S ⊃ 1

M2∗

∫
d4x
√−g JµA ∂µR, (V.18)

where A represents any SM global charge conserved at high temperatures, suitable for
WILG (c.f. the discussion around Eq. (V.1)). The effective chemical potential,

µeffA =
Ṙ
M2∗

. (V.19)

induces non-zero chemical potentials µi for particle species i carrying A charge. These
particles may also carry other global charges. If an interaction in the plasma violates one
of these charges, say C, the bias introduced by µi ∝ µeffA generates a non-zero equilibrium
charge asymmetry qeqC . The precise relation between qeqC and µeffA has been worked out in
previous literature and can be found in Eq. (2.31) in Ref. [431]. Although that equation
applies to spontaneous baryogenesis with an axion, a, it can be readily applied to our
scenario upon substituting ȧ/f → Ṙ/M2

∗ .

The chargegenesis mechanism relies on a non-minimal gravitational interaction of the
form in Eq. (V.18), which begs the question: How could such an interaction arise? Origi-
nally, it was envisioned to arise from quantum gravity [403]. Subsequent studies revealed
that an effective interaction of the form (V.18) is a natural consequence of high-scale CP vi-
olation in curved spacetime, potentially resulting in a cutoff scaleM∗ ≪MP [432–435]. In
fact, a theory of gravitational leptogenesis has already been constructed, where A is iden-
tified with lepton number [432–438]. In that context, the interaction in Eq. (V.18) arises
dynamically at two loops in the type-I seesaw mechanism when the seesaw Lagrangian
is minimally coupled to gravity, due to CP violation in the right-handed neutrino RHN
Yukawa sector. Combining this with LNV from RHNs yields a novel leptogenesis contri-
bution. We highlight that the charges A and C associated with the current in Eq. (V.18)
and the violated charge, respectively, need not be identical. This relaxes the assumptions
required for successful baryogenesis via chargegenesis, and liberates the RHN sector from
CP violation constraints, as RHNs only need to wash in a non-zero B − L asymmetry.

Derivation of two useful results

Derivation of Eq. (V.17): We derive Eq. (V.17) by contracting Einstein’s equation9

Rµν = 8πG(Tµν −
1

2
Tgµν) (V.20)

with the inverse metric gµν , yielding

gµνRµν ≡ R = −8πGTµµ = −8πG(1− 3ω)ρ. (V.21)

9Details about Einsteins equation and Friedmann-Lemaitre-Robertson-Walker (FLRW) geometry can
be found in any textbook on general relativity and cosmology, see e.g. Refs. [439,440].
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In Eq. (V.20), T denotes the trace of the energy-momentum (EM) tensor (not to be
confused with temperature), and in Eq. (V.21) we used the FLRW EM tensor Tµν =
diag(ρ,−p,−p,−p) and that ω ≡ p/ρ, where p and ρ denotes pressure and energy density,
respectively. To find Ṙ, we need ρ̇, which is obtained from the covariant conservation
equation

∇µTµν = ∂µT
µ
ν + ΓµµλT

λ
ν − ΓλµνT

µ
λ = 0, (V.22)

which upon setting ν = 0 and using isotropy yields

∇0ρ = ∂0ρ+ Γµµ0ρ− Γλµ0T
µ
λ = 0. (V.23)

In FLRW geometry, one has Γi0j = Hδij , Γ
0
0β = 0, so the equation further simplifies to

∇0ρ = ∂0ρ+ 3Hρ+ 3Hp = 0, (V.24)

or equivalently

ρ̇ = −3H(1 + ω)ρ. (V.25)

Combining this with Eq. (V.21), we obtain Eq. (V.17).

Derivation of EoS during inflaton oscillations: Following Ref. [430], we derive the
result ω = p−2

p+2 for a universe where the inflaton field oscillates in a monomial potential

V ∼ ϕp. The inflaton oscillation frequency is f ∼ ϕ̇
ϕ ≫ H, and the equation of motion for

ϕ is given by10

ρ̇ϕ + (3H + Γϕ)(ρϕ + pϕ) = 0. (V.26)

As ϕ oscillates, the energy density ρϕ varies slowly, decreasing on a timescale characterized
by H−1 (for Γϕ ≪ H, where Γϕ is the decay rate of ϕ to radiation). In contrast, ϕ̇2 =
ρϕ + pϕ oscillates rapidly, changing on a timescale set by f−1 ≪ H−1. Averaging the
equation of motion over one oscillation period yields

⟨ρ̇ϕ⟩ = −⟨(3H + Γϕ)(ρϕ + pϕ)⟩ ≃ −(3H + Γϕ)⟨(ρϕ + pϕ)⟩. (V.27)

Next, we write

⟨(ρϕ + pϕ)⟩ = (γ + γp)⟨ρϕ⟩, γ ≡ ⟨1 + pϕ
ρϕ
⟩ = ⟨ρϕ + pϕ

ρϕ
⟩ = 1

Vmax
⟨ϕ̇2⟩, (V.28)

where Vmax denotes the maximal potential energy attained by the inflaton field during
one oscillation. Here, γp ∼ O(H/f)≪ 1 [430], and we therefore neglect it and treat ρϕ as
constant on the timescale in question.11 By definition, we have

γ =
1

Vmax

∫ t
0 ϕ̇

2dt∫ t
0 dt

, dt =
dϕ

ϕ̇
, ϕ̇2 = 2[ρϕ − V (ϕ)] = 2[Vmax − V (ϕ)], (V.29)

10Note that this is nothing but the continuity equation Eq. (V.24) with the decay rate of ϕ taken into
account.

11Note that γp encodes the quality of the approximation ρ =constant.
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where the time runs over one oscillation. For a symmetric potential, we can integrate over
a quarter of an oscillation and obtain

γ = 2

∫ ϕmax

0 (1− V (ϕ)/Vmax)
1/2 dϕ∫ ϕmax

0 (1− V (ϕ)/Vmax)−1/2 dϕ
. (V.30)

Using V (ϕ) = aϕp, where a is constant, we obtain the final result

γ =
2p

p+ 2
, ω = γ − 1 =

p− 2

p+ 2
. (V.31)
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CHAPTER VI

Gravitational chargegenesis

The present chapter provides a technical analysis of the chargegenesis mechanism intro-
duced in the previous chapter. All results, arguments, and equations in this chapter were
initially reported in Ref. [2] unless stated otherwise.

VI.1 Setup

As discussed in Section V.2, our analysis focuses on the gravitational charge-production
mechanism during the inflationary reheating stage, where the inflaton oscillates around
the minimum of its potential. In this era, the evolution of the inflaton field ϕ, the radia-
tion energy density ρR, and the charge asymmetry qC is governed by the following three
equations,

ϕ̈+ (3H + Γϕ)ϕ̇ = −dV
dϕ

, (VI.1)

ρ̇R + 4HρR = Γϕ(ρϕ + pϕ), (VI.2)

q̇C + 3HqC = ΓC(q
eq
C − qC). (VI.3)

Here, H denotes the Hubble parameter, V is the inflaton potential, and Γϕ is the decay
rate of ϕ to radiation. The inflaton energy density and pressure are given by ρϕ = 1

2 ϕ̇
2+V

and pϕ = 1
2 ϕ̇

2 − V , respectively. The rate of the charge-violating process(es) driving qC
towards its equilibrium value qeqC is denoted by ΓC . Finally, q

eq
C is related to the effective

chemical potential (introduced in the previous chapter), µeffA , via a susceptibility matrix
χCA,

qeqC = χCAT
2µeffA /6, (VI.4)

where χCA depends on the specific choices of A and C, as well as the temperature scale
of chargegenesis. Typically, the non-vanishing entries of χCA are of O(1) [371, 431]. For
simplicity, we will assume qeqC = T 2µeffA /6 in the following.

To model the reaction rate ΓC in a model-independent manner, we parametrize it in
terms of a mass scale MC ,

ΓC =
T 2n+1

M2n
C

, (VI.5)

where n is a positive integer.1 For calculational convenience, it is useful to define the

1This parametrization can be motivated by an effective operator with mass dimension D = 4+n, which
would give rise to a reaction rate of this form.
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charge density in a comoving volume as,

QC ≡ qC(a/ai)3, Qeq
C ≡ q

eq
C (a/ai)

3, (VI.6)

where a is the FLRW scale factor and ai denotes its value at the first peak of the ϕ
oscillations.

Inflationary potential

In the previous chapter, we argued from Eq. (V.17) that gravitational chargegenesis cannot
be efficient during inflation (ω ≈ −1) or radiation domination (ω ≈ 1/3). Hence, the
specifics of the inflaton potential in the slow-roll regime are unimportant for the predictions
of chargegenesis, and only affects inflationary predictions. However, the generated charge,
qC , is sensitive to the shape of the potential close to its minimum, i.e. the part of V (ϕ)
relevant for reheating. For concreteness, we adopt the following T -model potential [441]

V (ϕ) = 6k/2M4
Pλ tanh

k

(
ϕ√
6MP

)
, (VI.7)

where λ is a coupling constant and k is a positive even number. This potential scales as
V (ϕ) ∼ ϕk near the origin. In the following, we will primarily focus on the case where
k = 2 (unless stated otherwise), for which the potential reduces to V (ϕ) ≈ 1

2 m
2
ϕϕ

2 with

mϕ =
√
2λMP at small ϕ. The slow-roll parameters for this potential are,

ϵ ≡ M2
P

2

(
V ′

V

)2

=
4

3
csch2

(√
2

3

ϕ

MP

)
, (VI.8)

η ≡M2
P

(
V ′′

V

)
=

4

3

[
2− cosh

(√
2

3

ϕ

MP

)]
csch2

(√
2

3

ϕ

MP

)
, (VI.9)

and the number of inflationary e-folds, Ne, is given by

Ne ≡
1√
2MP

∫ ϕ

ϕe

dϕ′√
ϵ(ϕ′)

=
3

4
cosh

(√
2

3

ϕ

MP

)
− 3

4
cosh

(√
2

3

ϕe
MP

)
, (VI.10)

where ϕe denotes ϕ at the end of inflation. The constant λ is determined by λ ≈
18π2AS/(6N

2
e ) [442], and AS ≈ 2.1× 10−9 [443].

Selected example solutions

With the necessary ingredients in place, we can now examine the time evolution of QC . To
illustrate the latter, we solve Eqs. (VI.1)–(VI.3) starting from an initial point deep within
the slow-roll regime, where ϵ≪ 1. More precisely, the initial point of the inflaton is set at
ϕ = 6.13, which corresponds to Ne = 55 e-folds of inflation, c.f. Eq. (VI.10). The system
is then evolved through the end of slow-roll inflation, multiple inflaton oscillations, and
eventually terminated at large times when QC has reached a steady state. The results are
presented in Fig. VI.1 for the parameter values

M∗/MP = 8.22× 10−5, Γϕ/MP = 1.23× 10−7, n = 1, (VI.11)

and various values of MC , as indicated by the labels. Quantities evaluated at the end
of slow-roll (ϵ = 1) are denoted by a subscript ”⋆”. For the examples shown, we find
t⋆ ≈ 59.4m−1

ϕ , ϕ⋆/MP ≈ 1.21, and H⋆/MP ≈ 3.3× 10−6.
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Figure VI.1: Example solutions of Eq. (VI.3) for different values of MC specified in the
top-right corner. The tmϕ axis is logarithmically scaled for tmϕ > 100. Figure by X.
X. [2].

During the initial slow-roll phase, the production of QC is negligible due to ω ≈ −1 and
Qeq
C ∝ µeffA ≈ 0, c.f. the discussion in Section V.2. As the inflaton exits the slow-roll regime,

QC is efficiently generated until t ∼ O(100)m−1
ϕ . This time interval corresponds to the

range between the initial rise in the colored curves and the vertical black line in Fig. VI.1.
To the right of the black line, we switch to a logarithmic spacing for the time axis. The
oscillations in QC arise from the inflaton oscillating around the minimum of its potential,
with a frequency set by the inflaton mass. During this oscillatory (reheating) phase, the
inflaton can be effectively treated as a fluid with ω ≈ 0, as discussed in Section V.2. At
large times, QC approaches a constant value.

The behavior of QC(t) for different MC values can be broadly categorized into two
regimes: freeze-in (FI) and FO. In the FI regime, ΓC is suppressed due to large MC val-
ues, preventing QC from following the rapid oscillations in Qeq

C generated by the inflaton
motion. This behavior is evident in the blue and orange curves in Fig. VI.1. By increasing
M−1
C further, the generated charge asymmetry reaches a maximum value, roughly set by

the time-averaged ⟨Qeq
C ⟩ during the oscillatory stage, as seen in the green and red curves.

However, further increasing M−1
C enhances the coupling between QC and ⟨Qeq

C ⟩. As the
universe transitions to radiation domination (ω ≈ 1/3), µeffA and ⟨Qeq

C ⟩ drop significantly.
A stronger coupling between QC and ⟨Qeq

C ⟩ allows QC to track ⟨Qeq
C ⟩ into radiation domi-

nation, eventually freezing out at a value substantially lower than the average value during
reheating. This behavior is illustrated by the purple and brown curves in Fig. VI.1.

Validity of calculation

To ensure that our calculations are under theoretical control, we review some of the un-
derlying assumptions. Our analysis implicitly assumes an FLRW universe and neglects
potential backreaction effects of the current-Ricci interaction on the spacetime geometry.
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Recall that the theory is described by the an action of the schematic form,

S =

∫
d4x
√−g

[R
2
M2
P

(
1− 2∂µJ

µ
C

M2∗M
2
P

)
+ LM

]
+ ..., (VI.12)

where LM represents non-gravitational interactions, and we have omitted a total derivative
and additional gravitational operators that may appear in a more complete model. The
standard Einstein-Hilbert action is recovered by neglecting the current operator and LM .
In this limit, the standard Einstein equation (V.20) is recovered by varying Eq. (VI.12)
with respect to the metric. The expansion of the universe is governed by the Friedmann
equation, which is the (0, 0) component of Einstein’s equation. The presence of the current
operator modifies the Friedmann equation, but the effect is negligible if,2

q̇C
M2∗M

2
P

≪ 1. (VI.13)

Recall that qC is negligible during inflation, and that it oscillates rapidly with a period set
by the inflaton massmϕ during the early stages of reheating (see Fig. VI.1). Thus, we have
q̇C(t) ∼ ⟨qC⟩(t)mϕ, where the time-average is taken over one oscillation. It follows that
the current-operator under study has negligible impact on the expansion of the universe if

M2
∗ ≫

qCmϕ

M2
P

. (VI.14)

We verified that this condition is satisfied at all times in our calculations.

Additionally, if the operator (V.18) is derived from a UV-complete theory via a low-
energy expansion, further constraints are necessary to ensure control over the expansion
parameters. To suppress higher-dimensional operators arising from a weak-gravitational
field expansion, the condition R/M2

∗ ≲ 1 must be satisfied. Moreover, to suppress higher-
dimensional derivative operators, the condition T

√
R/M2

∗ ≲ 1 is required (see Refs. [432–
435] and references therein for details). We have verified that our chosen parameters
satisfy these constraints both during and after reheating.

VI.2 Selected analytical results

In Ref. [2], we provide a detailed time-resolved analytical analysis of various quantities,
including ϕ, ρϕ, ρR, R, and Ṙ. We then utilized these analytical expressions to derive
approximations for QC(t), which is the quantity of primary interest to us. In the following,
we review the derivation of these analytical approximations for QC(t), while referencing
the results for other quantities, whose derivations can be found in Ref. [2].

The starting point is Eq. (VI.3), which using the definitions in Eq. (VI.6) can be rewrit-
ten as

dQC
dt

= ΓC
(
Qeq
C −QC

)
. (VI.15)

One can readily verify that the general solution to this equation is

QC(t) = G(t)

∫ t

0

ΓC(t
′)Qeq

C (t′)
G(t′)

dt′ , G(t) ≡ exp

[
−
∫ t

0
ΓC
(
t′
)
dt′
]
. (VI.16)

This general solution can be simplified significantly in certain limits, which we consider in
the following.

2Heuristically, this can be seen by comparing the two terms proportional to R in Eq. (VI.12).
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Freeze-in regime

The first limit we will consider is the FI regime, where ΓC → 0 such that G→ 1 and the
general solution in Eq. (VI.16) reduces to

QC ≈
∫

ΓCQ
eq
C dt ≈

∫
ṘKdt , K ≡ (a/ai)

3

6M2∗

T 2n+3

M2n
C

. (VI.17)

Quantities marked with ”i” are evaluated at the time when the inflaton velocity reaches
zero for the first time, i.e. ϕ̇(ti) = 0. The temperature T is determined from the radiation
energy density ρR,

T =

(
30

π2g⋆
ρR

)1/4

= cgρ
1/4
R with cg ≡

(
30

π2g⋆

)1/4

. (VI.18)

Evaluating Eq. (VI.17) requires expressions for a(t), ρR(t), and Ṙ. In Ref. [2], we show
that in the limit H ≫ Γϕ, i.e. well before the end of reheating, the quantities are well
approximated as follows

a ≈ ai
(
1 +

3

2
hmθt

) 2
3

, (VI.19)

ρR ≈
12ΓϕM

2
Pmϕhm

5 (3hmθt + 2)
, (VI.20)

Ṙ ≈
12m3

ϕϕ
2
i

M2
P (3θthm + 2)2

[
sin 2θt +

hm(1 + 3 cos 2θt)

3θthm + 2

]
, (VI.21)

where

hm ≡
Hi

mϕ
, θt ≡ mϕ(t− ti), H ≈ 2mϕhm

3hmθt + 2
. (VI.22)

By combining these results, one can write the integrand in Eq. (VI.17) as

ṘK ≈
m3
ϕϕ

2
i

2M2∗M
2n
C M2

P

(
hm

3hmθt + 2

)(
72ΓϕM

2
Pmϕhm

π2g⋆(3hmθt + 2)

) 2n+3
4

×
[
1 + 3 cos 2θt +

3θthm + 2

hm
sin 2θt

]
. (VI.23)

As a first approximation, one can neglect the oscillatory terms and integrate from t = ti,
corresponding to θt = 0, to t =∞:∫

/s/c
ṘKdt ≈ 2

3(2n+ 3)

m2
ϕϕ

2
i

M2∗M
2n
C M2

P

(
36ΓϕM

2
Pmϕhm

π2g⋆

) 2n+3
4

. (VI.24)

Here, the notation ”/s/c” indicates that the terms proportional to sin 2θt and cos 2θt in
Eq. (VI.23) have been neglected. The deviation of this simplified result from the full result,
where oscillations in ṘK are accounted for, is parametrized by the following quantity,

rh ≡
∫
/s/c
ṘKdt∫
ṘKdt

=

∫∞
0 dθt (3hmθt + 2)−(2n+7)/4∫∞

0 dθt (3hmθt + 2)−(2n+7)/4
[
1 + 3 cos 2θt +

3θthm+2
hm

sin 2θt

] . (VI.25)
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Note that rh only depends on hm. Numerically, we find that rh varies within a narrow
range in the limit hm ≪ 1. For n = 1, we find that rh typically varies between 0.34 and
0.35. Combining Eqs. (VI.17), (VI.24) and (VI.25), we obtain the final analytic result for
QC in the FI regime

QC ≈
1

rh

2

3(2n+ 3)

m2
ϕϕ

2
i

M2∗M
2n
C M2

P

(
36ΓϕM

2
Pmϕhm

π2g⋆

) 2n+3
4

. (VI.26)

Freeze-out regime

Next, we will consider the opposite regime where ΓC is sufficiently strong to ensure that
QC remains tightly coupled to Qeq

C during the reheating phase. As the universe enters
the radiation-dominated epoch, Qeq

C quickly vanishes as ρϕ decays exponentially, resulting
in ω ≈ 1/3. In this FO regime, where QC tracks Qeq

C during reheating, we are only
concerned with the evolution of QC from the end of reheating ρR = ρϕ, where the latter
can be approximated as

ρϕ ≈ 3

(
2MPmϕhm
3hmθt + 2

)2

, (VI.27)

during reheating [2].

The end of the reheating epoch is determined by equating Eq. (VI.27) with (VI.20),

θt ≈
5mϕhm − 2Γϕ

3Γϕhm
(for ρR = ρϕ) . (VI.28)

Using the definition Qeq
C = qeqC

(
a
ai

)3
, where qeqC = T 2Ṙ

6M2
∗
, and Eqs. (VI.19)-(VI.21),

Eq. (VI.28), and neglecting oscillating terms in Qeq
C , we obtain

〈
Qeq
C

〉
≈
√
3c2gΓ

2
ϕm

2
ϕϕ

2
i

25MPM2∗
(at ρR = ρϕ) . (VI.29)

As the radiation-density ρR increases and overtakes ρϕ, Q
eq
C will drop dramatically as t

becomes comparable to Γ−1
ϕ driving ω → 1/3. Meanwhile, QC drops at a lower rate set by

ΓC , and the subsequent part of the evolution becomes insensitive to Qeq
C , which can safely

be set to zero. The gravitationally produced charge, QC , will eventually reach a stable
value as ΓC ≪ H. Applying these assumptions to Eq. (VI.16) results in

QC ≈
〈
Qeq
C

〉
exp

− √
3

2n− 1

(
2
√
3

5

) 2n−1
2 c2n+1

g M
2n+1

2
P Γ

2n−1
2

ϕ

M2n
C

 (for FO) . (VI.30)

or equivalently

QC ≈
〈
Qeq
C

〉
exp

[
−
√
3c2gMPT

2n−1
rh

M2n
C (2n− 1)

]
(for FO) , (VI.31)

where ⟨Qeq
C ⟩ is given in Eq. (VI.29), and we used ρR(Trh) = 12

25Γ
2
ϕM

2
P in the last step.3

From Eqs. (VI.30) and (VI.31), it is clear that ifMC is very small, then the resulting charge

3This relation follows from ρR(Trh) = ρϕ(Trh), see e.g. Ref. [444] for details.
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produced would be exponentially suppressed. As a means of estimating the magnitude of
MC for when the exponential suppression becomes severe, we solve the following equation,

QC〈
Qeq
C

〉 = e−10 , (VI.32)

which yields

MC =

( √
3

10(2n− 1)

) 1
2n
(
2
√
3

5

) 2n−1
4n √

c2gMPΓϕ

(
c2gMP

Γϕ

) 1
4n

. (VI.33)

We refer to this value for MC as M cut
C (or e−10 cut), below which QC is expected to be

suppressed by at least a factor of e−10 ∼ 10−5 compared to the value of Qeq
C at the end of

reheating ρR = ρϕ.

Finally, to estimate and illustrate the transition from the FI to the FO regime, we find
it useful to introduce a transition value M trans

C for which the argument of the exponential
in (VI.30) equals −1. This definition implies the following relation

M trans
C = 10

1
2nM cut

C . (VI.34)

Eq. (VI.34) makes it clear that the region of parameter space where FO results in significant
charge production becomes narrower for increasing n.

Using the same parameters as in Sec. VI.1, we present the final gravitationally produced
charge QC as a function of MC in Fig. VI.2 for n = 1. The blue curve shows the exact
numerical result, while the green and orange dashed lines represent the analytical FI and
FO approximations in Eqs. (VI.26) and (VI.31), respectively. We see that the analytical
approximation in the FI regime is in excellent agreement with the full numerical result.
The red and purple dashed curves indicate the two cuts in Eqs. (VI.33) and (VI.34),
respectively. We find that both approximations deviate significantly from the exact result
around the transition region, M trans

C , where a full numerical calculation is required to
obtain an accurate result.

VI.3 Parameter space

Finally, we investigate the viable parameter space for gravitational chargegenesis, focusing
on n = 1 and k = 2 (we comment on k > 2 at the end of this section). With the inflaton
potential fixed, our setup has three free parameters: Γϕ, MC , and M∗. Since the effective
chemical potential is proportional to M−2

∗ , the final QC is also proportional to M−2
∗ (as

seen parametrically in Eq. (V.16) and in e.g. Eqs. (VI.26) and (VI.31)), hence, we focus on
the Γϕ–MC parameter space. We setM∗ = 2×1014 GeV, a value respecting the constraint
in and below Eq. (VI.14), throughout our analysis.

Fig. VI.3 shows the full numerical scan of qC/s (where s is the entropy density) in
the Γϕ–MC plane. The top axis indicates the reheating temperature Trh, defined by
ρϕ(Trh) = ρR(Trh), which is extracted from our numerical solutions for ρϕ and ρR. We

find Trh ≈ 0.35M
1/2
P Γ

1/2
ϕ within the scanned range, and observe that the charge asymmetry

yield increases with Trh (or Γϕ) for fixed MC . However, increasing Γϕ to larger and larger
values would eventually lead to an inconsistency, as too large Γϕ would result in inflaton
decay before the slow-roll period ends, altering the slow-roll paradigm. Results from
Planck constrains the Hubble parameter during inflation, H < 2.5×10−5 at 95% CL [443],
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Figure VI.2: Final value for the gravitationally-produced charge, QC , as a function ofMC .
The analytical FI and FO approximations in Eqs. (VI.26) and (VI.31) are shown by the
green and orange dashed lines, respectively. The red and purple dashed curves indicate
the two cuts in Eqs. (VI.33) and (VI.34), respectively. Figure by X. Xu [2].

which implies Trh < 6.6×1015 GeV (for instantaneous reheating). By naively extrapolating

Trh ≈ 0.35M
1/2
P Γ

1/2
ϕ to this scale, the upper limit from Planck can be interpreted as

Γϕ < 1.5 × 1014 GeV. However, such a large value for Γϕ would exceed H⋆ and therefore
significantly modify the slow-roll evolution. With this in mind, we set Γϕ < H⋆ ≈ 8×1012

GeV as the upper bound on Γϕ in Fig. VI.3.

Ultimately, we are not only interested in the gravitationally-produced charge density qC ,
but also the resulting baryon asymmetry YB. Recall that in WILG, these two quantities
are related via

YB = CsphxC
qC
s
, (VI.35)

where xC is the coefficient relating the qC asymmetry to the B−L asymmetry and Csph is
the sphaleron-conversion factor. In Chapter V, we primarily focused on the example where
an electron asymmetry is produced. In the scenario considered there, where the B − L
asymmetry is washed in at a temperature T ∼ 105− 106 GeV, one has xC = −3/10 in the
strong wash-in regime [371]. Hence, to generate the BAU YB ≈ 8.7×10−11 (see e.g. [226]),
one would need |qC |/s = |qe|/s ≈ 8.2 × 10−10 in that case. This value is shown by the
black dashed line in Fig. VI.3. The interested reader is referred to Tab. II in Ref. [371]
for other charge asymmetries and different temperature regimes for WILG. However, note
that |xC | typically varies from 1/6 to 1. The dotted black curve corresponds to |xC | = 1/6
and the dotted-dashed curve to |xC | = 1.

Finally, we have checked that for T -model potentials with k = 6, 8, 10, ...,4 it may be
possible to reproduce the BAU in gravitational chargegenesis scenarios for significantly
lower inflationary-reheating temperatures than those indicated in Fig. VI.3. However, a
conclusive statement would call for a consistent study accounting for e.g. fragmentation
of the inflaton condensate (see for example [445, 446]), which is beyond the scope of this
thesis.

4Recall that for k = 4, the EoS during reheating is ω ≈ k−2
k+2

= 1
3
, resulting in suppressed charge

production, c.f. Eqs. (V.17) and (V.19).
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Figure VI.3: Parameter space showing the outcome of gravitational chargegenesis. The
black dashed contour (qC/s = 8.2×10−10) can generate the BAU for |xC | = 3/10 (relevant
for a right-handed electron charge), while the dotted and dash-dotted contours assume
|xC | = 1/6 and 1. Larger Γϕ (or equivalently, larger Trh) generally leads to a higher yield
of charge asymmetry. However, too large Γϕ would spoil slow-roll predictions. To avoid
this, we cut off the scan when Γϕ > H⋆, represented by the black solid line and the gray
shaded region to the right. Figure by X. Xu [2].
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VI.4 Conclusions

In this chapter, we presented a technical analysis of the gravitational chargegenesis frame-
work proposed in Ref. [2]. This mechanism, in combination with WILG, can be viewed
as an extension of the gravitational-baryogenesis framework to explain the BAU. Gravita-
tional chargegenesis relies on a gravitational interaction that generates effective chemical
potentials, a charge-violating interaction driving the plasma to a state with nonzero qC ,
and RHNs washing in B − L asymmetry, with the notable feature that the gravitational
interaction and charge-violating interaction charges need not be identical. Our mecha-
nism’s primary advantage over previous gravitational baryogenesis mechanisms is that it
allows for the generated charge to satisfy B − L = 0 if at least one RHN remains active
when qC is nonvanishing.

To illustrate the framework, we considered an application where gravitational chargege-
nesis is realized during inflationary reheating. Focusing on the most generic setup, where
the inflaton potential is quadratic near the minimum, we showed both numerically and
analytically how the gravitationally-produced charge evolves as a function of time, and
that the mechanism can indeed be employed to explain the BAU while staying consistent
with experimental and theoretical constraints.

Finally, since this mechanism generically requires a high inflation scale, its realization
during reheating, as considered by us, is in principle falsifiable since a high inflation scale
also implies a large primordial tensor-to-scalar ratio in the cosmic microwave background
power spectrum that could be detected by upcoming experiments.
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CHAPTER VII

A lower bound on the right-handed
neutrino mass from wash-in

leptogenesis

In the previous chapter, we considered a mechanism for producing a primordial charge
asymmetry through a non-minimal gravitational interaction that could provide suitable
initial conditions for WILG. This framework can be viewed as one possibility among a list
of several chargegenesis mechanisms, including axion inflation [372], evaporating primor-
dial black holes [447], the decay of heavy Higgs doublets [378], and GUT baryogenesis [371].

In the following, we will assume that a suitable chargegenesis mechanism created a
primordial charge asymmetry, which includes an asymmetry in eR.

1 We focus on eR,
as it is the last global charge to be erased by the SM interactions, c.f. the discussion
in Section V.1. There, we argued that for TB−L > Te ≃ 85TeV [373], it is possible to
realize successful WILG by assuming a nonzero primordial electron charge, qinie ̸= 0. This
observation was used in Ref. [371] to argue that WILG can be realized at temperatures as
low as T ≃ 100TeV.

In the following chapter, we will improve this statement by considering WILG at T ≲ Te,
where qe/T

3 can no longer be treated as a constant due to the (partial) equilibration of
the electron-yukawa interaction. In this temperature regime, the treatment in Ref. [371]
must be extended by considering the Boltzmann equation for the time-dependent electron
charge, qe, in addition to the three Boltzmann equations for ∆α. By solving this coupled
set of four Boltzmann equations, we will find that WILG can account for the BAU for RHN
masses slightly below 10 TeV. To put this into context, recall that in standard TLG where
RHN interactions act as a source of both CP and B−L violation, the RHN mass scale
must satisfy the Davidson–Ibarra bound, MN ≳ 109−10GeV for hierarchical RHN mass
spectrum. The bound obtained by us, which is also valid for hierarchical RHN masses, is
a result of only demanding RHNs act as a source of B − L violation.2

All significant results and/or equations presented here were first presented in Ref. [3].

1We stress that this is not a fine-tuned assumption: One of the charge asymmetries produced during
axion inflation is in fact eR [372], and all the references listed above considered realizations where an
asymmetry in eR is generated.

2This is in contrast to other routes to low-scale leptogenesis that rely on CP -violation in the RHN
sector and quasi-degenerate RHN masses (or additional fine-tuning in the RHN sector), such as resonant
leptogenesis [236–238,448] and leptogenesis via neutrino oscillations [239] (see also Refs. [240,241]).

129



CHAPTER VII. A LOWER BOUND ON THE RIGHT-HANDED NEUTRINO MASS
FROM WASH-IN LEPTOGENESIS

VII.1 Setup

The starting point for our analysis is the coupled system of three Boltzmann equations
for ∆α and eR, which we review in the following, starting with the former.

Boltzmann equations for q∆α

The relevant equations for flavored lepton asymmetries were already introduced in
Eq. (V.7) and reproduced here for the reader’s convenience,

− (∂t + 3H) q∆α = ε1α Γ1

(
nN1 − neqN1

)
−
∑
β

γwαβ
µℓβ + µϕ

T
. (VII.1)

The first term on the right-hand side is the source term for q∆α in standard TLG. Since
we will focus on the case of hierarchical RHN masses and the temperature regime T ≲ Te
in this chapter, we will assume negligible CP violation in the RHN sector, ε1α ≪ 1 c.f.
Eq. (II.124), and ignore this term. The second term on the right-hand side of Eq. (VII.1) is
(a good approximation of)3 the wash-out term in standard TLG. The wash-out interaction
density, γwαβ, encodes contributions from RHN inverse decays as well as from LNV (∆L =
2) and lepton-flavor-violating (LFV) (∆L = 0) processes. Finally, the factors µℓβ + µϕ,
are obtained as explained around Eq. (V.4) and repeated here for convenience,

µℓe + µϕ

µℓµ + µϕ

µℓτ + µϕ

 =


− 5

13

4
37

4
37

 µ̄e −


6
13 0 0

0 41
111

4
111

0 4
111

41
111



µ̄∆e

µ̄∆µ

µ̄∆τ

 . (VII.2)

As explained in Section V.1, if qe/T
3 can be treated as a constant, WILG in the strong

wash-in regime results in qwin
B−L = − 3

10 qe.

In the temperature regime of interest to us, Eq. (VII.1) can be brought into a simpler

form. We can rewrite Eq. (VII.1) in terms of charge-densities, by using qC = µCT
2

6 and
Eq. (VII.2),

(∂t + 3H)


q∆e

q∆µ

q∆τ

 =
6γw

T 3



− 5

13

4
37

4
37

 qe −


6
13 0 0

0 41
111

4
111

0 4
111

41
111



q∆e

q∆µ

q∆τ


 , (VII.3)

where γw is a 3×3 matrix. For T ∼ Te, the wash-out rate is dominated by inverse decays,
such that γw is well approximated by

γwαβ = pα δαβ
T 3

6
Γw , pα =

Γ1α

Γ1
. (VII.4)

where pα parametrizes the branching ratio for RHN decays into lepton flavor α, and Γw

is the rate of wash-out via inverse decays,

Γw =
6

T 3
γw =

6

T 3
neqN Γth

N . (VII.5)

3It does not encode ∆L = 1 washout-contributions with e.g. quarks or gauge bosons in the external
states, which we have checked are highly suppressed compared to contributions from inverse decays in the
temperature regime considered here.
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Here, neqN denotes the RHN equilibrium number density and Γth
N the thermally averaged

RHN decay rate, which are given by (see e.g. [225] for details)

neqN =
gN
2π2z

K2 (z)M
3
N1
, gN = 2, Γth

N =
K1 (z)

K2 (z)
Γ0
N ,

Γ0
N =

m̃1M
2
N1

8πv2
, z =

MN1

T
, (VII.6)

such that

Γw =
3 gNz

2

π2
K1 (z)

m̃1M
2
N1

8πv2
. (VII.7)

Here, Ki denotes the i’th modified Bessel function, v = 174GeV is the SM Higgs vev, and
m̃1 is an effective light neutrino mass parameter defined as [227],

m̃1 =

(
m†
DmD

)
11

MN1

, (VII.8)

where mD denotes the neutrino Dirac mass matrix. Combining the expressions above,
Eq. (VII.3) can be written as,

(∂t + 3H)


q∆e

q∆µ

q∆τ
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
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
 .
(VII.9)

Next, it is useful to introduce (normalized) comoving charge asymmetries as

Q∆α =

(
a

aini

)3 q∆α

qinie
, Qe =

(
a

aini

)3 qe
qinie

, (VII.10)

where a is the FLRW scale factor. This allows us to recast the Boltzmann equations into
a form where the left-hand sides are simply a single derivative w.r.t. z,

d
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
 , (VII.11)

which is the final form of the Boltzmann equations for ∆α that will be used in our anal-
ysis. Note that the comoving charges in Eq. (VII.10) are in units of the initial electron
asymmetry qinie at Tini ≫ Te, which will make it simple to assess the effectiveness of WILG.
In Eq. (VII.11), we introduced the dimensionless washout rate

W =
Γw

zH
, (VII.12)

where H denotes the Hubble rate, which we express as follows

H =
T 2

M∗
=

M2
N1

z2M∗
, M∗ ≡

(
90

π2g∗

)1/2

MPl , (VII.13)
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for a radiation-dominated universe. Combining the two equations above with Eq. (VII.7),
we obtain a suitable expression for W ,

W =
6

π2
m̃1

m∗
z3K1 (z) , (VII.14)

where the mass m∗ is the parameter introduced in Eq. (II.114),

m∗ =
8πv2

M∗
≃ 1.07meV . (VII.15)

Boltzmann equation for qe

Next, we consider the Boltzmann equation for qe around Te. To this end, we use the result
derived in Ref. [373], which takes the form

(∂t + 3H) qe = −Γe
[
711

481
qe +

5

13
q∆e −

4

37

(
q∆µ + q∆τ

)]
. (VII.16)

Here, Γe is the equilibration rate of right-handed electrons, which can be written as

Γe ≡ Ce T. (VII.17)

The coefficient Ce receives contributions from 2 ↔ 2 processes involving one electron
Yukawa vertex (c.f. Fig. 3 in [373]) and from 1 ↔ 2 decays and inverse decays of the
SM Higgs bosons, right-handed electrons, and left-handed leptons.4 A comprehensive
calculation incorporating these processes was performed in Ref. [373], yielding

Ce =
3Y 2

e

1024π

[
Y 2
t ct +

(
3g22 + g2

)(
cℓ + ln

1

3g22 + g2

)
(VII.18)

+ 4g2
(
ce + ln

1

4g2

)]
. (VII.19)

The coefficients ct, cℓ, and ce read,

ct = 2.82 + 1.48 , (VII.20)

cℓ = 3.52 + 0.776 , (VII.21)

ce = 2.69 + 2.03 , (VII.22)

where the first (second) number in each coefficient corresponds to the contribution from
2 ↔ 2 (LPM-resummed 1n ↔ 2n) processes. The couplings, Ye and Yt in Eq. (VII.18)
denote the electron and top-quark Yukawa couplings, while g2 and g denote the SU(2)L
and U(1)Y gauge couplings, respectively. In our numerical analysis, we start from the SM
values of the four couplings at the Z pole and evolve them to the scale µ = πT using their
one-loop SM RGEs.5

Finally, by introducing a normalized co-moving charge asymmetry, analogous to
Eq. (VII.10), for eR

Qe =

(
a

aini

)3 qe
qinie

, (VII.23)

4The decays/ inverse decays also receive corrections from 1n ↔ 2n scatterings with soft gauge boson
exchanges, which are accounted for by Landau–Pomeranchuk–Migdal (LPM) resummation [449–451].

5The one-loop RGEs for Yt, g, and g2 can be extracted from Appendix A of Chapter III, while the one-
loop RGE for the electron Yukawa can be found for example in [452]: 16π2 dYe

dt
= Ye

[
3Y 2

t − 9
4
(g2 + g22)

]
.
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we can rewrite the Boltzmann equation (VII.16) as,

Q′
e = −E

[
711

481
Qe +

5

13
Q∆e −

4

37

(
Q∆µ +Q∆τ

)]
, (VII.24)

where the prime denotes a derivative w.r.t. z and E is the dimensionless electron equili-
bration rate,

E =
Γe
zH

= Ce
M∗
M

. (VII.25)

Summary

We have now arrived at the set of four Bolztmann equations relevant for our calculation,

Q′
∆e

= peW

[
− 5

13
Qe −

6

13
Q∆e

]
, (VII.26)

Q′
∆µ

= pµW

[
4

37
Qe −

41

111
Q∆µ −

4

111
Q∆τ

]
, (VII.27)

Q′
∆τ

= pτW

[
4

37
Qe −

4

111
Q∆µ −

41

111
Q∆τ

]
, (VII.28)

Q′
e = −E

[
711

481
Qe +

5

13
Q∆e −

4

37

(
Q∆µ +Q∆τ

)]
. (VII.29)

From the equations presented in this section, one can see that our description of WILG
at T ∼ Te depends on four parameters:

1. The effective neutrino-mass parameter m̃1, which in standard leptogenesis controls
the strength of asymmetry wash out, but in the context of our work controls the
strength of asymmetry wash-in.

2. The RHN mass MN1 . This parameter determines the temperature scale of WILG
and, consequently, the relevance of qe washout.

3. The branching ratio pe.

4. The branching ratio pµ.

Recall that the third branching ratio, pτ , follows from pe + pµ + pτ = 1.

VII.2 Numerical analysis

In the following, we numerically solve the Boltzmann equations (VII.26)-(VII.29), assum-
ing vanishing initial lepton flavor asymmetries and a nonzero primordial electron asym-
metry generated by an unspecified chargegenesis mechanism,

Q∆α (z ≪ 1) = 0 , Qe (z ≪ 1) = 1 . (VII.30)

Four example solutions of our set of Boltzmann equations with these initial conditions are
shown in Fig. VII.1, for RHN branching ratios pe,µ,τ that maximize the efficiency of WILG
for given neutrino masses m̃1 and MN1 . Here, Q∆e , Q∆µ , Q∆τ , Qe, QB−L are shown with
orange, red, green, blue, black curves, respectively. The two upper panels show examples
of the weak wash-in regime, where we have fixed MN1 = 10 TeV, and m̃1 = 0.1 meV,
corresponding to a decay parameter K = m̃1

m∗
≈ 0.09. In the panel to the left, asymmetries

in ∆µ and ∆τ are generated, while in the panel to the right, an asymmetry in ∆e is
generated. The two lower panels show example solutions in the strong wash-in regime
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Figure VII.1: Four different example solutions of the set of Boltzmann equations in
Eqs. (VII.26)-(VII.29) in the weak (strong) wash-in regime to (bottom) row. Solid (dashed)
lines denote positive (negative) comoving charge asymmetries Q. The efficiency factor de-
fined in Eq. (VII.31), QB−L (z ≫ 1) = Cwin κ, can be read off from the black curves at
z ≫ 1. The solutions in the first (second) column correspond to positive (negative) κ val-
ues. In all four plots, the RHN branching ratios pe,µ,τ are set to the values that maximize
|κ| for the given values for m̃1 and MN1 . Adapted from Ref. [3].

with m̃1 = 30 meV, corresponding to a decay parameter K = m̃1
m∗
≈ 28, and MN1 = 20

TeV. The sharp drop in the B−L curve in the middle of these panels is due to a change of
sign in B−L as the asymmetry in ∆e becomes either smaller or larger than the asymmetry
in ∆µ +∆τ .

To quantify how efficient WILG is in the regime under study, it is useful to introduce
an efficiency factor κ,

κ =
1

3/10

[
Q∆e (z ≫ 1) +Q∆µ (z ≫ 1) +Q∆τ (z ≫ 1)

]
. (VII.31)

This parameter encodes the deviation of WILG from the optimal outcome, qB−L = − 3
10 qe

(c.f. Eq. (V.5)), in the temperature regime under consideration. This allows us to conve-
niently express the resulting baryon-asymmetry that would be observed today as a result
of WILG in terms of qinie ≡ 1

6 µ̄
ini
e T

2 as,

η0B =
nB
nγ

∣∣∣∣∣
today

= CsphCwin

g0∗,s
gSM∗,s

κ
(
m̃1,M, pe, pµ, q

ini
e

) qinie
nγ

∣∣∣∣∣
ini

, (VII.32)

where Csph = 12
37 [355,453] and Cwin = 3

10 denote sphaleron and WILG conversion factors,
respectively. The SM entropy DOFs today and at high temperatures are given by, g0∗,s =

43
11

and gSM∗,s = 427
4 , and the photon number density nγ = ζ(3) gγT

3/π2, where gγ = 2.

Recall from our discussion in Section V.1, that avoiding a scenario where the initial
asymmetry in qe triggers an efficient SM chiral plasma instability that converts the chiral
charge stored in qe into helical hypermagnetic fields can be translated into an upper bound
on µ̄inie , c.f. Eq. (V.9). Combining this upper bound with the requirement of successfully
accounting for the BAU, η0B = ηobsB , implies a lower bound on the efficiency factor κ as
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Figure VII.2: Solutions for the efficiency factor, κ+ > 0 (solid red contours) and κ− < 0
(dashed blue contours), which assume optimal RHN branching ratios pe,µ,τ , across the
m̃1−MN1 plane (MN1 is denoted byM in the figure). The colored bands in the magnified
portion shown in the upper-right part of the plot indicate the ranges |κ±| = 2 · · · 4×10−4,
with the central lines corresponding to the |κ±| = 3× 10−4 contours. Figure by D.W. [3].

seen clearly from the following relation,

η0B ≃ ηobsB

(
κ

2.6× 10−4

)(
µ̄e/T

9.6× 10−4

)
ini

. (VII.33)

Eq. (VII.33) shows that κ ≳ 2.6× 10−4 is required for successful WILG, and we therefore
focus on identifying the region of parameter space where this is satisfied. To achieve this,
we carried out a numerical scan over the two-dimensional parameter space spanned by
m̃1, MN1 . At each point in the m̃1 –MN1 plane, we then scan over the two remaining
free parameters in our setup, pe ∈ [0, 1] and pµ ∈ [0, 1 − pe] and identify the branching
ratios that maximize the values of κ and −κ. The result of the scan are extremal solutions
κ+ > 0 and κ− < 0 across the m̃1 –MN1 plane. We stress that both κ > 0 and κ < 0 are
viable solutions, if the sign of the initial asymmetry qinie can be chosen freely.

The results of our numerical scans are shown in Fig. VII.2 and in Fig. VII.3. The
former is a high-resolution scan with m̃1 ∈ [10−2, 102], while the latter is a scan with
lower resolution covering m̃1 ∈ [10−2, 103]. Starting with Fig. VII.2, it is clear that the
optimal κ± contours change as a function of m̃1. This is a reflection of the fact that the
optimal branching ratios change as a function of m̃1. For m̃1 ≪ 5meV, maximal values
|κ+| (|κ−|) are achieved for pe = 0 and pµ,τ = 1

2 (pe = 1 and pµ,τ = 0). In the top
row of Fig. VII.1, we have included representative solutions of the Boltzmann equations
in this regime of parameter space. Meanwhile, for m̃1 ≫ 5meV, maximal values |κ+|
(|κ−|) are achieved for pe ≃ 1 − 2.0meV/m̃1 (pe ≃ 1.1meV/m̃1) in combination with
pµ,τ = (1 − pe)/2 (pµ = 0 and pτ = 1 − pe). In the bottom row of Fig. VII.1, we have
included representative solutions of the Boltzmann equations in this regime of parameter
space. The optimal values for branching ratios for m̃1 ≪ 5meV and m̃1 ≫ 5meV, are
summarized in Table VII.1.

We now have all the ingredients to discuss a lower bound on MN1 from (successful)
WILG. The |κ±| = 3 × 10−4 contours in Fig. VII.2 show the minimum value of MN1 as
a function of m̃1 for optimal branching ratios. In the case of κ > 0, an effective neutrino
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m̃1 ≪ 5meV m̃1 ≫ 5meV

p−e 1 ∼ 1.1meV
m̃1

p−µ 0

p+e 0 ∼ 1− 2meV
m̃1

p+µ (1− p+e )/2

Table VII.1: Branching ratios for optimal κ− (top) and κ+ (bottom) in the regimes m̃1 ≪
5 meV and m̃1 ≫ 5meV. Table adapted from D.W.

mass around m̃1 ∼ 100meV combined with an input charge saturating the upper bound
in Eq. (V.9), would make it possible for WILG to account for the BAU down to MN1 ≈ 8
TeV. Meanwhile, in the case of κ < 0, an effective neutrino mass around m̃1 ∼ 1meV
and input charge saturating the upper bound in Eq. (V.9), would make it possible for
WILG to account for the BAU down toMN1 ≈ 7 TeV. Since we expect the CPI to become
increasingly important for qinie around the bound in Eq. (V.9), we provide an estimate of
the RHN mass bound by varying from κ = 2 · · · 4× 10−4. Note that this is equivalent to
varying the upper bound on qinie , c.f. Eq. (VII.33), and hence parametrizes our ignorance
about the efficiency of the CPI for values of qinie around ∼ 10−3. By doing so, we obtain
the following lower bounds on MN1 ,

M+
min = 8.1+0.8

−1.0TeV , M−
min = 7.1+0.9

−0.7TeV , (VII.34)

where M±
min refer to the κ± solutions in Fig. VII.2, respectively.

Figure VII.3 presents a lower-resolution parameter scan extending m̃1 up to 103 meV.
For κ+ = 3× 10−4, the lower bound on MN1 is now slightly below 8 TeV, and is located
at m̃1 = 103 meV (red star). The lower bound on MN1 for |κ−| = 3 × 10−4 remains
unchanged (blue star). We note that for large values of m̃1, p

+
e (p−e ) asymptotes towards

1 (0), c.f. Tab. VII.1.

VII.3 Conclusion

In this chapter, we obtained a lower bound on MN1 from the requirement of successful
WILG. Our analysis presents a significant step in the development of the WILG frame-
work, as it establishes its range of applicability. The main result, Eq. (VII.34), shows
that MN1 can be significantly lower than the right-handed electron Yukawa equilibration
temperature Te ≈ 85 TeV, and is one order of magnitude lower than the initial esti-
mate of Mmin ∼ 100TeV stated in the original paper on WILG [371]. Notably, it is also
roughly five orders of magnitude below the Davidson–Ibarra bound on MN1 in TLG with
hierarchical RHN masses. This highlights that WILG can open up a vast region of the
neutrino mass parameter space by relieving RHNs from satisfying Sakharov’s condition
on CP violation. However, the relaxed bound on MN1 comes at the cost of requiring
a chargegenesis mechanism at higher energies to account for CP violation. Exploration
of chargegenesis mechanisms, and in the context of our work; chargegenesis mechanisms
capable of producing a large primordial charge asymmetry in right-handed electrons, is
therefore an important topic to pursue in future work.

Finally, it is worth repeating that the lower bounds onMN1 presented in Eq. (VII.34) are
subject to theory uncertainties, primarily due to our treatment of the CPI. Future refine-
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Figure VII.3: κ+ > 0 (red contours) and κ− < 0 (blue contours) solutions for the efficiency
factor, which assume optimal RHN branching ratios pe,µ,τ , as functions of the neutrino
masses m̃1 andMN1 . The two stars represent the lowest values ofMN1 for which successful
WILG can take place.

ments could involve incorporating anomalous qe violation into the Boltzmann equation for
qe and tracking hypermagnetic helicity evolution. Additionally, a detailed understanding
of CPI at large chiral charge would benefit from magnetohydrodynamical simulations of
the SM plasma at T ∼ Te. It remains to be seen whether future refinements of CPI-effects
in the context of WILG will significantly impact the lower bound MN1 ∼ 7TeV obtained
here.
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semileptonic B and K decays





CHAPTER VIII

Motivation and background

The first two parts of this thesis have focused on early-universe cosmology, leptogenesis,
and neutrinos. These studies highlight the potential implications of LNV NP for the neu-
trino mass puzzle and the matter-antimatter asymmetry of the universe, which emphasizes
the importance of searching for LNV NP. Traditionally, LNV searches have relied on 0νββ
experiments and collider searches (see, e.g., Ref. [454] and references therein). In this
part of the thesis, we explore rare semileptonic Kaon and B-decays as complementary
probes of LNV NP. In fact, the scope of the following chapters will extend beyond LNV,
as we develop general strategies to disentangle NP contributions parametrized by effective
operators, with a particular emphasis on LNV operators. We begin by motivating the
relevance of flavor physics and its thematic connection to the preceding parts, followed by
an outline of the remainder of this chapter.

Flavor physics is a branch of particle physics that investigates the properties of the
different generations of leptons and quarks, and the various transitions among them. His-
torically, it played a major role in the theoretical development of the SM by e.g. predicting
the charm quark and the third generation of quarks [455,456]. Today, flavor physics con-
tinues to be an important field in the search for BSM physics: By comparing theoretical
SM predictions with experimental results, one can search for and constrain new physics
models.

More precisely, by comparing SM predictions for flavor transitions with experimental
measurements or bounds, one obtains predictions or constraints, respectively, on new
sources of flavor violation. Flavor constraints restrict the size of couplings in BSM models
that induce flavor-changing interactions. Meanwhile, any observed discrepancies between
SM predictions and experimental results provide, if taken at face value, evidence for NP.
Determining the magnitude of such potential discrepancies can be used to predict the scale
at which the UV physics responsible is expected to emerge. Moreover, searches based on
flavor observables should be seen as complementary to direct searches at colliders. While
flavor experiments cannot directly produce new particles, they are not limited by the
center-of-mass energy of colliding particles, and can motivate directions for new direct
searches.

To sharpen the connections between flavor physics and the topics from previous chapters,
note that the recurring theme has been neutrinos in the early universe. In this part, we will
consider neutrinos in the context of flavor-physics searches for NP rather than the early
universe. Specifically, we will study rare semileptonic B-meson and Kaon decays with
either neutrinos or light dark particles in the final state, and explore how to disentangle
NP contributions to such decays. The following decay channels K → π + invisible, B →
K(K∗) + invisible, and inclusive decays B → Xs + invisible will be considered. Key
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heuristic motivational points for studying the invisible final states in these processes are
summarized below.

• Evidence for new light dark particles hiding in the invisible final state would present
a potential breakthrough in our understanding of dark matter and particle physics
beyond the SM.

• Evidence for sterile neutrinos in the invisible final state could shed light on the
neutrino mass puzzle, and leptogenesis.

• The rare semileptonic decays in question can be used to search for LNV, as will be
argued in this chapter and the next. Observing NP consistent with a LNV hypothesis
in these systems could have dramatic implications not only for the neutrino-mass
puzzle, but also for the viability of (high-scale) leptogenesis.

A detailed explanation of the last point will be given in Section VIII.4, while the rest of the
chapter is organized as follows. In Section VIII.1, we will review theoretical considerations
motivating B → K(K∗)νν̄ and K → πνν̄ as systems to search for NP. Section VIII.2
provides an overview of current experimental limits and comparisons with SM predictions.
In Section VIII.3, we introduce the effective-operator bases that will be used in the next
chapter. Expressions for form factors and additional technicalities are summarized in
Section VIII.5. In Section VIII.6, we summarize, contextualize our work, and provide a
detailed outline of the next chapter.

VIII.1 Rare semileptonic decays

Flavor-changing neutral currents (FCNCs) are not present at tree level in the SM, but
are induced by loop diagrams involving at least two W± vertices. This is illustrated
in Fig. VIII.1, which shows representative one-loop Feynman diagrams contributing to
b → sνν̄ in the SM.1 FCNCs are highly suppressed in the SM as a result of the generic
one-loop suppression factor 1/16π2, suppression from at least one off-diagonal element of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix [457, 458], and so-called GIM suppres-
sion [455]. The latter is a consequence of the unitarity of the CKM matrix, and can be
understood as follows [459]: The amplitude for a b → s transition takes the following
generic form

Mb→s =
∑
i

V ∗
ibVisf

(
m2
i

m2
W

)
, (VIII.1)

where f depends on the process under consideration [460]. Assuming m2
i ≪ m2

W , which is
a good approximation for all quarks except the top, one can Taylor expand the function
f to first order

Mb→s ≈
∑
i

V ∗
ibVisf (0) +

∑
i

V ∗
ibVis

m2
i

m2
W

f ′ (0) . (VIII.2)

The first term vanishes identically, due to the unitarity of the CKM matrix,
∑

i V
∗
ibVis = 0.

In fact, if all quark masses were identical, thenMb→s would be proportional to
∑

i V
∗
ibVis

and identically vanish. For non-degenerate quark masses, the second term in Eq. (VIII.2)

is still suppressed by
m2

i

m2
W
, which is the core of the GIM mechanism. However, the argument

1For concreteness, we will consider b → s transitions (relevant for B-decays) in this section, but similar
considerations apply to s → d transitions (relevant for Kaon decays).
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Figure VIII.1: Feynman diagrams contributing to b→ sνν̄ in the SM.

presented above is not valid for mi ≳ mW , and the top quark contribution is therefore not
suppressed by GIM. Still, the relevant entries in the CKM matrix involving the top are
small, so top contributions to b→ s receive significant suppression from Vts.

2

In practice, it is useful to calculate FCNC transitions using effective-field theory (EFT)
methods. Specifically, we will be making extensive use of Low-Energy Effective Field The-
ory below the electroweak scale (LEFT) [461,462], where FCNC interactions are encoded
in WCs of higher-dimension operators composed of the SM fields that are lighter than
W±. For the case of b→ sνν̄, the leading operators are current-current interactions of the
schematic form O = jν · jq. Here jν denotes a neutrino current, and jq denotes a quark
current with appropriate flavor-quantum numbers. The contribution of such an operator
to a b→ sνν̄ transition of the form B →Mνν̄ where B and M can be written as,3

⟨νν̄M | O |B⟩ = ⟨νν̄M | jν · jq |B⟩ = ⟨νν̄| jν |0⟩ · ⟨M | jq |B⟩ ∼ ⟨νν̄| jν |0⟩F (q2), (VIII.3)

Here, F (q2) denotes a hadronic form factor, which is a function of the dineutrino invariant
mass squared, q2, that has to be determined via nonperturbative methods.4 The important
point is that the calculation factorizes into a trivial leptonic part and a hadronic part.
This should be contrasted to charged semileptonic decays, B →Ml+l−, which receive non-
factorizable contributions, as e.g. the charged leptons can arise from a photon emitted from
a purely hadronic interaction. The calculation of semi-leptonic decays with a dineutrino
final state is therefore theoretically clean, and SM predictions are under good theoretical
control. This make them, at least from a theoretical point of view, golden channels for
precision tests of the SM.

The most recent SM predictions for the branching ratios of the Kaon decays considered
in this thesis reads [465],

B(K+ → π+νν̄)SM = (8.60± 0.42)× 10−11, (VIII.4)

B(KL → π0νν̄)SM = (2.94± 0.15)× 10−11. (VIII.5)

The most recent SM predictions for the branching ratios of the B-decays of interest to us
read [466]

B(B+ → K+νν̄)SM = (4.92± 0.30)× 10−6, (VIII.6)

B(B0 → K0∗νν̄)SM = (10.11± 0.96)× 10−6, (VIII.7)

B(B → Xsνν̄)SM = (2.7± 0.2) · 10−5, (VIII.8)

2The top contribution in s → d transitions are even more suppressed by the smallness of both Vts and
Vtd.

3See for instance Ref. [463] and references therein for details.
4In particular, the most important methods for determining form factors at present are lattice QCD

(LQCD) and QCD sum rules [464].
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obtained using |Vcb| = 42.6(4)×10−3 from [467,468] and form factors from Refs. [469–471]
for B+ → K+νν̄ and Ref. [472] for B0 → K0∗νν̄. Corresponding experimental results are
summarized in the following section.

VIII.2 Experimental limits

Last year, NA62 released a new result for K+ → π+νν̄ listed in Eq. (VIII.9) [473, 474].
The decay KL → π0νν̄ is constrained by KOTO [475], and the 90% confidence level (CL)
upper bound is given below,

B(K+ → π+νν̄)exp =
(
13.0+3.3

−2.9

)
× 10−11, (VIII.9)

B(KL → π0νν̄)exp ≤ 2.0× 10−9 . (VIII.10)

Comparing these results with Eqs. (VIII.4) and (VIII.5), it is clear that the experimental
data leaves room for NP in these decays.

The current experimental bounds on b → sν̄ν, including the most recent 2023 results
from Belle II [476], read [477–479]

B(B+ → K+νν̄) = (13± 4)× 10−6, (VIII.11)

B(B0 → K0∗νν̄) ≤ 1.8× 10−5 @ 90% CL , (VIII.12)

B(B → Xsνν̄) ≤ 6.4× 10−4 @ 90% CL . (VIII.13)

Comparing this data with the SM predictions in Eqs. (VIII.6)-(VIII.8), it is evident that
there is also significant room for NP contributions in these channels.

VIII.3 Operator basis and LNV

Having established that K → πνν̄ and B → K(K∗)νν̄ provide promising systems to
search for NP, we will now consider technical foundations for the next chapter. Here, we
introduce the operator bases to be utilized and discuss lepton number.

Operator basis: LEFT

As mentioned previously, we will employ the LEFT framework [461, 462] in our study.
Adopting the notation in Refs. [461, 480], the leading-order (dimension 6) operators of
interest to us can be written as [461,462]

Leff = LSM +
∑

X=L,R

CVLX
νd OVLX

νd +

 ∑
X=L,R

CSLX
νd OSLX

νd + CTLL
νd OTLL

νd + h.c.

 . (VIII.14)

This effective description encodes operators with vector currents,

OVLL
νd = (νLγ

µνL)(dLγµdL) , (VIII.15)

OVLR
νd = (νLγ

µνL)(dRγµdR) , (VIII.16)

scalar currents,

OSLL
νd = (νcLνL)(dRdL) , (VIII.17)

OSLR
νd = (νcLνL)(dLdR) , (VIII.18)
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and tensor currents

OTLL
νd = (νcLσµννL)(dRσ

µνdL) . (VIII.19)

The dimension 5 neutrino dipole operator, νcLσ
µννLFµν , along with the down-type quark

dipole operator, dLσ
µνdRFµν , would formally contribute to the same order in the LEFT

expansion as the operators above. However, the neutrino dipole moment operator is
tightly constrained by searches for magnetic dipole moments of neutrinos and therefore
not considered further here [480–482].

In writing down the equations, we have employed the following notation [1]: dL(R) and
νL are Weyl fermions, where the subscript denotes their chirality. Applying the charge-
conjugation operator, C = iγ2γ0, makes the charge-conjugated left-handed neutrino field
νcL ≡ CνL right-handed. We will be working in the limit of massless neutrinos, so flavor and
mass eigenstates coincide. There is an implicit sum over all possible flavor combinations
in the Lagrangian (VIII.14). The scalar operators OSLL

νd and OSLR
νd are symmetric in the

neutrino flavors, the tensor operator OTLL
νd is antisymmetric in the neutrino flavors, while

the vector operators OVLL
νd and OVLR

νd do not exhibit a manifest (anti)symmetry in the
neutrino flavors [480]. Finally, note that Eq.(VIII.14) is written in a general form suited
for both K and B decays. In fact, this operator basis can also encompass light sterile
neutrinos [480,483].

Operator basis: DLEFT

In experimental searches, neutrinos in the final state are not directly detected; as a result,
it is logically possible that rare meson decays could produce other, undetected invisible
particles. Thus, the final state in the NP contribution could consist of a single boson, or
two or more dark-sector particles. In this work, we will focus on scenarios involving two
dark-sector particles in the final state.

We do not consider scenarios featuring a single dark boson in the final state, for the
following reason. Our analysis is primarily concerned with disentangling NP contributions
through detailed studies of kinematic distributions. If the final state contains a single
boson, the resulting kinematic distributions would closely resemble those predicted by the
SM, with the key distinction being a sharp peak at a specific value of the invisible invariant
mass squared—corresponding to the mass of the dark boson. Thus, NP scenarios involving
a single dark boson in the final state are, in principle, straightforward to distinguish from
cases with two neutrinos, where the invariant mass-squared distribution is nonzero across
the entire kinematically-allowed range. By contrast, distinguishing NP with two dark-
sector particles from contributions from the (SM)LEFT operators Eqs. (VIII.15)-(VIII.19)
is more subtle, making it the main subject of our study.

To account for the possibility of NP contributions with two dark-sector particles in the
final state, we adapt the results in Ref. [484]. There, the authors extended the LEFT
setup with an additional light dark-sector particle with either spin 0, spin 1/2, or spin
1, and established operator bases relevant for rare meson decays with two dark-sector
particles in the final state. In the case of a spin-1 dark-sector particle, two scenarios are
considered: (A) The dark field is represented by the vector potential Xµ, and (B) by
the field strength tensor Xµν = ∂µAν − ∂νAµ [484]. Scenario A leads to divergences in
the differential decay widths in the limit where the dark mass vanishes, m → 0, caused
by the longitudinal polarization component in the polarization sum. This well-known
issue can be cured operationally by redefining the WCs to contain an explicit factor of
m to the minimum power necessary to regularize the divergences in the m → 0 limit
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(see [484] for examples and details). At first sight, it may seem reasonable to circumvent
this issue by considering an exactly massless vector field (which would only have transverse
polarization). However, it is a fundamental result in QFT [485] that theories of massless
vector fields must be gauge theories. Assuming that SM quarks are not charged under
the dark gauge group, the effective operators can then only include the dark vector boson
through its field strength tensor, which is covered by Scenario B.

For clarity, we will henceforth refer to the operators in Eq. (VIII.14) as (SM)LEFT oper-
ators and operators involving dark-sector particles as (D)LEFT operators. The (D)LEFT
operators from Ref. [484], are listed in the following.

Dark scalar basis:

OSabϕ = (qaqb)(ϕ
†ϕ), (VIII.20)

OPabϕ = (qaiγ5qb)(ϕ
†ϕ), (VIII.21)

OVabϕ = (qaγ
µqb)(ϕ

†i
←→
∂µϕ), ×rs (VIII.22)

OAabϕ = (qaγ
µγ5qb)(ϕ

†i
←→
∂µϕ), ×rs. (VIII.23)

The ×rs indicates that the operator vanishes for a real scalar field [484].

Dark fermion basis:

OSabχ1 = (qaqb)(χχ), OSabχ2 = (qaqb)(χiγ5χ), (VIII.24)

OPabχ1 = (qaiγ5qb)(χχ), OPabχ2 = (qaγ5qb)(χγ5χ), (VIII.25)

OVabχ1 = (qaγ
µqb)(χγµχ), ×M OVabχ2 = (qaγ

µqb)(χγµγ5χ), (VIII.26)

OAabχ1 = (qaγ
µγ5qb)(χγµχ), ×M OAabχ2 = (qaγ

µγ5qb)(χγµγ5χ), (VIII.27)

OTabχ1 = (qaσ
µνqb)(χσµνχ), ×M OTabχ2 = (qaσ

µνqb)(χσµνγ5χ), ×M (VIII.28)

The ×M indicates that the operator vanishes if χ is Majorana [484].

Dark vector basis case A:

OSabA = (qaqb)(X
†
µX

µ), (VIII.29)

OPabA = (qaiγ5qb)(X
†
µX

µ), (VIII.30)

OTabA1 =
i

2
(qaσ

µνqb)(X
†
µXν −X†

νXµ), ×rv (VIII.31)

OTabA2 =
1

2
(qaσ

µνγ5qb)(X
†
µXν −X†

νXµ), ×rv (VIII.32)

OVabA1 =
1

2
[qaγ(µi

←→
Dν)qb](X

µ†Xν +Xν†Xµ), (VIII.33)

OVabA2 = (qaγµqb)∂ν(X
µ†Xν +Xν†Xµ), (VIII.34)

OVabA3 = (qaγµqb)(X
†
ρ

←→
∂νXσ)ϵ

µνρσ, (VIII.35)

OVabA4 = (qaγ
µqb)(X

†
νi
←→
∂µX

ν), ×rv (VIII.36)

OVabA5 = (qaγµqb)i∂ν(X
µ†Xν −Xν†Xµ), ×rv (VIII.37)

OVabA6 = (qaγµqb)i∂ν(X
†
ρXσ)ϵ

µνρσ, ×rv (VIII.38)
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OAabA1 =
1

2
[qaγ(µγ5i

←→
Dν)qb](X

µ†Xν +Xν†Xµ), (VIII.39)

OAabA2 = (qaγµγ5qb)∂ν(X
µ†Xν +Xν†Xµ), (VIII.40)

OAabA3 = (qaγµγ5qb)(X
†
ρ

←→
∂νXσ)ϵ

µνρσ, (VIII.41)

OAabA4 = (qaγ
µγ5qb)(X

†
νi
←→
∂µX

ν), ×rv (VIII.42)

OAabA5 = (qaγµγ5qb)i∂ν(X
µ†Xν −Xν†Xµ), ×rv (VIII.43)

OAabA6 = (qaγµγ5qb)i∂ν(X
†
ρXσ)ϵ

µνρσ, ×rv (VIII.44)

The ×rv indicates that the operator vanishes for a real vector field [484].

Vector case B:

OSabB1 = (qaqb)X
†
µνX

µν , (VIII.45)

OSabB2 = (qaqb)X
†
µνX̃

µν , (VIII.46)

OPabB1 = (qaiγ5qb)X
†
µνX

µν , (VIII.47)

OPabB2 = (qaiγ5qb)X
†
µνX̃

µν , (VIII.48)

OTabB1 =
i

2
(qaσ

µνqb)(X
†
µρX

ρ
ν −X†

νρX
ρ
µ), ×rv (VIII.49)

OTabB2 =
1

2
(qaσ

µνγ5qb)(X
†
µρX

ρ
ν −X†

νρX
ρ
µ). ×rv (VIII.50)

The ×rv indicates that the operator vanishes for a real vector field [484].

Sterile neutrinos and LNV

The operator basis in Eq. (VIII.14) includes the three active neutrinos νLi, i = 1, 2, 3,
and can be straightforwardly extended to accommodate any number of sterile neutrinos,
NRi = νcLi, i = 4, .. [486]. Both νLi and NRi carry lepton number +1. Consequently,
the operators in (VIII.14) could be either LNV or lepton-number conserving (LNC) [486],
depending on whether the neutrinos are sterile and/ or active. The following discussion
aims to clarify under which conditions these operators violate lepton number [1]. We will
use indices i, j ∈ {1, 2, 3} for active neutrino generations and i, j ≥ 4 for sterile neutrinos.
The outcome of the discussion is summarized in Table VIII.1.

For i, j ≤ 3,, corresponding to two active neutrinos in the final state, the vector-current
operators OVLL

νd and OVLR
νd are LNC. In contrast, the scalar-current operators OSLL

νd and
OSLR
νd , and the tensor-current operator OTLL

νd violate lepton number. Therefore, in the
absence of light sterile neutrinos, measuring a nonzero WC for any of the scalar or tensor-
current operators would constitute direct evidence for LNV.

For i, j ≥ 4, corresponding to two sterile neutrinos in the final state, the vector-current
operators are LNC while the scalar- and tensor-current operators are LNV. This result is
the same as that for two active neutrinos in the final state.

For 1 ≤ i ≤ 3 < j and 1 ≤ j ≤ 3 < i, the vector-current operators violate lepton number
while the scalar- and tensor-current operators conserve lepton number. An important
consequence of this observation is that a nonzero measurement of a WC corresponding
to a scalar-current or tensor-current operator is not a proof of LNV, unless the pair
of associated neutrinos can be identified as either both active or both sterile. A similar
arguments holds for vector currents: measuring a nonzero WC for OVLR

νd or a WC differing
from the SM value for OVLL

νd does not automatically imply LNC NP.
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O 1 ≤ i, j ≤ 3 1 ≤ i ≤ 3 < j 1 ≤ j ≤ 3 < i i, j ≥ 4

OSLL
νd & OSLR

νd LNV LNC LNC LNV

OVLL
νd & OVLR

νd LNC LNV LNV LNC

OTLL
νd LNV LNC LNC LNV

Table VIII.1: Classification of the (SM)LEFT operators according to LNV/LNC for all
possible combinations of neutrino-generation indices i, j [1].

For the sake of completeness, we mention in the case of Majorana neutrinos, the basis
in Eq. (VIII.14) has been explicitly matched to the standard S, P, V,A, T operator basis,
and used to calculate finite mass corrections to B meson processes considered in this
thesis [480]. Finite neutrino mass effects may become significant if there exists at least
one (light) sterile neutrino with mass comparable to the experimental sensitivity or other
mass scales in the processes of interest [480,483,487].

VIII.4 LNV and leptogenesis

Rare meson decays offer a new avenue for searching for LNV NP, which can serve as a
complementary probe to 0νββ experiments and collider searches [454]. Notably, while
0νββ can only probe LNV physics in the first generation of SM fermions, rare meson
decays probe LNV involving at least one quark beyond the first generation.

Observation of new LNV physics could have important implications for our understand-
ing of leptogenesis. In particular, it has been shown that a discovery of LNV events at
the LHC could put leptogenesis under serious tension, since the production cross section
of LNV events is related to a ∆L = 2 washout term that could erase asymmetry in the
early universe [488,489]. Similarly, an observation of LNV in rare meson decays would put
high-scale leptogenesis under tension as the LNV operator(s) contribute to washout, and
thereby diminish preexisting asymmetry. Following the steps detailed in Refs. [490, 491],
it is possible to formulate a Boltzmann equation governing the evolution of a lepton-
asymmetry (generated at a high scale) in the presence of washout induced by an effective
LNV operator of mass dimension D with associated mass-scale Λ as,5

zHnγ
dη∆L
dz

= −cD
T 2D−4

Λ2D−8
η∆L. (VIII.51)

Here nγ ≈ 2T 3/π2 denotes the equilibrium density of photons, and η∆L(T ) is the lepton-
asymmetry density normalized to the number density of photons at temperature T . The
equation is obtained by estimating the equilibrium reaction densities of the processes in-
duced by the LNV operator and applying chemical equilibrium conditions to relate SM
chemical potentials. The coefficient cD encodes the parametrization of the equilibrium
reaction densities, summed over all relevant permutations of processes generated by the
LNV operator. Its value can be determined following the procedure outlined in Ref. [491]

5It is understood that this equation is only valid for T ≲ Λ, where the effective-operator description
can be applied.
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for a specific operator. Finally, the parametric dependence T 2D−4

Λ2D−8 is dictated by dimen-
sional analysis, as any squared matrix element derived from the effective operator scales
as 1

Λ2D−8 .

Assuming a radiation-dominated universe, i.e. H =
√

π2g∗
90

T 2

MP
, Eq. (VIII.51) can be

straightforwardly integrated from an initial temperature Ti ≲ Λ down to the electroweak
scale Tf = v, which gives

Ti =

[
v2D−9 + (2D − 9)

2

cDπ

√
g∗
90

Λ2D−8

MP
log

(
η∆L(Ti)

η∆L(Tf )

)] 1
2D−9

. (VIII.52)

To connect with observations, we relate the observed baryon asymmetry ηobsB to the lepton

asymmetry at Tf via ηobsB = −3
4
Csph

f η∆L(Tf ), where f accounts for the dilution of the

photon number density between Tf and recombination [228]. With 3
4
Csph

f ≈ 10−2, it follows
that an initial asymmetry of order unity would be washed out to below the observed value
if generated at a temperature TLG satisfying

TLG ≳

[
v2D−9 + (2D − 9)

2

cDπ

√
g∗
90

Λ2D−8

MP
log

(
10−2

ηobsB

)] 1
2D−9

. (VIII.53)

However, a definitive falsification of high-scale leptogenesis through low-scale washout pro-
cesses is contingent upon verifying equilibration among all lepton flavors, e.g., by observing
LNV in all flavors. In the absence of such equilibration, the lepton asymmetry may remain
safely hidden in a single flavor [397]. A general discussion of caveats and loopholes can be
found in Refs. [489,491].

VIII.5 Form factors

Calculating the contributions of effective operators to rare meson decay rates, requires
evaluating hadronic matrix elements of the form ⟨M | jq |B⟩, as introduced in Eq. (VIII.3).
The hadronic matrix elements are commonly parametrized in terms of scalar form factors
associated with each allowed Lorentz structure in the matrix element. In the following,
we review their precise definitions (following the parametrization in Ref. [492]) and the
numerical fits used by us.

Let M1 denote the initial meson and M2 a final state pseudoscalar meson. In our case,
ifM1 is a B-meson (Kaon), thenM2 is a Kaon (pion). The non-vanishing hadronic matrix
elements fromM1 toM2 via the scalar, vector, and tensor quark currents are parametrized
by the form factors f0, f+, and fT ,

⟨M2(k)| q̄2q1 |M1(p)⟩ =
m2
M1
−m2

M2

mq1 −mq2

f0(q
2), (VIII.54)

⟨M2(k)| q̄2γµq1 |M1(p)⟩ =
[
(p+ k)µ −

m2
M1
−m2

M2

q2
qµ

]
f+(q

2)

+
m2
M1
−m2

M2

q2
qµf0(q

2), (VIII.55)

⟨M2(k)| q̄2σµνq1 |M1(p)⟩ =
2i

mM1 +mM2

(pµqν − pνqµ)fT (q2). (VIII.56)

Here, mqj denotes the mass of qj appearing in the scalar current, and mMi denotes the
mass of the meson of type i = 1, 2. The momentum transfer between the initial and final
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state is denoted by qµ = pµ−kµ, where k and p are the 4-momenta of theM2 pseudoscalar
meson and the M1 meson, respectively.

For the transition of a B-meson to K∗, the non-vanishing form factors V0, A0,1,2,3, and
T1,2,3 read

⟨K∗(k)| q̄γ5b |B(p)⟩ = −iϵK∗,νq
ν 2mK∗

mb +mq
A0, (VIII.57)

⟨K∗(k)| q̄γµb |B(p)⟩ = ϵµνρσϵK∗,νpρkσ
2

mB +mK∗
V0, (VIII.58)

⟨K∗(k)| q̄γµγ5b |B(p)⟩ = iϵK∗,ν

[
gµν(mB +mK∗)A1 −

(p+ k)µqν

mB +mK∗
A2

−qµqν 2mK∗

q2
(A3 −A0)

]
, (VIII.59)

⟨K∗(k)| q̄σµνb |B(p)⟩ = iϵµνρσϵK∗,α

{
gαρ(p+ k)σT1 − gαρqσ

m2
B −m2

K∗

q2
(T1 − T2)

+ 2qαpρkσ
[

1

m2
B −m2

K∗
T3 −

1

q2
(T1 − T2)

]}
, (VIII.60)

where ϵK∗ is the polarization vector ofK∗,mK∗ its mass, andmB the mass of the B-meson.
The form factor A3 is redundant and can be expressed in terms of A1 and A2,

A3 ≡
mB +mK∗

2mK∗
A1 −

mB −mK∗

2mK∗
A2. (VIII.61)

Furthermore, it is common practice in the literature to replace A2 and T3 by

A12 ≡
(mB +mK∗)2(m2

B −m2
K∗ − q2)A1 − λ(m2

B,m
2
K∗ , q2)A2

16mBm2
K∗(mB +mK∗)

, (VIII.62)

T23 ≡
(m2

B −m2
K∗)(m2

B + 3m2
K∗ − q2)T2 − λ(m2

B,m
2
K∗ , q2)T3

8mBm2
K∗(mB −mK∗)

. (VIII.63)

Kaons: Numerical values

In the following, we list the numerical functions used in the Kaon form factors. The
scalar-current form factors fK

+

0 (s) and fK
0

0 (s) are given by [493–495]

fK
+

0 (s) = fK
+

+ (0)

(
1 + λ0

s

m2
π

)
, fK

0

0 (s) = fK
0

+ (0)

(
1 + λ0

s

m2
π

)
, (VIII.64)

where,

λ0 = 13.38× 10−3, fK
+

+ (0) = 0.9778, fK
0

+ (0) = 0.9544. (VIII.65)

The form factor for the vector current reads

fK+ (s) = fK+ (0)

(
1 + λ′+

s

m2
π

+ λ′′+
s2

2m4
π

)
, (VIII.66)

where,

λ′+ = 24.82× 10−3, λ′′+ = 1.64× 10−3 (VIII.67)
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The form factor for the tensor current reads [496]

fK
+

T (s) =
fK

+

T (0)

1− λT s
, fK

0

T (s) =
fK

0

T (0)

1− λT s
, (VIII.68)

where

1√
2
fK

+

T (0) = fK
0

T (0) =
0.417√

2
, λT = 1.1GeV−2. (VIII.69)

Note that the factor 1√
2
after the second equality appears as a result of the difference in

normalization used in [497] compared to [496].

B-mesons: Numerical values

To obtain numerical results for the form factors used in B-meson calculations, we adopted
the following parametrization template inspired by Ref. [498],

F (s) =
r1

(1− a1s/m2
B)

+
r2

(1− a2s/m2
B)
. (VIII.70)

The values of r1, r2, a1 and a2 were then extracted from [472,492,498], see also [499–501],
by taking simple averages of the results obtained in these papers and making a numerical
fit. The results of our fit for the ten form factors presented in Eqs. (VIII.54)-(VIII.63) are
collected in Table VIII.2.

F(s) r1 a1 r2 a2

fB0 (s) 13.84 0.80 −13.52 0.80

fB+ (s) 0.18 1.08 0.22 1.08

fBT (s) 1.19 0.98 −0.87 0.79

A0(s) 0.20 1.15 0.19 1.15

A1(s) 0.66 0.74 −0.39 0.74

A12(s) 0.59 0.58 −0.35 0.58

V0(s) 0.07 1.15 0.33 1.15

T1(s) 0.25 1.14 0.11 1.14

T2(s) 0.70 0.73 −0.40 0.73

T23(s) 0.22 −0.11 0.41 0.86

Table VIII.2: Fitted form factors for B-meson decays.
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VIII.6 Summary and detailed outline

In this chapter, we have established FCNC transitions as a promising avenue for probing
potential NP, including LNV. We reviewed SM predictions and experimental limits for
selected rare semileptonic decays, and the numerical values of relevant form factors. We
also presented the operator bases that will be used in calculations, with special emphasis
on LNV operators, and discussed how observing LNV in rare meson decays can be used to
constrain high-scale leptogenesis. As a final preparation for the next chapter, we provide
a brief overview of its outline and comment on some related work.

Kinematic distributions will play an important role in much of our analysis. Schemat-
ically, the shape of kinematic distributions dΓ(Meson1 → Meson2 + invisible)/ds, where
s is the invariant mass squared of the invisible state, can vary significantly when different
effective operators are induced. This suggests that kinematic distributions can be a useful
tool for distinguishing between NP scenarios with different underlying operators. Prior
to our work, a systematic study of how to quantitatively extract NP contributions from
kinematic distributions in rare meson decays was lacking. Specifically, previous analy-
ses were limited to scenarios with only one or two non-zero WCs [480, 484, 487, 502, 503].
These papers represented the state-of-the-art on searching for and disentangling (LNV)
NP in rare semi-leptonic meson decays using kinematic distributions, before our work.
Our paper, Ref. [1], addressed a gap in the literature by developing a systematic (alge-
braic) approach to quantifying NP contributions in rare meson decays, allowing for the
possibility of multiple higher-dimensional operators contributing to the experimental data.
Moreover, the analysis presented in the next chapter does not rely on any assumptions
about flavor structure in the UV unless stated explicitly in the text.

In Section IX.1, we explore strategies to probe effective operators contributing to rare
Kaon decays. We begin by considering the (SM)LEFT framework only, with a special
emphasis on scalar currents, which have received significantly less attention than vector
currents in the literature. In this context, we examine the correlation between the branch-
ing ratios of KL → π0νν̄ and K+ → π+νν̄ in scenarios where scalar-current operators
dominate the NP contribution, and compare this to the correlation found in NP scenar-
ios where vector currents dominate. We then investigate the kinematic distributions of
K+ → π+νν̄ and KL → π0νν̄, and demonstrate how dedicated measurements of these
distributions can be used to disentangle contributions from the different operators listed
in Eqs. (VIII.15)-(VIII.19). In the last part of the section, we go beyond (SM)LEFT by
exploring prospects of disentangling (SM)LEFT operators from light NP originating from
a dark sector. This discussion provides a foundation for Section IX.2, where we present
a more comprehensive analysis of disentangling NP with neutrinos in the final state from
dark-sector interactions.

In Section IX.2, we explore strategies to probe effective operators contributing to rare
semi-leptonic B-meson decays. Here, the decay channel B → K∗+ /E provides even better
opportunities for disentangling NP compared to Kaon decays [466]. This section provides
a comprehensive discussion on distinguishing between contributions from (SM)LEFT and
(D)LEFT when multiple operators can have non-zero WCs. We also discuss strategies
that are less involved from an experimental point of view, such as correlations between
different observables. In addition, we revisit and extend previous sum-rule results from
Ref. [504], providing new interpretations that arise when (D)LEFT is considered and not
only (SM)LEFT. Altogether, this section aims at providing strategies of various sophisti-
cation that can be used to examine which effective operators beyond the SM contribute
to rare b→ sνν̄ transitions.
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In Section IX.4, we discuss implications that an observation of LNV in rare meson decays
could have for our understanding of leptogenesis. We also provide a perspective on what
observation of LNV in rare meson decays in combination with non-observation of 0νββ
could imply for the flavor structure in the UV.
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CHAPTER IX

Disentangling new physics
contributions to K → πνν̄,

B → K(K∗)νν̄, and B → Xsνν̄

In the previous chapter, we motivated semileptonic meson decays as interesting systems
to search for NP, and in particular, LNV NP. We established that LNV searches are
interesting from the perspective of leptogenesis and neutrino physics, and presented some
technical details about operator bases and form factors. A detailed outline of the rest
of this chapter was provided in Section VIII.6, along with a concise discussion of how
our work addressed a gap in the literature, and we are now ready to present the detailed
results of our work. The following discussion is based on our publication [1], where these
results were first presented.

IX.1 Kaon analysis

IX.1.1 Branching ratios for K+ → π+νν̄ and KL → π0νν̄

As a first step, we present the contributions of the operators in Eqs. (VIII.15))-(VIII.19)
to the branching ratios KL → π0νν̂ and K+ → π+νν̂. The results read [502]

B(KL → π0νν̂) = JKL
S

∑
α≤β

(
1− 1

2
δαβ

) ∣∣CSLL
νd,αβsd + CSLR

νd,αβsd + CSLL
νd,αβds + CSLR

νd,αβds

∣∣2
+ JKL

T

∑
α<β

(∣∣CTLL
νd,αβds + CTLL

νd,αβsd

∣∣2)
+ JKL

V

∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβsd + CVLR

νd,αβsd − CVLL
νd,αβds − CVLR

νd,αβds

∣∣2 ,
(IX.1)

and

B(K+ → π+νν̂) = JK
+

S

∑
α≤β

(
1− 1

2
δαβ

)(∣∣CSLL
νd,αβsd + CSLR

νd,αβsd

∣∣2 + ∣∣CSLL
νd,αβds + CSLR

νd,αβds

∣∣2)
+ JK

+

T

∑
α<β

(∣∣CTLL
νd,αβsd

∣∣2 + ∣∣CTLL
νd,αβds

∣∣2)+ JK
+

V

∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβsd + CVLR

νd,αβsd

∣∣2 ,
(IX.2)
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with

JKL
S =

1

ΓExp
KL

B2
L

29π3m3
K0

∫
ds sλ1/2(s,m2

K0 ,m
2
π0)

∣∣∣fK0

0 (s)
∣∣∣2 = 34.6G−2

F , (IX.3)

JKL
T =

1

ΓExp
KL

1

3 · 25π3m3
K0(mK0 +mπ0)2

∫
ds s λ3/2(s,m2

K0 ,m
2
π0)

∣∣∣fK0

T (s)
∣∣∣2

= 0.13G−2
F , (IX.4)

JKL
V =

1

ΓExp
KL

1

3 · 211π3m3
K0

∫
dsλ3/2(s,m2

K0 ,m
2
π0)

∣∣∣fK0

+ (s)
∣∣∣2 = 0.25G−2

F , (IX.5)

JK
+

S =
1

ΓExp
K+

B2
+

28π3m3
K+

∫
ds sλ1/2(s,m2

K+ ,m
2
π+)

∣∣∣fK+

0 (s)
∣∣∣2 = 15.2G−2

F , (IX.6)

JK
+

T =
1

ΓExp
K+

1

3 · 24π3m3
K+(mK+ +mπ+)2

∫
ds s λ3/2(s,m2

K+ ,m
2
π+)

∣∣∣fK+

T (s)
∣∣∣2

= 0.11G−2
F , (IX.7)

JK
+

V =
1

ΓExp
K+

1

3 · 29π3m3
K+

∫
dsλ3/2(s,m2

K+ ,m
2
π+)

∣∣∣fK+

+ (s)
∣∣∣2 = 0.23G−2

F , (IX.8)

where

BL(µ) =
m2
K0 −m2

π0

ms(µ)−md(µ)
, B+(µ) =

m2
K+ −m2

π+

ms(µ)−md(µ)
, (IX.9)

and GF denotes the Fermi constant. The notation νν̂ indicates that νν̄, ν̄ν̄, and νν final
states are taken into account. Here, ΓExp

KL
(ΓExp
K+ ) is the width of KL (K

+), respectively, and

λ(a, b, c) = a2+b2+c2−2(ab+bc+ac) is the Källén function. The invariant mass-squared
of the dineutrino state is given by s = (k+k′)2, and is experimentally measured as missing
energy in the decays. Finally, ms and md denotes the mass of the s-quark and d-quark,
respectively, and the numerical values reported in Eqs. (IX.3)-(IX.8) were obtained using

mK0 = 497.61 MeV, mK+ = 493.67 MeV mπ+ = 139.57 MeV,

mπ0 = 134.977 MeV, ms = 93.8 MeV, md = 4.68 MeV, (IX.10)

GF = 1.16637 · 10−5 GeV−2.

To the best of our knowledge, the expression for JKL
T appeared in our work for the first

time [1], while the results for the vector and scalar currents are consistent with those
reported in Ref. [502]. Additionally, the result for JK

+

T is in agreement with the result
for B-decays presented in [480]. The expressions in Eqs. (IX.3), (IX.5), (IX.6), and (IX.8)
represent refined versions of the results in [502], with our calculations utilizing form factors
that incorporate additional s-dependence and isospin-breaking effects [493]. Furthermore,
the factors BL = 2.57 GeV and B+ = 2.52 GeV also differ from the factor B used in [502].

For completeness, we provide some details of the calculation leading to the result for
JK

+

T and the new result for JKL
T . The other results were obtained using similar techniques,

although the calculations were less involved due to the simpler Dirac structure of the
scalar-current and vector-current operators.
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Details on JK
+

T

We need to evaluate the contributions from the tensor operator in Eq. (VIII.19) to K+ →
π+νανβ and K+ → π+νανβ. For the first process, we have

M(K+ → π+νανβ) =
CTαβsd
2

vTαCσµνPLvβ
[〈
π+
∣∣ sσµνd ∣∣K+

〉
−
〈
π+
∣∣ sσµνγ5d ∣∣K+

〉]
+
CTβαsd
2

vTβCσµνPLvα
[〈
π+
∣∣ sσµνd ∣∣K+

〉
−
〈
π+
∣∣ sσµνγ5d ∣∣K+

〉]
, (IX.11)

where the amplitude has been factorized into a hadronic and a leptonic part, as sketched
in Eq. (VIII.3). By applying

σµνγ5 =
i

2
ϵαβµνσαβ, (IX.12)

the amplitude can be written as

M(K+ → π+νανβ) =
CTαβsd
2

vTαCσµνPLvβ

[〈
π+
∣∣ sσµνd ∣∣K+

〉
− i

2
ϵρσµν

〈
π+
∣∣ sσρσd ∣∣K+

〉]
+
CTβαsd
2

vTβCσµνPLvα

[〈
π+
∣∣ sσµνd ∣∣K+

〉
− i

2
ϵρσµν

〈
π+
∣∣ sσρσd ∣∣K+

〉]
. (IX.13)

Using the tensor form factor in Eq. (VIII.56) and vT = −uC, we first calculate the matrix-
element squared with the aid of Feyncalc [505] and implement the result in the standard
formula for the decay rate in three-body decays, c.f. Eq. (47.22) in Ref. [506]. The result
reads,

Γ(K+ → π+νανβ)

ds
=

∣∣∣fK+

T (s)
∣∣∣2 s λ3/2(s,m2

K+ ,m
2
π+)

192π2m3
K+(mK+ +mπ+)2

(∣∣CTαβsd∣∣2 + ∣∣CTβαsd∣∣2) . (IX.14)

Following the same procedure for K+ → π+νανβ yields an identical result. Adding the

two contributions, and using
∣∣∣CTαβsd∣∣∣ = ∣∣∣CTβαsd∣∣∣, we obtain

dΓ(K+ → π+νανβ)

ds
=

∣∣∣fK+

T (s)
∣∣∣2 s λ3/2(s,m2

K+ ,m
2
π+)

96π2m3
K+(mK+ +mπ+)2

(∣∣CTαβsd∣∣2 + ∣∣CTαβds∣∣2) , (IX.15)

and finally

dΓ(K+ → π+νν̂)

ds
=

∣∣∣fK+

T (s)
∣∣∣2 s λ3/2(s,m2

K+ ,m
2
π+)

96π2m3
K+(mK+ +mπ+)2

∑
α ̸=β

(∣∣CTαβsd∣∣2 + ∣∣CTαβds∣∣2)

=

∣∣∣fK+

T (s)
∣∣∣2 s λ3/2(s,m2

K+ ,m
2
π+)

48π2m3
K+(mK+ +mπ+)2

∑
α<β

(∣∣CTαβsd∣∣2 + ∣∣CTαβds∣∣2) . (IX.16)

Details on JKL
T

To derive JKL
T we need to consider the four processes K0/K0 → π0νανβ/νανβ. The result

for the processes with νανβ in the final state is the same as for νανβ, so we will only spell
out the derivation of the former. The first amplitude reads,

M(K0 → π0νανβ) =
CTαβsd
2

vTαCσµνPLvβ

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
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+
CTβαsd
2

vTβCσµνPLvα

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
. (IX.17)

Using〈
π0
∣∣ (CPT )−1(CPT )dσµνPLs(CPT )

−1(CPT )
∣∣∣K0

〉
=
〈
π0
∣∣ sσµνPLd ∣∣K0

〉
, (IX.18)

and Eq. (IX.12), we obtain the analogous result for K0,

M(K0 → π0νανβ) =
CTαβds
2

vTαCσµνPLvβ

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
+
CTβαds
2

vTβCσµνPLvα

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
. (IX.19)

From Eq. (IX.17) and Eq. (IX.19), it follows that

M(KL → π0νανβ) =
CTαβds + CTαβsd

2
√
2

vTαCσµνPLvβ

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
+
CTβαds + CTβαsd

2
√
2

vTβCσµνPLvα

[〈
π0
∣∣ sσµνd ∣∣K0

〉
− i

2
ϵρσµν

〈
π0
∣∣ sσρσd ∣∣K0

〉]
. (IX.20)

By comparing this result with Eqs. (IX.13) and (IX.14), one can readily verify that

Γ(KL → π0νανβ)

ds
=

∣∣∣fK0

T (s)
∣∣∣2 s λ3/2(s,m2

K0 ,m
2
π0)

384π2m3
K0(m

2
K0 +m2

π0)2

(∣∣CTαβds + CTαβsd
∣∣2 + ∣∣CTβαds + CTβαsd

∣∣2)

=

∣∣∣fK0

T (s)
∣∣∣2 s λ3/2(s,m2

K0 ,m
2
π0)

192π2m3
K0(mK0 +m2

π0)2

(∣∣CTαβds + CTαβsd
∣∣2) , (IX.21)

where we again used
∣∣∣CTαβq1q2∣∣∣ = ∣∣∣CTβαq1q2∣∣∣ in the final step. The result for KL → π0νανβ

is identical. Adding the two results and summing over neutrino flavors, we obtain the final
result

dΓ(KL → π0νν̂)

ds
=

∣∣∣fK0

T (s)
∣∣∣2 s λ3/2(s,m2

K0 ,m
2
π0)

96π2m3
K0(mK0 +mπ0)2

∑
α̸=β

(∣∣CTαβds + CTαβsd
∣∣2)

=

∣∣∣fK0

T (s)
∣∣∣2 s λ3/2(s,m2

K0 ,m
2
π0)

48π2m3
K0(mK0 +mπ0)2

∑
α<β

(∣∣CTαβds + CTαβsd
∣∣2) . (IX.22)

IX.1.2 Correlation of KL → π0νν̄ and K+ → π+νν̄

The primary objective of our analysis is to develop methods for disentangling NP con-
tributions in rare meson decays. As an initial step towards this goal, we investigate the
correlations between the branching ratios of KL → π0νν̄ and K+ → π+νν̄ decays. It is
well established that the nature of these correlations depends on the specific NP model.
While previous studies have primarily focused on the impact of vector currents on the cor-
relation between B(KL → π0νν̄) and B(K+ → π+νν̄) [507–509], we extend this analysis
by also examining the effects of scalar currents.1

1Preliminary steps in this direction were taken in Refs. [502,503].
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To illustrate the correlation between the branching ratios, we adopt a simplified approach
by making two assumptions in this section: lepton-flavor universality (LFU) and identical
flavors for the final-state neutrinos. The latter assumption implies the absence of tensor-
current operators, which are antisymmetric in lepton-flavor indices. We propose a strategy
for testing the validity of this assumption and searching for tensor currents at future
experiments in Section IX.1.3.

The total branching ratios for KL → π0νν̄ and K+ → π+νν̄ decays can be expressed as
the sum of vector and scalar contributions, as they do not interfere with each other,

B(KL → π0νν̄) = BV (KL → π0νν̄) + BS(KL → π0νν̄), (IX.23)

B(K+ → π+νν̄) = BV (K+ → π+νν̄) + BS(K+ → π+νν̄), (IX.24)

where BV (S) represents the contribution from vector (scalar) current operators. The as-
sumption of LFU allows us to parameterize the WCs associated with vector-current oper-
ators as

CVLL
νd,αβsd + CVLR

νd,αβsd = (|CSM|eiϕSM + |CV |eiϕV )δαβ, (IX.25)

CVLL
νd,αβds + CVLR

νd,αβds = (|CSM|e−iϕSM + |CV |e−iϕV )δαβ, (IX.26)

where the SM contribution (CSM, ϕSM) is manifestly separated from the NP contribution
(CV , ϕV ). Similarly, we express the WCs associated with scalar-current operators as

CSLL
νd,sdαβ + CSLR

νd,sdαβ = |CS |eiϕSδαβ, (IX.27)

CSLL
νd,dsαβ + CSLR

νd,dsαβ = |CS |e−iϕSδαβ. (IX.28)

In this notation, the vector and scalar contributions to the branching ratios, including SM
contributions, are given by

BV (KL → π0νν̄) = 12JKL
V T1, BV (K+ → π+νν̄) = 3JK

+

V (T1 + T2), (IX.29)

BS(KL → π0νν̄) = 6JKL
S |CS |2 cos2 ϕS , BS(K+ → π+νν̄) = 3JK

+

S |CS |2, (IX.30)

where

T1 = (|CSM| sinϕSM + |CV | sinϕV )2, (IX.31)

T2 = (|CSM| cosϕSM + |CV | cosϕV )2. (IX.32)

Comparing these expressions with Eqs. (VIII.4)-(VIII.5), we obtain the following SM
values,

BSM(KL → π0νν̄) = 12JKL
V |CSM|2 sin2 ϕSM, BSM(K+ → π+νν̄) = 3JK

+

V |CSM|2,
|CSM| = 1.30× 10−10 GeV−2, ϕSM = 0.09 π. (IX.33)

From the equations above, we can now establish two equations relating the branching
ratios for K+ and KL decays. The first equation involves only vector contributions,

BV (KL → π0νν̄) = 4
JKL
V

JK
+

V

BV (K+ → π+νν̄)− 12JKL
V T2. (IX.34)

The second equation relates both scalar and vector contributions,

B(KL → π0νν̄) = 4
JKL
V

JK
+

V

[
BV (K+ → π+νν̄) + BS(K+ → π+νν̄) cos2 ϕS

]
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− 12JKL
V T2, (IX.35)

derived using the approximation

JKL
S

JK
+

S

≈ 2
JKL
V

JK
+

V

, (IX.36)

which is justified by the numerical values

2
JKL
S

JK
+

S

= 4.55 and 4
JKL
V

JK
+

V

= 4.35. (IX.37)

The latter ratio is known as the Grossmann-Nir (GN) bound [510].

In Fig. IX.1, we show the relations in Eq. (IX.34) and (IX.35) in the B(K+ → π+νν̄)-
B(KL → π0νν̄) plane. The upper panel illustrates the effect of a pure NP vector contri-
bution, achieved by setting CS = 0 and varying CV . Conversely, the lower panel displays
the results for a pure NP scalar contribution, obtained by setting CV = 0 and varying
CS . In both panels, the SM contribution given in Eq. (IX.33) is denoted by a black point,
the central experimental value of B(K+ → π+νν̄) is represented by a thin vertical black
line, and the GN bound is indicated by a red line. In the following, we summarize key
observations derived from these relations and the corresponding plots.

New vector currents

Eq. (IX.34) describes a class of scenarios that have been explored previously in the litera-
ture [507–509]. Notably, when ϕV = 0, the NP contribution to the KL → π0νν̄ branching
ratio vanishes, and the right-hand side of Eq. (IX.34) reduces to the SM contribution.
This scenario is represented by the horizontal green line in the upper panel of Fig. IX.1.
In contrast, when ϕV = π/2, the correlation between the branching ratios is parallel to
the GN bound, as illustrated by the brown line in the same figure. The first term in
Eq. (IX.34) corresponds to the GN bound, and the correlation between the two branching
ratios occurs along a line parallel to the GN bound due to a negative shift from the SM
contribution.

For 0 < ϕV < π/2, the correlation between the branching ratios is represented by curves
that lie between the two extreme cases discussed above, with slopes becoming increasingly
steep as ϕV approaches π/2, as shown in the upper panel of Fig. IX.1. For ϕV > π/2, the
curves fall between the GN line and the branch parallel to it. The black line, representing
models with Minimal Flavor Violation (MFV),2 extends on both sides of the ϕV = π/2
curve. Our results are consistent with the findings reported in Refs. [507–509].

NP beyond vector currents

The novel feature, presented in Ref. [1] for the first time, is the impact of pure scalar
contributions on the correlation relation in Eq. (IX.35), as illustrated in the lower panel
of Fig. IX.1. In contrast to the NP vector contribution, which vanishes for ϕV = 0, the
NP scalar contribution is maximal for ϕS = 0, resulting in a straight line parallel to the
GN bound. For non-zero ϕS , the correlation between the branching ratios follows straight
lines with slopes that decrease as ϕS increases from 0 to π

2 .

2MFV is the assumption that all flavor and CP violation in a BSM extension arise solely from the SM
Yukawa couplings.
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Figure IX.1: B(K+ → π+νν̄) − B(KL → π0νν̄)-plane for vector-current contributions
with CS = 0 (top) and scalar-current contributions with CV = 0 (bottom) assuming
LFU. The different curves correspond to different values for ϕV (ϕS), as indicated in the
legend, and CV (CS) is varied. The red line shows the GN bound. The SM contribution in
Eq. (IX.33) is shown by a black point. The grey region represents the present experimental
1σ range [1].

A comparative analysis of the two plots in Fig. IX.1 reveals distinct characteristics
of scalar and vector contributions. Specifically, scalar contributions can only enhance
the branching ratios relative to their SM predictions, whereas a vector contribution can
both increase and decrease the values relative to the SM predictions. When all four
NP parameters (|CV |, ϕV , |CS |, and ϕS) are allowed to be non-zero simultaneously, the
entire B(K+ → π+νν̄)-B(KL → π0νν̄) plane below the GN bound (red solid line) becomes
accessible. In contrast, a pure scalar NP contribution is restricted to the region between the
green (ϕS = 0) and brown (ϕS = π/2) lines in the lower panel of Fig. IX.1. Consequently,
if experimental measurements indicate a deviation from the SM to lower values in either
B(K+ → π+νν̄) or B(KL → π0νν̄), a scalar current can only be present in conjunction
with a vector contribution.

The above results highlight the distinct signatures that vector and scalar contributions
can imprint on the B(K+ → π+νν̄)-B(KL → π0νν̄) plane. However, relying solely on
branching ratios is insufficient to identify the underlying nature of the NP contribution.
Fortunately, previous studies [502, 503] have suggested that kinematic distributions for
K+ → π+νν̄ and KL → π0νν̄ can provide valuable insights. As a first step in this
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Figure IX.2: Differential distribution of dΓ(K+ → π+νν̄)/ds (left) and dΓ(KL →
π0νν̄)/ds (right) normalized to the total experimental decay width ΓExp

K+ and ΓExp
KL

, re-
spectively. The black dashed curves show the SM contributions. For the red (green)
curve, we have assumed a NP scalar (vector) contribution, leading to a signal close to the
current experimental upper limit B(K+ → π+νν̄) = 1.63× 10−10. For the vector (scalar)
contribution, a phase of ϕV = π/2 (ϕS = 0) was chosen. LFU is assumed [1].

direction, we show how it may be possible to probe complex phases with differential
distributions.

Probing complex phases with differential distributions

Fig. IX.2 shows the normalized differential decay widths dΓ(K+ → π+νν̄)/ds and
dΓ(KL → π0νν̄)/ds, scaled to the experimental total decay widths ΓExp

K+ and ΓExp
KL

, re-
spectively. The black dashed curve represents the SM expectation, while the red and
green lines illustrate the effects of adding scalar and vector contributions, respectively, on
top of the SM. The NP signal is adjusted to be close to the current experimental upper
limit B(K+ → π+νν̄) = 1.63× 10−10.3 A key observation is that the vector contribution
closely follows the shape of the SM distribution, whereas the scalar contribution exhibits
a distinct distribution, clearly distinguishable from the vector contribution.

It is noteworthy that the NP vector distribution for KL decays exhibits a significant
difference in magnitude compared to the SM distribution, particularly for the chosen
phase ϕV = π/2. In contrast, the difference between the NP vector distribution and the
SM distribution is less pronounced in K+ decays. Similarly, the scalar contribution has
a more substantial impact on KL decays than on K+ decays for the chosen scalar phase
ϕS = 0.

While the scalar differential distribution, dΓ(K+ → π+νν̄)/ds, is insensitive to ϕS ,
dΓ(KL → π0νν̄)/ds depends on it, as evident from Eq. (IX.30). Consequently, a combined
analysis of the differential distributions for dΓ(K+ → π+νν̄)/ds and dΓ(KL → π0νν̄)/ds
offers a powerful tool for investigating ϕS . In a scenario with evidence for new scalar
contributions, a comparative analysis of dΓ(K+ → π+νν̄)/ds and dΓ(KL → π0νν̄)/ds can
reveal whether it is accompanied by a non-zero scalar phase ϕS . Thus, a non-zero ϕS can
be probed not only at the level of branching ratios, as illustrated in Fig. IX.1, but also
through differential distributions.

As demonstrated above, a detailed analysis of kinematic distributions can, in principle,

3For the vector contribution, a phase of ϕV = π/2 is chosen. Notably, dΓ(K+ → π+νν̄)/ds is indepen-
dent of the scalar phase ϕS , whereas B(KL → π0νν̄) depends on ϕS . For the scalar contribution (red), we
fix ϕS = 0, resulting in the maximum contribution to B(KL → π0νν̄).
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distinguish between vector and scalar current contributions without requiring a specific
NP model. While Refs. [502, 503] have made initial steps in this direction, they were
limited in scope. In particular, Ref. [503] focused exclusively on the possibility of a LNV
scalar current and its potential to be distinguished from the SM current. In the following,
we significantly extend previous ideas by proposing a systematic method to discriminate
and quantify different NP contributions. Using purely analytical methods, we start by
demonstrating that kinematic distributions can be used to separate vector, scalar, and
tensor contributions in the following.

IX.1.3 Extracting different contributions with neutrino final states only

In Section IX.1.2, we employed simplifying assumptions to facilitate an illustrative study.
Here, we relax all simplifying assumptions and provide a completely model-independent
analysis. In particular, this opens up the possibility of having tensor-current contribu-
tions in addition to vector and scalar currents. To streamline the notation in the sub-
sequent equations, we introduce the following representation for the differential partial
decay widths,

Dexp
L (s) ≡ dΓ(KL → π0νν̂)

ds
, Dexp

+ (s) ≡ dΓ(K+ → π+νν̂)

ds
. (IX.38)

The absence of interference between vector, scalar, and tensor contributions in (IX.1)
and (IX.2), allows us to parametrize the differential partial widths as

Dexp
L (s) = CLS f

L
S (s) + CLT f

L
T (s) + CLV f

L
V (s), (IX.39)

Dexp
+ (s) = C+

S f
+
S (s) + C+

T f
+
T (s) + C+

V f
+
V (s) . (IX.40)

The right-hand sides of Eqs. (IX.39) and (IX.40) comprise terms that are products of
effective WCs, C, and kinematic functions f(s). The effective WCs are simply sums over
WCs (squared), whereas the kinematic functions depend solely on particle masses and the
invariant-mass squared of the dineutrino state s. The effective WCs in Eqs. (IX.39) and
(IX.40) are given by,

CLS =
∑
α≤β

(
1− 1

2
δαβ

) ∣∣CSLL
νd,sdαβ + CSLR

νd,sdαβ + CSLL
νd,dsαβ + CSLR

νd,dsαβ

∣∣2 , (IX.41)

CLT =
∑
α<β

∣∣CTLL
νd,αβds + CTLL

νd,αβsd

∣∣2 , (IX.42)

CLV =
∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,sdαβ + CVLR

νd,sdαβ − CVLL
νd,dsαβ − CVLR

νd,dsαβ

∣∣2 , (IX.43)

C+
S =

∑
α≤β

(
1− 1

2
δαβ

)(∣∣CSLL
νd,sdαβ + CSLR

νd,sdαβ

∣∣2 + ∣∣CSLL
νd,dsαβ + CSLR

νd,dsαβ

∣∣2) ,(IX.44)
C+
T =

∑
α<β

(∣∣CTLL
νd,αβsd

∣∣2 + ∣∣CTLL
νd,αβds

∣∣2) (IX.45)

C+
V =

∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,sdαβ + CVLR

νd,sdαβ

∣∣2 . (IX.46)

Explicit expressions for the kinematic functions can be read out from Eqs. (IX.1)-(IX.8),
and are listed below,

fLS (s) =
B2
L

29π3m3
K0

· s λ1/2(s,m2
K0 ,m

2
π0)

∣∣∣fK0

0 (s)
∣∣∣2 , (IX.47)
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f+S (s) =
B2

+

28π3m3
K+

· s λ1/2(s,m2
K+ ,m

2
π+)

∣∣∣fK+

0 (s)
∣∣∣2 , (IX.48)

fLV (s) =
1

3 · 211π3m3
K0

· λ3/2(s,m2
K0 ,m

2
π0)

∣∣∣fK0

+ (s)
∣∣∣2 , (IX.49)

f+V (s) =
1

3 · 29π3m3
K+

· λ3/2(s,m2
K+ ,m

2
π+)

∣∣∣fK+

+ (s)
∣∣∣2 , (IX.50)

fLT (s) =
1

3 · 25π3m3
K0(mK0 +mπ0)2

· s λ3/2(s,m2
K0 ,m

2
π0)

∣∣∣fK0

T (s)
∣∣∣2 , (IX.51)

f+T (s) =
1

3 · 24π3m3
K+(mK+ +mπ+)2

· s λ3/2(s,m2
K+ ,m

2
π+)

∣∣∣fK+

T (s)
∣∣∣2 . (IX.52)

The preceding expressions indicate that the number of independent, real parameters is
limited to three for both KL → π0νν̄ and K+ → π+νν̄ decays, namely CLS , C

L
T , C

L
V

and C+
S , C

+
T , C

+
V , respectively. Note that these parameters are kinematic-independent.

Consequently, measuring the s-distribution at three distinct values, s1, s2, and s3, yields a
system of three linear equations with three unknowns. For KL → π0νν̄ and K+ → π+νν̄
decays, the unknowns are CLS , C

L
V , C

L
T and C+

S , C
+
V , C

+
T , respectively. By solving this

system, we can determine the magnitude of the scalar, vector, and tensor contributions,

C+
S =

Dexp
+ (s1)

[
f+V (s2)f

+
T (s3)− f+V (s3)f

+
T (s2)

]
+ cyclic

f+S (s1)
[
f+V (s2)f

+
T (s3)− f+V (s3)f

+
T (s2)

]
+ cyclic

, (IX.53)

C+
V =

Dexp
+ (s1)

[
f+S (s2)f

+
T (s3)− f+S (s3)f

+
T (s2)

]
+ cyclic

f+V (s1)
[
f+S (s2)f

+
T (s3)− f+S (s3)f

+
T (s2)

]
+ cyclic

, (IX.54)

C+
T =

Dexp
+ (s1)

[
f+S (s2)f

+
V (s3)− f+S (s3)f

+
V (s2)

]
+ cyclic

f+T (s1)
[
f+S (s2)f

+
V (s3)− f+S (s3)f

+
V (s2)

]
+ cyclic

, (IX.55)

where cyclic refers to the remaining two terms obtained by one and two applications of
s1 → s2, s2 → s3, s3 → s1, respectively. Similarly, we obtain

CLS =
Dexp
L (s1)

[
fLV (s2)f

L
T (s3)− fLV (s3)fLT (s2)

]
+ cyclic

fLS (s1)
[
fLV (s2)f

L
T (s3)− fLV (s3)fLT (s2)

]
+ cyclic

, (IX.56)

CLV =
Dexp
L (s1)

[
fLS (s2)f

L
T (s3)− fLS (s3)fLT (s2)

]
+ cyclic

fLV (s1)
[
fLS (s2)f

L
T (s3)− fLS (s3)fLT (s2)

]
+ cyclic

, (IX.57)

CLT =
Dexp
L (s1)

[
fLS (s2)f

L
V (s3)− fLS (s3)fLV (s2)

]
+ cyclic

fLT (s1)
[
fLS (s2)f

L
V (s3)− fLS (s3)fLV (s2)

]
+ cyclic

. (IX.58)

In the absence of tensor contributions, the relations simplify to

C+
S =

Dexp
+ (s1)f

+
V (s2)−Dexp

+ (s2)f
+
V (s1)

f+S (s1)f
+
V (s2)− f+S (s2)f

+
V (s1)

, (IX.59)

C+
V =

Dexp
+ (s1)f

+
S (s2)−Dexp

+ (s2)f
+
S (s1)

f+V (s1)f
+
S (s2)− f+V (s2)f

+
S (s1)

. (IX.60)

and

CLS =
Dexp
L (s1)f

L
V (s2)−D

exp
L (s2)f

L
V (s1)

fLS (s1)f
L
V (s2)− fLS (s2)fLV (s1)

, (IX.61)

CLV =
Dexp
L (s1)f

L
S (s2)−D

exp
L (s2)f

L
S (s1)

fLV (s1)f
L
S (s2)− fLV (s2)fLS (s1)

. (IX.62)
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Let us now interpret these results. A non-zero value for CLS or C+
S indicates the presence

of scalar currents, while a non-zero CLT or C+
T signals tensor currents. As discussed in the

previous chapter, this could be a strong indication of LNV. In this case, complementary
probes of LNV interactions, such as neutrinoless double beta decay or collider experiments,
are essential to confirm the underlying NP. Furthermore, if any tensor operators have
non-zero WCs, C+

T must be non-zero, as there is no possibility for destructive interference
between different WCs in Eq. (IX.45).

A deviation of CLV and/or C+
V from their SM values would signify the presence of new

vector currents. However, the proposed strategy cannot distinguish between new left-
handed and right-handed currents. In contrast, we will show in Section IX.2 that this
distinction is possible in the context of B decays.

The key point is that, under the assumption that vector, scalar, and tensor (SM)LEFT
currents are the only contributions present, they can be disentangled from experimental
data. To achieve good statistics, multiple values of s may be required, and suitable values
of s must be chosen to optimize sensitivity to NP dynamics. A crucial cross-check will be
the s-independence of the determined values of the effective WCs.

IX.1.4 Disentangling LEFT from dark-sector physics

So far, we have assumed that all invisible final states are neutrinos. However, as discussed
in Section VIII.3, there could a priori also be light dark physics hiding in the final states.
This raises the question of how to distinguish light dark physics from neutrinos. In the
following, we investigate the possibility of disentangling (SM)LEFT from (D)LEFT in rare
meson decays using kinematic distributions.

The contributions to KL → π0νν̄ and K+ → π+νν̄ from (D)LEFT operators were
first reported in Ref. [484]. We have verified and further refined the existing results by
incorporating additional s-dependence and isospin-breaking effects. A detailed account of
these results is presented in Appendix A, where we provide a list of the relevant differential
decay widths. Here, we will utilize these results to investigate the differences between
(SM)LEFT NP and (D)LEFT NP. It is worth noting that all of our results are obtained
in the limit of negligible DM mass, which leads to non-zero contributions to kinematic
distributions at small s values, similar to the case of active neutrinos.

Our idea for distinguishing between (SM)LEFT and (D)LEFT in rare meson decays
hinges on the ability to disentangle distinct kinematic structures arising from different
operators contributing to the relevant differential decay widths. For instance, Eqs. (IX.3)
and (IX.6) reveal that the kinematic functions induced by scalar-current operators in
dΓ(KL → π0νν̄)/ds and dΓ(K+ → π+νν̄)/ds are proportional to

s λ1/2(s,m2
KL
,m2

π0)
∣∣∣fK0

0 (s)
∣∣∣2 , s λ1/2(s,m2

K+ ,m
2
π+)

∣∣∣fK+

0 (s)
∣∣∣2 , (IX.63)

respectively. At this point, it is useful to introduce a new notion, kinematic structures.
We will use this notion to refer to kinematic functions with an overall s-independent
prefactor removed, as illustrated in Eq. (IX.63). This allows us to write down compact
expressions that encode all the s-dependent information of kinematic functions. Table IX.1
provides a comprehensive list of the kinematic structures present in dΓ(KL → π0νν̄)/ds
and dΓ(K+ → π+νν̄)/ds for all (SM)LEFT and (D)LEFT operators. The results were
obtained from the expressions for the differential decay widths provided in Appendix A.

By examining Table IX.1, it is clear that unlike massless dark scalars and vectors, only
very light or massless dark fermions can produce the same kinematic structure as the
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Type Operator Kinematic structure in K → π + /E

(SM)LEFT

OSLL
νd , OSLR

νd s λ1/2
∣∣fK0 ∣∣2

OVLL
νd , OVLR

νd λ3/2
∣∣fK+ ∣∣2

OTLL
νd s λ3/2

∣∣fKT ∣∣2
Scalar DM

OSsdϕ λ1/2
∣∣fK0 ∣∣2

OVsdϕ λ3/2
∣∣fK+ ∣∣2

Fermion DM

OSsdχ1,OSsdχ2 s λ1/2
∣∣fK0 ∣∣2

OVsdχ1,OVsdχ2 λ3/2
∣∣fK+ ∣∣2

OTsdχ1,OTsdχ2 s λ3/2
∣∣fKT ∣∣2

Vector DM: A

OSsdA s2 λ1/2
∣∣fK0 ∣∣2

OVsdA2 s2 λ1/2
∣∣fK0 ∣∣2

OVsdA3,OVsdA6 s λ3/2
∣∣fK+ ∣∣2

OVsdA4,OVsdA5 s2 λ3/2
∣∣fK+ ∣∣2

OTsdA1 s2 λ3/2
∣∣fKT ∣∣2

Vector DM: B
OSsdB1,OSsdB2 s2 λ1/2

∣∣fK0 ∣∣2
OTsdB1,OTsdB2 s2 λ3/2

∣∣fKT ∣∣2
Table IX.1: List of operators contributing to K+(L) → π+(0) + /E along with the kinematic
structure they induce in dΓ(K+(L) → π+(0) + /E)/ds. Here, λ is shorthand notation for
λ(m2

K ,m
2
π, s), and fK0 is short for fK0 (s), etc. Only operators contributing to K+(L) →

π+(0) + /E have been listed (see text for details) [1].

operators OSLL
νd and OSLR

νd , which are highlighted in blue. Thus, under the assumption
that only one operator is non-zero at a time, it is possible to distinguish these operators
from any (D)LEFT operator involving a dark scalar or a dark vector. For OTLL

νd , we find
that only a dark fermion can replicate its kinematic structure, as highlighted in green.
Furthermore, we observe that both dark-fermion operators with vector currents and dark-
scalar operators with vector currents generate a kinematic structure identical to that of
OVLL
νd and OVLR

νd , as highlighted in red.4

4Only for type A dark vectors do the differential decay widths dΓ(K+(L) → π+(0) + /E)/ds receive
contributions from interference terms between different WCs. The full expressions for these decay widths
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Having investigated the kinematic structures arising from individual operators, it is
natural to consider how our findings are modified when multiple operators are present
simultaneously. We will address this question in the context of B-mesons in the next
section.

IX.2 B-meson analysis: Kinematic distributions

In this section, we will apply and further develop our strategy of disentangling NP with
kinematic distributions in the context of B-meson decays. We will start by considering
(SM)LEFT in Section IX.2.1, where the story extends beyond that of Kaons due to angular
distributions in B → K∗νν̄. In Section IX.2.2, we consider the general case where both
(D)LEFT and (SM)LEFT operators may contribute to NP. Some benchmark examples
are provided in Section IX.2.3.

IX.2.1 Disentangling NP with neutrino final states only

In the following, we consider NP induced by the (SM)LEFT operators in Eqs. (VIII.15)-
(VIII.19).

Disentangling different contributions in B → K∗ν̂ν

The first channel we consider is B decaying to an intermediate K∗, which subsequently
decays into Kπ. By performing an angular analysis of the K∗ decay products, it is possible
to extract the differential decay widths for longitudinally and transversely polarized K∗,
denoted as dΓL/ds and dΓT /ds, respectively. Since it is possible to distinguish between
longitudinally and transversely polarized K∗, it is meaningful to introduce the following
two observables,

P exp
L (s) ≡ dΓL

ds
, P exp

T (s) ≡ dΓT
ds

, (IX.64)

which measure the differential decay width for a given K∗ polarization. We can parame-
terize these quantities as follows,

P exp
T (s) = fTV+(s)×

∑
α,β

(
1− 1

2
δαβ

)
|CVLL
νd,αβsb + CVLR

νd,αβsb|2

+ fTV−(s)×
∑
α,β

(
1− 1

2
δαβ

)
|CVLL
νd,αβsb − CVLR

νd,αβsb|2

+ fTT (s)×
∑
α<β

(
|CTLL
νd,αβbs|2 + |CTLL

νd,αβsb|2
)
,

≡ fTV+(s)C
T
V+ + fTV−(s)C

T
V− + fTT (s)C

T
T , (IX.65)

and

P exp
L (s) = fLV−(s)×

∑
α,β

(
1− 1

2
δαβ

)
|CVLL
νd,αβsb − CVLR

νd,αβsb|2

+ fLT (s)×
∑
α<β

(
|CTLL
νd,αβbs|2 + |CTLL

νd,αβsb|2
)

are provided in Section A, and it is noted that none of the interference terms have a kinematic structure
similar to that of any (SM)LEFT operator.
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+ fLS (s)×
∑
α≤β

(
1− 1

2
δαβ

)[
|CSLR
νd,αβsb − CSLL

νd,αβsb|2 + |CSLR
νd,αβbs − CSLL

νd,αβbs|2
]

≡ fLV−(s)C
L
V− + fLT (s)C

L
T + fLS (s)C

L
S , (IX.66)

where the notation was explained in Section IX.1.3. To calculate the kinematic functions,
f , we first obtained the matrix elements using the form factors listed in Section VIII.5.
After squaring the matrix elements, we found it useful to work in the rest frame of the
B-meson and assign appropriate values for polarization vectors and momenta for the decay
products and evaluate all resulting inner products explicitly in this way. After ecalculating
the squared matrix elements, we computed the differential decay rate using [506]

dΓ

ds
=

1

(2π)5
|M|2
128m3

B

λ1/2(s,m2
B,m

2
K∗)dΩ∗

1dΩK∗ , (IX.67)

where Ω∗
1 denotes the direction of the momentum of the first neutrino in the rest frame

of the dineutrino system, and ΩK∗ is the angle of K∗ in the rest frame of the decaying B
meson. The results of our calculations are listed below [1,480]

1

Γexp
B0

∫
ds fTV+(s) =

1

Γexp
B0

1

768π3m3
B(mB +mK∗)2

∫
ds s λ3/2(m2

B,m
2
K∗ , s) |V0(s)|2

= 0.6G−2
F , (IX.68)

1

Γexp
B0

∫
ds fTV−(s) =

1

Γexp
B0

(mB +mK∗)2

768π3m3
B

∫
ds s λ1/2(m2

B,m
2
K∗ , s) |A1(s)|2

= 1.2G−2
F , (IX.69)

1

Γexp
B0

∫
ds fTT (s) =

1

Γexp
B0

1

24π3m3
B

∫
ds λ1/2(m2

B,m
2
K∗ , s)

[
λ(m2

B,m
2
K∗ , s) |T1(s)|2

+(m2
B −m2

K∗)2 |T2(s)|2
]
= 178G−2

F , (IX.70)

1

Γexp
B0

∫
ds fLV−(s) =

1

Γexp
B0

m2
Bm

2
K∗

24π3m3
B

∫
ds λ1/2(m2

B,m
2
K∗ , s) |A12(s)|2 = 1.7G−2

F , (IX.71)

1

Γexp
B0

∫
ds fLT (s) =

1

Γexp
B0

m2
Bm

2
K∗

3π3m3
B(mB +mK∗)2

∫
ds s λ1/2(m2

B,m
2
K∗ , s) |T23(s)|2

= 22.6G−2
F , (IX.72)

1

Γexp
B0

∫
ds fLS (s) =

1

Γexp
B0

1

256π3m3
B(mb +ms)2

∫
ds s λ3/2(m2

B,m
2
K∗ , s) |A0(s)|2

=

(
4.19GeV

mb

)2

3.5G−2
F , (IX.73)

where mb is the mass of the b-quark and all form factors can be found in Section VIII.5.
The numerical values used to obtain the quoted numerical results are [18],

mB = 5.279 GeV, mK∗ = 895.8 MeV mK = 493.67 MeV,

ms = 93.8 MeV, GF = 1.16637 · 10−5 GeV−2. (IX.74)

The combination of WCs in Eq. (IX.65) is determined in a similar way as was done for
the Kaons, c.f. the text between Eq. (IX.52) and (IX.53), and the result reads,

CTV+ =
P exp
T (s1)

[
fTV−(s2)f

T
T (s3)− fTV−(s3)f

T
T (s2)

]
+ cyclic

fTV+(s1)
[
fTV−(s2)f

T
T (s3)− fTV−(s3)f

T
T (s2)

]
+ cyclic

, (IX.75)
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CTV− =
P exp
T (s1)

[
fTV+(s2)f

T
T (s3)− fTV+(s3)f

T
T (s2)

]
+ cyclic

fTV−(s1)
[
fTV+(s2)f

T
T (s3)− fTV+(s3)f

T
T (s2)

]
+ cyclic

, (IX.76)

CTT =
P exp
T (s1)

[
fTV+(s2)f

T
V−(s3)− fTV+(s3)f

T
V−(s2)

]
+ cyclic

fTT (s1)
[
fTV+(s2)f

T
V−(s3)− fTV+(s3)f

T
V−(s2)

]
+ cyclic

. (IX.77)

Here, cyclic again refers to the remaining two terms obtained by one and two applications
of s1 → s2, s2 → s3, s3 → s1, respectively. The combination of WCs in (IX.66) are
obtained in a similar way,

CLS =
P exp
L (s1)

[
fLV−(s2)f

L
T (s3)− fLV−(s3)f

L
T (s2)

]
+ cyclic

fLS (s1)
[
fLV−(s2)f

L
T (s3)− fLV−(s3)f

L
T (s2)

]
+ cyclic

, (IX.78)

CLV− =
P exp
L (s1)

[
fLS (s2)f

L
T (s3)− fLS (s3)fLT (s2)

]
+ cyclic

fLV−(s1)
[
fLS (s2)f

L
T (s3)− fLS (s3)fLT (s2)

]
+ cyclic

, (IX.79)

CLT =
P exp
L (s1)

[
fLS (s2)f

L
V−(s3)− fLS (s3)fLV−(s2)

]
+ cyclic

fLT (s1)
[
fLS (s2)f

L
V−(s3)− fLS (s3)fLV−(s2)

]
+ cyclic

. (IX.80)

In the simplifying limit where all tensor-current contributions vanish, the relations above
simplify to give

CTV+ =
P exp
T (s1)f

T
V−(s2)− P

exp
T (s2)f

T
V−(s1)

fTV+(s1)f
T
V−(s2)− fTV+(s2)f

T
V−(s1)

, (IX.81)

CTV− =
P exp
T (s1)f

T
V+(s2)− P

exp
T (s2)f

T
V+(s1)

fTV−(s1)f
T
V+(s2)− fTV−(s2)f

T
V+(s1)

, (IX.82)

CLS =
P exp
L (s1)f

L
V−(s2)− P

exp
L (s2)f

L
V−(s1)

fLS (s1)f
L
V−(s2)− fLV+(s2)f

L
V−(s1)

, (IX.83)

CLV− =
P exp
L (s1)f

L
S (s2)− P

exp
L (s2)f

L
S (s1)

fLV−(s1)f
L
S (s2)− fLV−(s2)f

L
S (s1)

. (IX.84)

Note that the information encoded in Eq. (IX.75)-(IX.80) can also be extracted from
dedicated measurements of the differential decay width of B → K∗νν̂, which is simply
the sum of PT and PL introduced above. The calculation of dΓ(B→K∗νν̂)

ds proceeds along
the lines described in Section IX.1.1. The notable differences are that the expressions for
the relevant form factors are slightly more involved, c.f. Section VIII.5, and that we now
need to perform a sum over polarizations of K∗. For completeness, we have included the
relevant equations below,

dΓ(B → K∗νν̂)
ds

= JBK
∗

S

∑
α≤β

(
1− δαβ

2

)(∣∣CSLL
νd,αβbs − CSLR

νd,αβbs

∣∣2 + ∣∣CSLL
νd,αβsb − CSLR

νd,αβsb

∣∣2)
+ JBK

∗
T

∑
α<β

(∣∣CTLL
νd,αβsb

∣∣2 + ∣∣CTLL
νd,αβbs

∣∣2)
+
∑
α,β

(
1− 1

2
δαβ

)(
JBK

∗
V 1

∣∣CVLL
νd,αβbs − CVLR

νd,αβbs

∣∣2 + JBK
∗

V 2

∣∣CVLL
νd,αβbs + CVLR

νd,αβbs

∣∣2) ,
(IX.85)

where

JBK
∗

S = fLS =
s λ3/2(m2

B,m
2
K∗ , s)

256π3m3
B(mb +ms)2

|A0(s)|2 , (IX.86)
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JBK
∗

T = fTT + fLT =
λ1/2(m2

B,m
2
K∗ , s)

24π3m3
B

[
8m2

Bm
2
K∗ s

(mB +mK∗)2
|T23(s)|2 + λ(m2

B,m
2
K∗ , s) |T1(s)|2

+(m2
B −m2

K∗)2 |T2(s)|2
]
, (IX.87)

JBK
∗

V 1 = fTV− + fLV− =
λ1/2(m2

B,m
2
K∗ , s)

768π3m3
B

(
|A1(s)|2 s(mB +mK∗)2

+32 |A12(s)|2m2
Bm

2
K∗

)
, (IX.88)

JBK
∗

V 2 = fTV + =
s λ3/2(m2

B,m
2
K∗ , s)

768π3m3
B(mB +mK∗)2

|V0(s)|2 , (IX.89)

which is in agreement with [466,480]. Note that analyzing PT and PL separately provides
an additional layer of consistency checks. Specifically, the measured values of CLT and CTT ,
as well as CLV− and CTV−, should be equal, as evident from Eqs. (IX.65) and (IX.66).

To summarize, through our analysis of B → K∗ν̂ν we have demonstrated that scalar,
tensor, left-handed vector, and right-handed vector currents can be distinguished. This is
worth emphasizing: In contrast to Kaon decays (and B → Kν̂ν, as discussed below), the
contributions from left-handed and right-handed quark currents can be differentiated by

comparing C
L/T
V− and CLV+, as seen in Eqs. (IX.65) and (IX.66). A similar statement does

not hold for scalar currents, as we only gain access to the combination∑
α≤β

(
1− 1

2
δαβ

)[
|CSLR
νd,αβsb − CSLL

νd,αβsb|2 + |CSLR
νd,αβbs − CSLL

νd,αβbs|2
]
, (IX.90)

through B → K∗ν̂ν. To make progress on distinguishing scalar currents, it turns out to
be very useful to consider the decay channel B → Kνν̂, as shown below.

Complementarity between different decay channels: B → Kνν̂

The next decay channel that we will consider is B → Kνν̂. For notational simplicity, it is
useful to make the following definition,

Dexp
BK(s) ≡ dΓ(B → Kνν̂)

ds
. (IX.91)

The calculation of B → Kνν̂ is structurally identical toK+ → π+νν̂: The matrix elements
take the exact same mathematical form in both cases. We can therefore immediately
recycle our results from Eq. (IX.40) and Eqs. (IX.44)-(IX.55) upon making appropriate
replacements of form factors and quark flavors. It follows that the partial differential decay
width of B → Kνν̂ can be parametrized as,

Dexp
BK(s) = CBKS fBKS (s) + CBKT fBKT (s) + CBKV fBKV (s) , (IX.92)

where

CBKS =
∑
α≤β

(
1− 1

2
δαβ

)(∣∣CSLL
νd,αβbs + CSLR

νd,αβbs

∣∣2 + ∣∣CSLL
νd,αβsb + CSLR

νd,αβsb

∣∣2) , (IX.93)

CBKT =
∑
α<β

(∣∣CTLL
νd,αβbs

∣∣2 + ∣∣CTLL
νd,αβsb

∣∣2) , (IX.94)

CBKV =
∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβsb + CVLR

νd,αβsb

∣∣2 , (IX.95)
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and the integrated currents read

1

Γexp
B+

∫
ds fBKS (s) = 10.4G−2

F , (IX.96)

1

Γexp
B+

∫
ds fBKT (s) = 17.7G−2

F , (IX.97)

1

Γexp
B+

∫
ds fBKV (s) = 2.2G−2

F . (IX.98)

The numerical values were obtained using the values in Eq. (IX.74). The combinations
CBKS , CBKT , CBKV of WCs can then be extracted as5

CBKS =
Dexp
BK(s1)

[
fBKV (s2)f

BK
T (s3)− fBKV (s3)f

BK
T (s2)

]
+ cyclic

fBKS (s1)
[
fBKV (s2)fBKT (s3)− fBKV (s3)fBKT (s2)

]
+ cyclic

, (IX.99)

CBKV =
Dexp
BK(s1)

[
fBKS (s2)f

BK
T (s3)− fBKS (s3)f

BK
T (s2)

]
+ cyclic

fBKV (s1)
[
fBKS (s2)fBKT (s3)− fBKS (s3)fBKT (s2)

]
+ cyclic

, (IX.100)

CBKT =
Dexp
BK(s1)

[
fBKS (s2)f

BK
V (s3)− fBKS (s3)f

BK
V (s2)

]
+ cyclic

fBKT (s1)
[
fBKS (s2)fBKV (s3)− fBKS (s3)fBKV (s2)

]
+ cyclic

. (IX.101)

Let us summarize what we have gained through the analysis above: By extracting the
coefficients CLS from B → K∗νν̂ and CBKS from B → Kνν̂, it is possible to determine
whether left-handed and right-handed scalar currents are present or only currents of a
single handedness, as evident from Eqs. (IX.66) and (IX.93). If the latter is the case, kine-
matic distributions alone cannot distinguish between left-handed and right-handed scalar
NP. However, a measurement of CLS = 0 would imply that CSLL

νd,αβbs = CSLR
νd,αβbs, indicating

purely scalar quark currents (i.e., parity-symmetric quark currents). Conversely, measur-
ing CBKS = 0, and consequently CSLL

νd,αβbs = −CSLR
νd,αβbs, would suggest purely pseudoscalar

quark currents (i.e., parity-antisymmetric quark currents).

Complementarity between different decay channels: B → Xsνν̂

As our third and final example of decay channels for the B-meson, we have considered
inclusive decays, B → Xsνν̂, where the hadronic part of the final state is summed over.
Here, a heavy quark expansion [511, 512] allows one to write the decay rate in terms of
the quark-level transition as

dΓ(B → Xsνν̂)

ds
=
dΓ(b→ sνν̂)

ds
+O

(
ΛQCD

mb

)
. (IX.102)

TEq. (IX.102) turns calculating Γ(B → Xsνν̂) into a straightforward task that, unlike the
decays considered above, does not involve hadronic form factors. The final result can be
expressed as,

dΓ(B → Xsνν̂)

ds
= CS1 J

S
1 (s) + CS2 J

S
2 (s) + CV1 J

V
1 (s) + CV2 J

V
2 (s) + CTJT (s), (IX.103)

where the effective WCs read

CS1 =
∑
α≤β

(
1− δαβ

2

)(∣∣CSLL
νd,αβbs

∣∣2 + ∣∣CSLL
νd,αβsb

∣∣2 + ∣∣CSLR
νd,αβbs

∣∣2 + ∣∣CSLR
νd,αβsb

∣∣2) , (IX.104)

5It is worth noting that measuring both B → K∗νν̂ and B → Kνν̂ would offer the following consistency
checks, CBK

V = CT
V + and CBK

T = CT
T = CL

T .
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CS2 =
∑
α≤β

(
1− δαβ

2

)
Re
(
CSLL
νd,αβbsC

SLR∗
νd,αβbs + CSLL

νd,αβsbC
SLR∗
νd,αβsb

)
, (IX.105)

CV1 =
∑
α,β

(
1− 1

2
δαβ

)(∣∣CVLL
νd,αβsb

∣∣2 + ∣∣CVLR
νd,αβsb

∣∣2) , (IX.106)

CV2 =
∑
α,β

(
1− 1

2
δαβ

)
Re
(
CVLL
νd,αβsbC

VLR∗
νd,αβsb

)
, (IX.107)

CT =
∑
α<β

(∣∣CTLL
νd,αβbs

∣∣2 + ∣∣CTLL
νd,αβsb

∣∣2) , (IX.108)

and the integrated kinematic functions are given by,

1

Γexp
B+

∫
ds JS1 (s) =

1

Γexp
B+

κ(0)

128π3m3
b

∫
ds (m2

b +m2
s − s)s λ1/2(m2

b ,m
2
s, s)

= 7.6
( mb

4.19GeV

)5
G−2
F , (IX.109)

1

Γexp
B+

∫
ds JS2 (s) =

1

Γexp
B+

κ(0)msmb

32π3m3
b

∫
ds s λ1/2(m2

b ,m
2
s, s) = 1.3

( mb

4.19GeV

)5
G−2
F ,

(IX.110)

1

Γexp
B+

∫
ds JV1 (s) =

1

Γexp
B+

κ(0)

768π3m3
b

∫
ds λ1/2(m2

b ,m
2
s, s)

[
λ(m2

b ,m
2
s, s) + 3s(m2

b +m2
s − s)

]
= 7.6

( mb

4.19GeV

)5
G−2
F , (IX.111)

1

Γexp
B+

∫
ds JV2 (s) = − 1

Γexp
B+

κ(0)msmb

64π3m3
b

∫
ds λ1/2(m2

b ,m
2
s, s) s

= −0.7
( mb

4.19GeV

)5
G−2
F , (IX.112)

1

Γexp
B+

∫
ds JT (s) =

1

Γexp
B+

κ(0)

24π3m3
b

∫
ds λ1/2(m2

b ,m
2
s, s)

[
2λ(m2

b ,m
2
s, s) + 3s

(
m2
s +m2

b − s
)]

= 365
( mb

4.19GeV

)5
G−2
F . (IX.113)

The factor κ(0) = 0.83 represents the QCD correction to the b→ sνν̄ matrix element [513–
515], and the numerical values in the equations above were obtained using the values in
Eq. (IX.74).

It is noteworthy that the number of linearly independent kinematic structures in
Eqs. (IX.109)-(IX.113) is smaller than the number of effective WCs in Eqs. (IX.104)-
(IX.108). All of the kinematic functions in Eqs. (IX.109)-(IX.113) can be expressed as
linear combinations of the following three independent kinematic structures,

s λ1/2(m2
b ,m

2
s, s), s2 λ1/2(m2

b ,m
2
s, s), λ3/2(m2

b ,m
2
s, s), (IX.114)

with their associated combinations of WCs given by

CV1 + 2CS1 + 32CT +
4msmb

m2
b +m2

s

(
2CS2 − CV2

)
, (IX.115)

CV1 + 2CS1 + 32CT , (IX.116)

CV1 + 64CT , (IX.117)
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respectively. These combinations of WCs can, in principle, be determined through dedi-
cated measurements of B → Xsνν̂.

At this point, it is useful to recapitulate the main points of this section: Detailed mea-
surements of the kinematic distributions for B → K∗νν̂ and B → Kνν̂ enable the determi-
nation of the effective coefficients in Eqs. (IX.75)-(IX.80) and (IX.93)-(IX.95), respectively.
Subsequently, simple algebraic manipulations can be used to determine the coefficients in
Eqs. (IX.104)-(IX.108), which can also be experimentally determined through careful mea-
surements of B → Xsνν̂. This highlights that measuring B → Xsνν̂ and extracting the
values of Eqs. (IX.115)-(IX.117) offers three consistency checks on the results obtained
from measurements of B → Kνν̂ and B → K∗νν̂.

IX.2.2 Disentangling LEFT from dark-sector physics

So far in our treatment of B-decays, we have assumed that only neutrinos hide in the
invisible part of the final state. In the following section, we relax the assumption about
missing energy in the B → K + /E, B → K∗ + /E, and B → Xs + /E channels being
attributed solely to neutrinos. As an initial step, we will expand on the discussion in Sec-
tion IX.1.4 regarding the prospects of distinguishing between (SM)LEFT and (D)LEFT,
under the simplifying assumption that NP is encoded primarily in a single effective opera-
tor. Subsequently, we will go beyond this (simplified) treatment and investigate the extent
to which it is possible to distinguish between (SM)LEFT and (D)LEFT in full generality
using kinematic distributions.

Single operator analysis

B → K + /E: As argued below Eq. (IX.91), it is possible to derive analytical expressions
for dΓ(B → K + /E)/ds by appropriately modifying the result for dΓ(K+ → π+ + /E)/ds
presented in Section IX.1.1, through appropriate replacements of meson masses, quark
masses, and form factors. Consequently, the kinematic distributions in the single-operator
analysis of B → K + /E are identical in form to those presented for K+ → π+ + /E in
Table IX.1. For the reader’s convenience, we summarize the main findings:

• The only operators that generate the same kinematic distribution as OSLL
νd or OSLR

νd

are two (D)LEFT operators with fermionic dark-sector particles OS
sbχ1 and OS

sbχ2 as

highlighted in blue in Table IX.1.6

• Two (D)LEFT operators, OT
sbχ1 and OT

sbχ2, yield the same kinematic distribution as

OTLL
νd , as highlighted in green in Table IX.1.

• Both dark-fermion operators with vector currents (OVsdχ1 and OVsdχ2) and a dark-

scalar operator with vector currents (OVsdϕ) generate a kinematic structure identical

to that of OVLL
νd and OVLR

νd , as highlighted in red in Table IX.1.

B → K∗+ /E: We have performed a similar analysis for B → K∗+ /E, and the results are
summarized in Table IX.2. Among all (D)LEFT operators, only those with vector dark
matter (DM) of type A yield interference terms between different WCs in this decay. The
full expressions for the differential decay distributions are provided in Section B. Notably,
none of the interference terms exhibit a kinematic structure similar to any (SM)LEFT
operator.7 The highlights of this analysis is summarized below:

6The two corresponding dark pseudoscalar (D)LEFT operators OP
sbχ1 and OP

sbχ2 do not contribute to
B → K + /E due to parity conservation.

7Similar observations also apply to B → Xs + /E.
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Type Operator Kinematic structure in B → K∗ + /E

(SM)LEFT

OSLL
νd , OSLR

νd sλ3/2 |A0|2

OVLL
νd ,
OVLR
νd

λ1/2
[

sλ
(mB+mK∗ )2

|V0|2 + s(mB +mK∗)2 |A1|2

+32m2
Bm

2
K∗ |A12|2

]
OTLL
νd λ1/2

[
λ |T1|2 + (m2

B −m2
K∗)2 |T2|2 + 8m2

Bm
2
K∗s

(mB+mK∗ )2
|T23|2

]

Scalar DM

OPsbϕ λ3/2 |A0|2

OAsbϕ λ1/2
[
s(mB +mK∗)2 |A1|2 + 32m2

Bm
2
K∗ |A12|2

]
OVsbϕ sλ3/2 |V0|2

Fermion DM

OPsbχ1,OPsbχ2 sλ3/2 |A0|2

OAsbχ1,OAsbχ2 λ1/2
[
s(mB +mK∗)2 |A1|2 + 32m2

Bm
2
K∗ |A12|2

]
OVsbχ1,OVsbχ2 sλ3/2 |V0|2

OTsbχ1,OTsbχ2 λ1/2
[
λ |T1|2 + (m2

B −m2
K∗)2 |T2|2 + 8m2

Bm
2
K∗s

(mB+mK∗ )2
|T23|2

]

Vector DM: A

OPsbA s2λ3/2 |A0|2

OTsbA1 sλ3/2 |T1|2

OTsbA2 sλ1/2
[
(m2

B −m2
K∗)2 |T2|2 + 8m2

Bm
2
K∗s

(mB+mK∗ )2
|T23|2

]
OVsbA3,OVsbA6 s2λ3/2 |V0|2

OVsbA4,OVsbA5 s3λ3/2 |V0|2

OAsbA2 s2λ3/2 |A0|2

OAsbA3,OAsbA6 sλ1/2
[
s(mB +mK∗)2 |A1|2 + 32m2

Bm
2
K∗ |A12|2

]
OAsbA4,OAsbA5 s2λ1/2

[
s(mB +mK∗)2 |A1|2 + 32m2

Bm
2
K∗ |A12|2

]
Vector DM: B

OPsbB1,OPsbB2 s2λ3/2 |A0|2

OTsbB1,OTsbB2 sλ1/2
[
λ |T1|2 + (m2

B −m2
K∗)2 |T2|2 + 8m2

Bm
2
K∗s

(mB+mK∗ )2
|T23|2

]
Table IX.2: List of operators contributing to B → K∗ + /E along with the kinematic
structure they induce in dΓ(B → K∗ + /E)/ds. Here λ is short for λ(m2

B,m
2
K∗ , s), and

V0 for V0(s), etc. We have only listed operators that contribute to B → K∗ + /E, and
interference terms are neglected under the assumption that only one operator is active
(see text for details) [1].

• Our results show that only the dark pseudoscalar (D)LEFT operators OP
sbχ1 and

OP
sbχ2 produce the same kinematic distribution as the (SM)LEFT operators OSLL

νd

and OSLR
νd , respectively, which are highlighted in blue. In contrast, the dark scalar

(D)LEFT operators OS
sbχ1 and OS

sbχ2, which yield the same kinematic distribution
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Type Operator Kinematic structure in B → Xs + /E

(SM)LEFT

OSLL
νd , OSLR

νd sλ1/2(m2
b +m2

s − s)

OVLL
νd , OVLR

νd λ1/2
[
λ+ 3s(m2

b +m2
s − s)

]
OTLL
νd λ1/2

[
2λ+ 3s(m2

b +m2
s − s)

]

Scalar DM

OSsbϕ λ1/2
[
(mb +ms)

2 − s
]

OPsbϕ λ1/2
[
(mb −ms)

2 − s
]

OVsbϕ λ1/2
[
λ+ 3s

(
(mb −ms)

2 − s
)]

OAsbϕ λ1/2
[
λ+ 3s

(
(mb +ms)

2 − s
)]

Fermion DM

OSsbχ1,OSsbχ2 sλ1/2
[(
(mb +ms)

2 − s
)]

OPsbχ1,OPsbχ2 sλ1/2
[(
(mb −ms)

2 − s
)]

OAsbχ1,OAsbχ2 λ1/2
[
λ+ 3s

(
(mb +ms)

2 − s
)]

OVsbχ1,OVsbχ2 λ1/2
[
λ+ 3s

(
(mb −ms)

2 − s
)]

OTsbχ1,OTsbχ2 λ1/2
[
2λ+ 3s(m2

b +m2
s − s)

]

Vector DM: A

OSsbA s2λ1/2
[
(mb +ms)

2 − s
]

OPsbA s2λ1/2
[
(mb −ms)

2 − s
]

OTsbA1 sλ1/2
[
2λ+ 3s

(
(mb −ms)

2 − s
)]

OTsbA2 sλ1/2
[
2λ+ 3s

(
(mb +ms)

2 − s
)]

OVsbA2 s2λ1/2
[
(mb +ms)

2 − s
]

OVsbA3,OVsbA6 sλ1/2
[
λ+ 3s

(
(mb −ms)

2 − s
)]

OVsbA4,OVsbA5 s2λ1/2
[
λ+ 3s

(
(mb −ms)

2 − s
)]

OAsbA2 s2λ1/2
[
(mb −ms)

2 − s
]

OAsbA3,OAsbA6 sλ1/2
[
λ+ 3s

(
(mb +ms)

2 − s
)]

OAsbA4,OAsbA5 s2λ1/2
[
λ+ 3s

(
(mb +ms)

2 − s
)]

Vector DM: B

OSsbB1,OSsbB2 s2λ1/2
[
(mb +ms)

2 − s
]

OPsbB1,OPsbB2 s2λ1/2
[
(mb −ms)

2 − s
]

OTsbB1,OTsbB2 s2λ1/2
[
2λ+ 3s(m2

b +m2
s − s)

]
Table IX.3: List of operators contributing to B → Xs + /E and the kinematic structure
they induce in dΓ(B → Xs + /E)/ds. λ is a shor for λ(m2

b ,m
2
s, s). Interference terms are

neglected under the assumption that only one operator is active (see text for details) [1].
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as OSLL
νd and OSLR

νd in B → K + /E, do not contribute to B → K∗ + /E due to parity
conservation.

• The operators OT
sbχ1 and OT

sbχ2, highlighted in green, are the only operators that

produce the same kinematic distribution as OTLL
νd .

• For the (SM)LEFT vector-current operators OVLL
νd and OVLR

νd , highlighted in red, we
find that no single (D)LEFT operator yields a similar kinematic structure within
the considered operator basis. Nevertheless, the (SM)LEFT vector-current kine-
matic structure can be replicated by considering suitable linear combinations of
dark-fermion or dark-scalar operators, going beyond a single-operator analysis. We
elaborate on this statement in the multiple-operator analysis below.

B → Xs + /E: Our results for the inclusive decay B → Xs + /E are summarized in
Table IX.3, and the important points are summarized below. The results for (D)LEFT
were, to the best of our knowledge, presented in Ref. [1] for the first time.

• The kinematic distributions of OSLL
νd and OSLR

νd , highlighted in dark blue, are distinct
in this decay channel. However, in practice, they are challenging to differentiate from
OP
sbχ1,2 and OS

sbχ1,2, highlighted in light blue.

• The (SM)LEFT tensor operator OTLL
νd induces the same kinematic distribution as

the (D)LEFT operators OT
sbχ1 and OT

sbχ2. Consequently, OTLL
νd is indistinguishable

from these operators across all three decay channels. To differentiate OTLL
νd from the

fermionic tensorial operators in (D)LEFT, additional analysis is necessary.

• The kinematic distributions of OVLL
νd and OVLR

νd , highlighted in red, are distinct
within this decay channel. However, in practice, they are challenging to differentiate

from OV/A
sbϕ and OV/A

sbχ1,2, highlighted in light red.

The discussion above may leave the impression that OSLL
νd and OSLR

νd can be distinguished
from (D)LEFT operators by analyzing the kinematic distributions of B → K + /E and
B → K∗ + /E, assuming a single (SM)LEFT or (D)LEFT operator dominance. However,
while this is true in the basis considered above, the statement does not hold in a (D)LEFT
basis where the four operators OS

sbχ1,2 and OP
sbχ1,2 are combined into four basis operators

with similar Dirac structure as OSLL
νd and OSLR

νd . Consequently, distinguishing OSLL
νd and

OSLR
νd from all (D)LEFT operators is not always possible. This makes intuitive sense, since

distinguishing operators based on kinematic structures only works if operators have differ-
ent Dirac structures. For further insights into the (in)distinguishability of dark fermions
from (SM)LEFT scalar currents, we refer the reader to Appendix F in Ref. [1]. We will
instead move on to consider multiple-operator analyses, where (in)distinguishability of
operators in different bases becomes manifest.

Multiple operator analysis

Before proceeding, it is worth noting that the strategy outlined in Sections IX.1.3 and
IX.2.1 for disentangling different operator contributions to meson decays in the context of
(SM)LEFT is universally applicable to any operator set. After identifying the kinematic
structures induced by the operator set, the disentanglement procedure simplifies to solving
a system of linear equations, as illustrated in the discussion following Eq. (IX.52). The
primary effect of considering a larger number of operators is that more measurements of s
may be required to distinguish between different contributions, provided the new operators
introduce new kinematic structures, thereby enlarging the system of linear equations in
si. Notably, for a given decay channel, the number of linear equations is determined by
the number of linearly independent kinematic structures contributing to the differential
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decay distribution.

As a most general case, it is possible to combine the (SM)LEFT basis with the four
(D)LEFT bases listed in Section VIII.3 into a unified operator set. A straightforward
extension of the procedure outlined in Sections IX.1.3 and IX.2.1 would yield a large system
of linear equations, whose solution would constrain various combinations of WCs within
the set. For a more tractable scenario, we examine a basis comprising the (SM)LEFT
operators in Eqs. (VIII.15)-(VIII.19) and the dark scalar and dark fermion operators in
Eqs. (VIII.20)-(VIII.28). The inclusion of vector operators, while straightforward, is less
compelling. As evident from Tables IX.1, IX.2, and IX.3, no linear combination of vector
operators can replicate the kinematic structures of (SM)LEFT operators in B → K + /E,
B → K∗ + /E, and B → Xs + /E, respectively. Thus, detailed measurements of kinematic
distributions in these decay channels enable a complete disentanglement of (SM)LEFT
from dark vectors. Consequently, the expressions below involving (SM)LEFT WCs remain
unmodified.

In the following, the working assumption will be that the invisible final states can be
comprised of two neutrinos, two dark-sector scalars, or two dark-sector fermions. We will
go through the considered B-decay channels in turn, identifying the combinations of WCs
that can be determined along with their corresponding kinematic structures [1].

For B → K+ /E, it is evident from Table IX.18 that the following four combinations can
be determined:

• Kinematic structure:

λ1/2
∣∣fK0 ∣∣2 . (IX.118)

Associated WC: ∣∣CSsbϕ∣∣2 . (IX.119)

• Kinematic structure:

s λ1/2
∣∣fK0 ∣∣2 . (IX.120)

Associated combination of WCs:∑
α≤β

(
1− 1

2
δαβ

)(∣∣CSLL
νd,αβbs + CSLR

νd,αβbs

∣∣2 + ∣∣CSLL
νd,αβsb + CSLR

νd,αβsb

∣∣2)
+ 2

(∣∣CSsbχ1∣∣2 + ∣∣CSsbχ2∣∣2) . (IX.121)

• Kinematic structure:

λ3/2
∣∣fK+ ∣∣2 . (IX.122)

Associated combination of WCs:

2
∣∣CVsbϕ∣∣2 + 8

(∣∣CVsbχ1∣∣2 + ∣∣CVsbχ2∣∣2)+∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβbs + CVLR

νd,αβbs

∣∣2 .
(IX.123)

8Recall that the kinematic structures for B → K+ /E can be obtained from K → π+ /E by appropriately
substituting masses and form factors.
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• Kinematic structure:

sλ3/2
∣∣fKT ∣∣2 . (IX.124)

Associated combination of WCs:(∣∣CTsbχ1∣∣2 + ∣∣CTsbχ2∣∣2)+ 2
∑
α<β

(∣∣CTLL
νd,αβbs

∣∣2 + ∣∣CTLL
νd,αβsb

∣∣2) . (IX.125)

In the case of B → K∗ + /E, it is deducible from Table IX.2 that there are five inde-
pendent kinematic structures. Hence, dedicated measurements of kinematic distributions
can determine the value of the five combinations of WCs, which we list below. Note that
(SM)LEFT vector currents enter two of the combinations in this case.

• Kinematic structure:

λ3/2 |A0|2 . (IX.126)

Associated WC: ∣∣CPsbϕ∣∣2 . (IX.127)

• Kinematic structure:

s λ3/2 |A0|2 . (IX.128)

Associated combination of WCs:∑
α≤β

(
1− δαβ

2

)(∣∣CSLL
νd,αβbs − CSLR

νd,αβbs

∣∣2 + ∣∣CSLL
νd,αβsb − CSLR

νd,αβsb

∣∣2)
+ 2

(∣∣CPsbχ1∣∣2 + ∣∣CPsbχ2∣∣2) . (IX.129)

• Kinematic structure:

λ1/2
[
s(mB +mK∗)2 |A1|2 + 32m2

Bm
2
K∗ |A12|2

]
. (IX.130)

Associated combination of WCs:

2
∣∣CAsbϕ∣∣2 + 8

(∣∣CAsbχ1∣∣2 + ∣∣CAsbχ2∣∣2)+∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβbs − CVLR

νd,αβbs

∣∣2 .
(IX.131)

• Kinematic structure:

s λ3/2 |V0|2 . (IX.132)

Associated combination of WCs:

2
∣∣CVsbϕ∣∣2 + 8

(∣∣CVsbχ1∣∣2 + ∣∣CVsbχ2∣∣2)+∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβbs + CVLR

νd,αβbs

∣∣2 .
(IX.133)
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• Kinematic structure:

λ1/2
[
λ |T1|2 + (m2

B −m2
K∗)2 |T2|2 +

8m2
Bm

2
K∗s

(mB +mK∗)2
|T23|2

]
. (IX.134)

Associated combination of WCs:(∣∣CTsbχ1∣∣2 + ∣∣CTsbχ2∣∣2)+ 2
∑
α<β

(∣∣CTLL
νd,αβsb

∣∣2 + ∣∣CTLL
νd,αβbs

∣∣2) . (IX.135)

In the case of B → Xs + /E, one can readily verify from Table IX.3 that there are only
four linearly independent kinematic structures,

λ1/2(m2
b ,m

2
s, s), s λ1/2(m2

b ,m
2
s, s), s2 λ1/2(m2

b ,m
2
s, s),

λ3/2(m2
b ,m

2
s, s). (IX.136)

The combination of WCs associated with the first kinematic structure reads∣∣CSsbϕ∣∣2 + (mb −ms)
2

(mb +ms)2
∣∣CPsbϕ∣∣2 . (IX.137)

The remaining three expressions are more lengthy and generalize the results in
Eqs. (IX.115)-(IX.117). However, they do not yield information beyond what can be
extracted from measurements of Eqs. (IX.119)-(IX.135). Therefore, we omit discussing
them further and instead summarize key aspects of Eqs. (IX.119)-(IX.135) below [1].

• Eqs. (IX.119) and (IX.127) demonstrate that the magnitudes of the WCs associated
with scalar dark matter operators with (pseudo)scalar currents can be determined.

• Eqs. (IX.121) and (IX.129) reveal that scalar currents in (SM)LEFT can be distin-
guished from all considered operators, with the exception of fermionic operators in
(D)LEFT featuring both scalar and pseudoscalar currents. Notably, the operator
combinations in Eqs. (IX.121) and (IX.129) share a similar Dirac structure.

• We observe that vector currents in (SM)LEFT are always distinguishable from dark
vectors and dark scalars with (pseudo)scalar currents. However, Eqs. (IX.123),
(IX.131), and (IX.133) indicate that distinguishing vector currents in (SM)LEFT
from dark scalars and dark fermions with (axial)vector currents is not always feasi-
ble. The operator combinations appearing in these equations exhibit a similar Dirac
structure.

• Eqs. (IX.125) and (IX.135) demonstrate that tensor currents in (SM)LEFT can be
distinguished from all considered operators, except for dark fermions with tensor
currents, through analysis of kinematic distributions alone.

Using purely analytical methods, we have now demonstrated that detailed measurements
of kinematic distributions in B → K∗ + /E and B → K + /E can distinguish contributions
from various operators in (SM)LEFT and (D)LEFT. Note that our method, by construc-
tion, cannot distinguish a given (SM)LEFT operator from a fermionic (D)LEFT operator
with a similar Dirac structure. This would require methods beyond kinematic distribu-
tions, which is beyond the scope of our analysis.

IX.2.3 Benchmark illustrations

In this section, we will showcase kinematic distributions for selected examples. The pri-
mary purpose is to graphically illustrate differences in kinematic distributions for different
operators. Following the Belle II measurement from 2023 [476], we set

B(B → K + /E) = (1.3± 0.4)× 10−5, (IX.138)
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for the B → K + /E branching fraction in our examples. We emphasize that our goal is
not to analyze the recent Belle II data, but rather to utilize the combined inclusive and
hadronic tagging results for the B → K+ /E branching fraction as a reference value for our
numerical illustrations.9 A comprehensive analysis would treat the measured branching
ratio as a function of BSM parameters, as detailed in Ref. [527]. For simplicity, we analyze
a single operator at a time, reserving more complex scenarios with multiple contributing
operators for future studies. We focus on the two scalar-current (SM)LEFT operators
OSLL
νd and OSLR

νd . The results depend on the chiral structure of the NP inducing the
(SM)LEFT operators. We consider two scenarios: a left-right symmetric (LRs) case where
CSLR
αβbs(sb) = CSLL

αβbs(sb), and a maximally left-right violating (LoR) scenario where only one of

the scalar (SM)LEFT operators is present. For clarity, we use central values of branching
ratios when calculating WCs.

In the following examples, the discrepancy between the measured B → K+ /E branching
fraction and the SM prediction is ascribed to a single new operator. This implies that the
operator must account for a NP branching ratio of approximately,

B(B → K + /E)NP = B(B → K + /E)Exp − B(B → K + /E)SM

= (0.8± 0.4)× 10−5, (IX.139)

where we have used the SM prediction in (VIII.6). In our effective description, the SM
prediction corresponds to a central value of

∑
α,β

(
1− 1

2
δαβ

) ∣∣CVLL
νd,αβbs + CVLR

νd,αβbs

∣∣2 = 3.0× 10−16(GeV)−4. (IX.140)

If the LNV operators OSLL
νd and OSLR

νd are responsible for the entire NP contribution to
B → K + /E, the central value of the WC is

∑
α≤β

(
1− 1

2
δαβ

)[∣∣∣CSLR
αβsb + CSLL

αβsb

∣∣∣2 + ∣∣∣CSLR
αβbs + CSLL

αβbs

∣∣∣2] = 1.4× 10−16(GeV)−4. (IX.141)

The corresponding effective scale of NP is

ΛLNV ≈ 9.3TeV, (IX.142)

where the approximate equality reflects the dependence of the effective scale on the flavor
structure, i.e. the dependence on α and β, of the induced scalar-current operators.

In the following, we will consider three examples, corresponding to scalar DM, vector
(type A) DM, and vector (type B) DM. The examples are structured in the same way: We
first list the operators that contribute to B+ → K++ /E. For example, for scalar DM, only
the operators OSsbϕ and OVsbϕ will be considered, c.f. Tab. IX.1. We then list the central
values of the WCs obtained by assuming that each of the considered operators account for
the full NP contribution to B(B+ → K++ /E) in Eq. (IX.139). The WCs are also translated
into effective operator scales Λ for the readers convenience. With the obtained values for
the WCs, we then display kinematic distributions for the various effective operators along
with the kinematic distributions of the two (SM)LEFT scalar-current scenarios discussed
above.

9For some analyses and NP explanations following the Belle II result for B → K+ /E, see e.g. [516–526].
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Figure IX.3: Scalar DM. Differential decay width of B → K + /E for the SM (gray),
scalar-current (SM)LEFT operators (green), and scalar (D)LEFT operators (blue and
red) [1].

Example 1: scalar DM

Out of the four (D)LEFT operators listed in (VIII.20)-(VIII.23), only the following two
yield non-vanishing contributions to B+ → K+ + /E,

OSsbϕ, OVsbϕ. (IX.143)

When each of these operators is required to account for the entire NP contribution to
B(B+ → K+ + /E), the resulting central values for their WCs are∣∣∣CSsbϕ∣∣∣2 = 1.5× 10−15(GeV)−2,

∣∣∣CVsbϕ∣∣∣2 = 2.4× 10−16(GeV)−4, (IX.144)

which correspond to the following effective scales

ΛS ≡
∣∣∣CSsbϕ∣∣∣−1

= 2.6× 104 TeV, ΛV ≡ |CVsbϕ
∣∣∣−1/2

= 8.0 TeV, (IX.145)

respectively. With these values for the WCs, we show

dΓ(B → K + /E)SM+NP/dsB, (IX.146)

in Fig. IX.3. Here sB = s/m2
B. The kinematic distributions associated with the

(SM)LEFT operators OSLL
νd and OSLR

νd , represented by the green curve, differ significantly
from those associated with OSsbϕ and OVsbϕ, shown in blue and red, respectively. Conse-
quently, the scenarios are easily distinguishable.

Example 2: Vector DM (A)

The full operator basis for this scenario is listed in Eqs. (VIII.29)-(VIII.44). Ref. [528]
demonstrated that the following subset of operators can account for the Belle II excess
without conflicting with experimental constraints on B → K∗νν̄,

OSsbA, OVsbA2, OVsbA3, OVsbA4, OVsbA5, OVsbA6. (IX.147)

Using the contributions of these operators to dΓ(B → K + /E)/dsB, as listed in Ap-
pendix B.1, we obtain the following central values for their corresponding WCs and asso-
ciated effective mass scales,∣∣CSsbA∣∣2 = 3.7× 10−17(GeV)−6, ΛSsbA = 550GeV, (IX.148)
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Figure IX.4: Vector DM (A). Differential decay width of B → K + /E (top left), B →
K∗+ /E (top right), and B → Xs+ /E (bottom) for the SM (gray), scalar-current (SM)LEFT
operators (green), and (D)LEFT operators of type A (blue, red, orange, and purple) [1].

∣∣CVsbA2∣∣2 = 5.0× 10−17(GeV)−8, ΛVsbA2 = 110GeV, (IX.149)∣∣CVsbA3∣∣2 = 2.9× 10−17(GeV)−6, ΛVsbA3 = 570GeV, (IX.150)∣∣CVsbA4∣∣2 = 9.6× 10−18(GeV)−8, ΛVsbA4 = 130GeV, (IX.151)∣∣CVsbA5∣∣2 = 9.6× 10−18(GeV)−8, ΛVsbA5 = 130GeV, (IX.152)∣∣CVsbA6∣∣2 = 2.9× 10−17(GeV)−6, ΛVsbA6 = 570GeV. (IX.153)

With these values for the WCs, we show

dΓ(B → K + /E)SM+NP/dsB, (IX.154)

dΓ(B → K∗ + /E)SM+NP/dsB, (IX.155)

dΓ(B → Xs + /E)SM+NP/dsb, (IX.156)

in Fig. (IX.4). Here sb = s/m2
b , and we employ the 1S quark-mass value m1S

b = 4.75
GeV [529]. The blue and red curves overlap, and equal the SM contribution in B → K∗+ /E.

Fig. IX.4 demonstrates the complementarity of different decay channels in identifying the
source of NP. Specifically, it shows that the differences between the (SM)LEFT operators
and the OVsbA2,3,4,5,6 operators can be most pronounced for certain values of sB(b) in one
decay channel and for different values of sB(b) in another decay channel. This is evident
when comparing, for example, the green and purple curves in the three plots.

Example 3: Vector DM (B)

For the final example, the full operator basis is listed in Eqs. (VIII.45)-(VIII.50). The
following four operators contribute to B → Kνν̂,

OSsbB1, OSsbB2, OTsbB1, OTsbB2. (IX.157)
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Figure IX.5: Vector DM (B). Differential decay width of B → K + /E (left), and
B → Xs + /E (right) for the SM (gray), scalar-current (SM)LEFT operators (green), and
(D)LEFT operators of type B (blue) [1].

The central values for their corresponding WCs and associated effective mass scale are
listed below,∣∣CSsbB1,2

∣∣2 = 4.6× 10−18(GeV)−6, ΛSsbB1,2 = 780GeV, (IX.158)∣∣CTsbB1,2

∣∣2 = 1.5× 10−16(GeV)−6, ΛTsbB1,2 = 430GeV. (IX.159)

We found that OTsbB1,2 are excluded by experimental constraints on B → K∗νν̄. Using the

obtained WCs, we present dΓ(B → K + /E)SM+NP/dsB and dΓ(B → Xs + /E)SM+NP/dsb
in the left and right panels of Fig. IX.5, respectively. In this scenario, the low sB(b) region
is particularly sensitive to distinguishing between the scalar-current (SM)LEFT operators
and the (D)LEFT operators OSsbB1,2.

IX.3 B-meson analysis: Correlations and sum rules

In the previous sections, we have developed theoretical strategies to disentangle NP con-
tributions by studying s-distributions in b → sνν̂ transitions. The following discussion
aims to highlight alternative strategies that are less involved from the experimental side.
First, we will examine correlations between different observables, similar to the analysis
performed for Kaons in Section IX.1.2. As a second step, we will investigate the utility
of sum rules. Although the majority of this section focuses on NP with neutrinos in the
final state, we also provide several comments on (D)LEFT.

IX.3.1 Correlations between branching ratios

In the following, we examine correlations in the B(B → Kνν̂) − B(B → K∗νν̂) and
B(B → K∗

T νν̂)−B(B → K∗
Lνν̂) planes, as shown in the upper and lower parts of Fig. IX.6,

respectively.10 Our analysis considers various benchmark scenarios, where only one type
of current is present, i.e. only tensor (blue), scalar (green), or vector (red) (SM)LEFT
currents.

Tensor currents: Any NP scenario where only tensor currents are present is restricted
to the blue lines in Fig. (IX.6). The upper plot reveals that the blue line is incompatible
with the light-gray region allowed by Belle II [476] without violating the experimental
constraint on B → K∗νν̂. This finding is consistent with the results reported in Ref. [483].

Scalar currents: The green lines represent different scenarios where only scalar cur-
rents are present. The solid line (Scalar LoR) corresponds to the case where only left-

10For a recent analysis of similar ideas, see Ref. [530].
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Figure IX.6: B(B+ → K+νν̂)− B(B → K∗νν̂)-plane (top) and B(B → K∗
Lνν̂)− B(B →

K∗
T νν̂)-plane (bottom) for different NP scenarios. SM predictions are shown by black

points. The light gray region in the upper plot shows the present experimentally allowed
range from Belle II [476]. Dark gray regions are excluded by the experimental bound on
B → K∗ν̂ν in (VIII.12). Green curves show NP scenarios with scalar currents, blue curves
NP scenarios with tensor currents, and red curves NP scenarios with vector currents (see
text for details) [1].

handed or only right-handed currents are generated. The dashed line (Scalar LRs) repre-
sents the symmetric scenario where CSLL

νd,αβq1q2
= CSLR

νd,αβq1q2
, while the dotted line (Scalar

LRa) corresponds to the antisymmetric scenario where CSLL
νd,αβq1q2

= −CSLR
νd,αβq1q2

. All NP
scenarios with only scalar currents are bounded by the dashed and dotted lines in the
upper plot and lie on the green line in the lower plot. This is a direct consequence of the
fact that scalar currents cannot reduce the theoretical prediction of any B-decay below its
SM prediction.

Vector currents: Finally, the red curves illustrate various scenarios where only vector
currents are present. Here, we assume LFU, LFC, and that only three SM neutrinos
contribute.11

The solid curve (Vector LRs) corresponds to the symmetric scenario CVLL
νd,αβq1q2

−(
CVLL
νd,αβq1q2

)
SM

= CVLR
νd,αβq1q2

, while the dashed curve (Vector L) represents the case with

only left-handed currents, and the dotted curve (Vector R) represents the case with only

11In the presence of vector currents, interference between SM WCs and NP WCs is possible. The absence
of LFV implies maximal interference (as there is no LFV in the SM), and LFU fixes the WCs associated
with each generation to be equal (by definition). Relaxing either assumption can generate curves differing
from those in Fig. IX.6.
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right-handed currents. These curves cover a larger region of the two planes in Fig. IX.6 due
to possible interference between NP WCs and SM WCs, allowing for observable values be-
low their SM predictions. If future measurements indicate NP outside the region bounded
by the green dashed and dot-dashed curves in the upper plot, and the region bounded by
the blue and green lines in the lower plot, it implies the presence of vector currents gener-
ated by NP. Notably, only vector currents in (SM)LEFT can access these regions, whereas
dark operators with vector currents cannot, as their WCs do not interfere with SM WCs.
As discussed in Section IX.2.2, distinguishing vector currents in (SM)LEFT from certain
operators in (D)LEFT based on kinematic distributions is not feasible. However, if future
measurements reveal observable values lower than SM predictions, it would confirm the
presence of vector currents in (SM)LEFT.

IX.3.2 Sum-rule analysis

In the following, we consider a second type of analysis that is readily accessible to experi-
mentalists, namely sum rules. In the seminal paper, Ref. [531], it was shown that under the
assumption of LFU, LFC, new vector currents only, and no NP lighter than the B-meson,
one can describe the four observables RνK , RνK∗ , Rνincl, and RνFL

(to be defined below) in
terms of two real parameters, ϵ and η. These results were derived under the assumptions
LFU and no LFV. Here, we refine these results and generalize them to scenarios with LFV
and violation of LFU, and comment on light dark physics contributions.

If we assume that only the vector-current (SM)LEFT operators (VIII.15) and (VIII.16)
contribute to rare B-decays, then the quantitiesRνK ,RνK∗ ,Rνincl, andRνFL

can be expressed

in terms of real parameters ϵαβ > 0 and ηαβ ∈ [−1/2, 1/2] as follows [531],12

RνK ≡
B(B → Kνν̄)

BSM(B → Kνν̄)
=
∑
αβ

1

3
(1− 2ηαβ)ϵ

2
αβ , (IX.160)

RνK∗ ≡ B(B → K∗νν̄)
BSM(B → K∗νν̄)

=
∑
αβ

1

3
(1 + κηηαβ)ϵ

2
αβ , (IX.161)

Rνincl ≡
B(B → Xsνν̄)

B(B → Xsνν̄)SM
=
∑
αβ

1

3
(1 + κXηαβ)ϵ

2
αβ , (IX.162)

RνFL
≡ FL

F SM
L

=
1

RνK∗

∑
αβ

1

3
(1 + 2ηαβ)ϵ

2
αβ , (IX.163)

with

ϵαβ =

√
|CVLL,SM
νd,αβbs δαβ + CVLL

νd,αβbs|2 + |CVLR
νd,αβbs|2

|CVLL,SM
νd,αβbs |

, (IX.164)

ηαβ = −
Re
[(
CVLL,SM
νd,αβbs δαβ + CVLL

νd,αβbs

)
CVLR∗
νd,αβbs

]
|CVLL,SM
νd,αβbs δαβ + CVLL

νd,αβbs|2 + |CVLR
νd,αβbs|2

. (IX.165)

In the SM, one has ϵαβ = δαβ. Note from Eq. (IX.165) that ηαβ ̸= 0 signals the presence
of right-handed currents. The parameter κη in Eq. (IX.161) depends on the form factors
relevant for B → K∗, and its explicit form can be found in Appendix A in Ref. [531].

12It is straightforward to verify/ reproduce these results using explicit expressions for branching ratios
presented in Section IX.2.
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Currently, κη = 1.33± 0.05. The parameter κX , entering Eq. (IX.162) was introduced for
the first time in Ref. [1], and is given by

κX =
12mbms

∫ smax

0 ds λ1/2(s,m2
b ,m

2
s) · s∫ smax

0 ds λ1/2(s,m2
b ,m

2
s)
[
λ(s,m2

b ,m
2
s) + 3s(m2

b +m2
s − s)

] ≈ 0.08. (IX.166)

From the relations presented in Eqs. (IX.160)-(IX.163), it is possible to deduce two model-
independent relations, as first pointed out in [531] for the case of LFU and LFC. The first
relation is

⟨FL⟩ = ⟨F SM
L ⟩

[(
(κη − 2)RK + 4RK∗

(κη + 2)RK∗

)
+X1

]
, (IX.167)

where X1 parametrizes NP that is not described by vector-current (SM)LEFT operators.
The second relation is

B(B → Xsνν̄) = B(B → Xsνν̄)SM

[(
κηRK + 2RK∗ + κX(RK∗ −RK)

κη + 2

)
+X2

]
,

(IX.168)
where X2 parametrizes NP that is not encoded in vector-current (SM)LEFT operators.
We note that this relation is a refinement of the result presented in [531], where the
term involving κX was neglected. Some important comments regarding Eqs. (IX.167) and
(IX.168) are provided below [1].

• Experimental results indicating X1 = X2 = 0 do not uniquely imply that the
vector-current (SM)LEFT operators in Eqs. (VIII.15)–(VIII.16) are the source of
NP. Eqs. (IX.167) and (IX.168) with X1 = X2 = 0 are also satisfied if the NP is

scalar Dark Matter (DM) with
∣∣∣CAsbϕ∣∣∣2 =

∣∣∣CVsbϕ∣∣∣2 ̸= 0, with all other NP WCs set

to zero. Similarly, this holds if the NP is fermionic DM with
∣∣∣CAsbχ1∣∣∣2 + ∣∣∣CAsbχ2∣∣∣2 =∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2, with all other NP WCs set to zero. For completeness, we pro-

vide derivations of these two statements below. This result is consistent with the
analysis in Section IX.2.2, where we demonstrated that vector-current interactions
in (SM)LEFT cannot always be disentangled from dark fermions or dark scalars by
solely studying B → K + /E, B → K∗ + /E, and inclusive decays.

• The relations Eqs. (IX.167) and (IX.168) with X1 = X2 = 0 hold even in the
presence of lepton flavor non-universality and LFV, provided the NP is attributed
to either the vector-current (SM)LEFT operators in Eqs. (VIII.15)–(VIII.16) or
the aforementioned scenarios involving dark particles. Consequently, measuring
a nonzero value for X1 or X2 would unambiguously indicate the presence of
either particles other than neutrinos in the invisible final state or (SM)LEFT
scalar/tensor currents. In other words, a nonzero measurement of X1 or X2 could
be interpreted as a potential sign of LNV, although a conclusive statement would
require additional evidence. This evidence could be strengthened through dedicated
studies of s-distributions in b → sνν̄ transitions, which have the potential to rule
out dark scalars and dark fermions as the invisible final states, as demonstrated in
Section IX.2.2.

Below, we derive some of the claims above. The sum-rule analysis is continued below
Eq. (IX.178).

Derivation of sum-rule claim for scalar DM: In the following, we show that the two
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sum rules (IX.167) and (IX.168) are satisfied by scalar DM with∣∣CAsbϕ∣∣2 = ∣∣CVsbϕ∣∣2 (IX.169)

assuming that all other NP WCs are zero.

From Eqs (IX.2), (IX.8), and (A.1), it follows that

RνK ≡
B(B → K + /E)

BSM(B → Kνν̄)
= 1 +

2

3


∣∣∣CVsbϕ∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 . (IX.170)

It follows from Eqs. (IX.85), (IX.88), (IX.89), (B.9), and the assumption in (IX.169), that

RνK∗ ≡ B(B → K∗ + /E)

BSM(B → K∗νν̄)
= 1 +

2

3


∣∣∣CVsbϕ∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 = RνK . (IX.171)

It follows from Eqs. (IX.103), (IX.106), (IX.111), (B.13) and the assumption in (IX.169),
that

Rνincl ≡
B(B → Xs + /E)

B(B → Xsνν̄)SM
= 1 +

2

3


∣∣∣CVsbϕ∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 = RνK . (IX.172)

The terms proportional to A12 in Eq. (B.9) contribute to the longitudinal polarization
fraction. This fact, along with Eqs. (IX.66), (IX.71), and the assumption in (IX.169) gives

RνFL
≡ FL

F SM
L

=
1

RνK∗

PL

P SM
L

=
1

RνK∗

1 +
2

3


∣∣∣CVsbϕ∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2

 = 1. (IX.173)

With these results at hand, it is now trivial to verify that Eqs. (IX.167) and (IX.168) are
satisfied by (IX.170)-(IX.173), which proves the claim.

Derivation of sum-rule claim for fermion DM: In the following, we show that the
two sum rules (IX.167) and (IX.168) are satisfied by fermionic DM with∣∣CAsbχ1∣∣2 + ∣∣CAsbχ2∣∣2 = ∣∣CVsbχ1∣∣2 + ∣∣CVsbχ2∣∣2 , (IX.174)

assuming that all other NP WCs are zero.

From Eqs (IX.2), (IX.8), and (A.2), it follows that

RνK ≡
B(B → K + /E)

BSM(B → Kνν̄)
= 1 +

8

3


∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 . (IX.175)

It follows from Eqs. (IX.85), (IX.88), (IX.89), (B.10), and the assumption in (IX.174),
that

RνK∗ ≡ B(B → K∗ + /E)

BSM(B → K∗νν̄)
= 1 +

8

3


∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 = RνK . (IX.176)
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It follows from Eqs. (IX.103), (IX.106), (IX.111), (B.14) and the assumption in (IX.174),
that

Rνincl ≡
B(B → Xs + /E)

B(B → Xsνν̄)SM
= 1 +

8

3


∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2
 = RνK . (IX.177)

The terms proportional to A12 in Eq. (B.10) along with Eqs. (IX.66), (IX.71), and the
assumption in (IX.174) gives

RνFL
≡ FL

F SM
L

=
1

RνK∗

PL

P SM
L

=
1

RνK∗

1 +
8

3


∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2∣∣∣CVLL(SM)

νd,αβbs δαβ

∣∣∣2

 = 1. (IX.178)

It is trivial to verify that Eqs. (IX.167) and (IX.168) are satisfied by (IX.175)-(IX.178),
which proves the claim.

Limit of LFU and LFC

Finally, we will comment on the simplifying limit of LFU and LFC, where ϵαβ = ϵ, ηαβ = η
and

ϵ =

√
|CVLL,SM
νd,bs + CVLL

νd,bs|2 + |CVLR
νd,bs|2

|CVLL,SM
νd,bs |

, η =
−Re

[(
CVLL,SM
νd,bs + CVLL

νd,bs

)
CVLR∗
νd,bs

]
|CVLL,SM
νd,bs + CVLL

νd,bs|2 + |CVLR
νd,bs|2

.

(IX.179)
Under these assumptions, the relations above simplify to the results obtained in Ref. [531]:

RνK = (1− 2 η)ϵ2 , RνK∗ = (1 + κηη)ϵ
2 , RνFL

≡ FL

F SM
L

=
1 + 2η

1 + κηη
, (IX.180)

Rνincl =
B(B → Xsνν̄)

B(B → Xsνν̄)SM
= (1 + κXη)ϵ

2 , (IX.181)

which leads to very simple correlations between RνK , RνK∗ , and Rνincl,

RνK =
1− 2η

1 + κηη
RνK∗ =

1− 2η

1 + κXη
Rνincl. (IX.182)

Notably, the presence of right-handed currents, i.e., η ̸= 0, introduces non-trivial cor-
relations between RνK , RνK∗ , and Rνincl through Eq. (IX.182). This is in contrast with

the dark NP scenarios mentioned above, where either
∣∣∣CAsbϕ∣∣∣2 =

∣∣∣CVsbϕ∣∣∣2 (scalar DM) or∣∣∣CAsbχ1∣∣∣2 + ∣∣∣CAsbχ2∣∣∣2 = ∣∣∣CVsbχ1∣∣∣2 + ∣∣∣CVsbχ2∣∣∣2 (fermionic DM), resulting in a trivial correlation,

RνK = RνK∗ = Rνincl. (IX.183)

Thus, while NP scenarios involving only (SM)LEFT vector currents are indistinguish-
able from the aforementioned (D)LEFT NP scenarios at the level of the sum rules in
Eqs. (IX.167) and (IX.168), these (SM)LEFT and (D)LEFT NP scenarios can be dis-
criminated in certain cases by examining the correlations among RνK , RνK∗ , and Rνincl, as
summarized below:
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• A (SM)LEFT NP scenario where only left-handed vector currents are present cannot
be distinguished from the aforementioned dark scalar and dark fermion NP scenarios
by measuring correlations among RνK , RνK∗ , and Rνincl.

• All other (SM)LEFT NP scenarios involving only vector currents can be distin-
guished from the aforementioned dark scalar and dark fermion NP scenarios by
measuring correlations among RνK , RνK∗ , and Rνincl.

The argument straightforwardly extends to the general case described by Eqs. (IX.160)–
(IX.163), where no assumptions regarding LFV and LFU are made; however, the correla-
tions between RνK , RνK∗ , and Rνincl are generally more involved.

This section concludes our discussion on strategies for disentangling NP contributions in
rare meson decays. In the following section, we expand upon the discussion presented in
Chapter VIII regarding LNV in (SM)LEFT and the potential consequences of observing
LNV in rare meson decays.

IX.4 Implications of observing LNV in B decays

Next, we consider LNV in rare meson decays. LNV (SM)LEFT operators relevant to
rare meson decays were discussed in Chapter VIII, c.f. the summary Table VIII.1. A
key observation is that scalar and tensor current operators in (SM)LEFT are generally
expected to violate lepton number, whereas vector current operators are expected to con-
serve lepton number. This distinction has significant implications for interpreting future
measurements. Specifically, a non-zero contribution from (SM)LEFT operators with scalar
or tensor currents would be a strong indication of LNV NP, while a non-zero contribution
from vector current operators would point to LNC NP.

However, this general expectation is not met when the operator involves one active
neutrino and one sterile neutrino. In such cases, the vector current operators OVLL

νd and
OVLR
νd are LNV, while the scalar and tensor current operators OSLL

νd , OSLR
νd , and OTLL

νd are
LNC. From an experimental standpoint, making definitive statements about the lepton
number of operators contributing to rare meson decays is typically challenging due to the
difficulty in identifying the invisible final states. Nevertheless, certain inferences regarding
LNV/LNC can be drawn based on mass considerations, as discussed below.

The contribution of a single operator O to the kinematic distribution dΓ/ds vanishes
for s < smin ≡ (m1 + m2)

2, where m1 and m2 denote the masses of the two particles
in the invisible final state. For the case of two active neutrinos in the final state, the
expected range for smin is 0 ≲ smin ≲ (0.2 eV)2.13 This observation leads to the following
two statements:

• If future measurements of NP contributions to kinematic distributions indicate a
value of smin that exceeds the upper limit compatible with active neutrino masses, it
suggests that NP contributions from active neutrinos alone are unlikely.14 A poten-
tial realization of this scenario is when the lower momentum bins remain consistent
with SM predictions, while an experimental excess is observed in bins corresponding
to higher s values.

13The lower bound is implied by neutrino oscillations [506], which indicate that at least two active
neutrinos have non-zero mass, while one neutrino could still be massless. The upper bound is derived from
upper limits on absolute neutrino masses obtained from cosmological observations [17] and Tritium decay
experiments [532,533].

14This assertion relies on the assumption that the contribution from active neutrinos to the bin containing
smin is not significantly suppressed relative to contributions to bins at larger s values.
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• If future measurements disfavor NP contributions with smin above a certain threshold
smax
min , they would also disfavor contributions involving one active neutrino and one
sterile neutrino with a mass mN >

√
smax
min . Similarly, contributions involving two

sterile neutrinos with a mass mN > 1
2

√
smax
min would also be disfavored.

Analogous considerations apply to processes described by (D)LEFT. Specifically, an ex-
perimental excess characterized by sexpmin consistent with the smallness of active neutrino
masses, and a distribution compatible with scalar, tensor, or vector currents in (SM)LEFT,
could potentially be attributed to various scenarios, including very light or massless
dark scalars, dark fermions, or different combinations of active and sterile neutrinos, see
Eqs. (IX.121)–(IX.135). This highlights the need for complementary probes beyond kine-
matic distributions to determine the exact nature of the final states. However, exploring
such probes lies beyond the scope of this work. In the following, we will instead discuss
implications that an observation consistent with an LNV hypothesis could have on our
understanding of leptogenesis and flavor structure in the UV.

IX.4.1 Implications for LNV physics and UV completions

To make our discussion concrete, we will focus on the compatibility of neutrinoless double
beta decay (0νββ) and radiative neutrino mass corrections with the observation of LNV
in rare meson decays. This will enable us to speculate about the flavor structures in the
UV completion. Building upon the discussion in Section VIII.4, we will also examine the
viability of leptogenesis scenarios if LNV is observed in rare meson decays. Our arguments
rely on the assumption of a natural UV completion, where the NP contribution to the
WCs is determined by the mass scale at which NP emerges. However, a caveat to our
discussion arises if different contributions are canceled in the UV completion, which could
potentially relax the NP-scale estimates presented below. The following discussion follows
that in Ref. [1] very closely.

To estimate the scale of NP, we first need to match LEFT to SMEFT (for NP above
the electroweak scale). The results of relevance to us, derived under the assumption that
only active neutrinos contribute to NP, can be found in Ref. [486],

CSLL
νd,αβpr = −

v

4
√
2

(
Cpαrβ
dLQLH1

+ Cpβrα
dLQLH1

)
, CSLR

νd,αβpr = 0, (IX.184)

CTLL
νd,αβpr =

v

16
√
2

(
Cpαrβ
dLQLH1

− Cpβrα
dLQLH1

)
, (IX.185)

where the dimension-7 SMEFT operator OdLQLH1 is given by,

OdLQLH1 = ϵijϵmn
(
dLi
) (
QCjLm

)
Hn. (IX.186)

This SMEFT operator also contributes to 0νββ decay, as shown by the Feynman diagram
to the left in Fig. IX.7. The current best constraints from non-observation of 0νββ decay
reads [454],

CdLQLH1 ≲ 7.06 · 10−8(TeV)−3, ΛNP ≈ 242TeV. (IX.187)

It is instructive to compare this bound with the constraints on NP derived from rare meson
decays. By utilizing the effective WC obtained in Eq. (IX.141) and the matching relation
in Eq. (IX.184), we derive the following bound from rare B-meson decays at Belle II,

CdLQLH1 ≲ 0.039 (TeV)−3, ΛNP ≈ 3.0TeV. (IX.188)
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Figure IX.7: Contribution to 0νββ decay (left) and radiative neutrino-mass diagram
(right) from OdLQLH1 [1].

The numerical values in Eq. (IX.188) correspond to a scenario where the underlying cou-
plings are flavor-conserving and flavor universal. This NP bound on CdLQLH1 is orders
of magnitude lower than the corresponding constraint from 0νββ in Eq. (IX.187). The
crucial observation is that in 0νββ decay, only a single flavor combination is tested and
the bound (IX.187) only applies to OdLQLH1 with quarks in the first generation and the
leptons realized as electron and an electron neutrino. In light of this, we conclude that
observing LNV in rare-meson decays would provide evidence for the UV physics being
flavor non-democratic.

Next, we consider how LNV in rare meson decays could relate to (the origin of) neutrino
masses. Higher-dimensional LNV operators induce radiative corrections to Majorana neu-
trino masses [74,534], as shown for OdLQLH1 to the right in Fig. IX.7. The radiative-mass
contribution from OdLQLH1 can be estimated as

δmν ≈
ydv

2

16π2ΛNP
. (IX.189)

Assuming the radiative contribution to the neutrino mass in Eq. (IX.189) does not exceed
∼ 0.1 eV, we obtain a lower bound on the NP scale, ΛNP ≳ 5×104 TeV (109 GeV), for the
first (second) generation down-type quark Yukawa coupling, yd = md/v. Hence, the NP
scale associated with observation of LNV in rare meson decays remains orders of magnitude
lower than the lower bound on the NP scale set by neutrino-mass considerations. However,
note that the contribution in Eq. (IX.189) arises from the flavor-diagonal component of
OdLQLH1, whereas the contributions to rare meson decays stem from the off-diagonal
elements. This observation constitutes a second argument for why we would expect non-
trivial flavor structures in the UV, if we observe LNV in rare meson decays.15

Finally, recall from our discussion in Section VIII.4 that an observation of LNV in
rare-meson decays could put (high-scale) leptogenesis models under tension. There, we
considered washout effects of a general LNV operator with associated scale Λ. Under cer-
tain assumptions, we obtained a lower bound on the asymmetry-generation temperature,
TLG, for which an asymmetry of order one would be washed out by the LNV operator to
give a BAU below the observed value, c.f. Eq. (VIII.53) and the surrounding discussion.
Following the approach outlined in Ref. [535], we compute the coefficient cD that enters

15See Ref. [503] for an example of a UV setup with leptoquarks yielding sufficiently suppressed neutrino-
mass contributions in the context of LNV in rare meson decays.
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Eq. (VIII.53) for the dimension-seven SMEFT operator OdLQLH1, which is relevant to our
analysis, and obtain

cD =
11
√
195

7π7
. (IX.190)

With this value of cD and the cutoff scale in Eq. (IX.188), we find

TLG ≳ v. (IX.191)

Hence, observing rare meson decays induced by OdLQLH1 would imply a new ∆L = 2
washout contribution that is highly efficient down to the electroweak phase transition.

IX.5 Summary

In this chapter, we considered the rare meson decays,K → π+ /E, B → K+ /E, B → K∗+ /E,
and B → X + /E, which impose significant constraints on NP beyond the SM. Still, a
considerable gap remains between SM predictions and current experimental data, leaving
room for potential NP. In anticipation of forthcoming analysis that may reveal further
discrepancies with SM expectations [473,476], we have proposed a quantitative approach to
distinguish the origin of NP by analyzing kinematic distributions, focusing on disentangling
processes within (SM)LEFT [536] and (D)LEFT [484] in the limit of massless neutrinos
and dark-sector particles. In the following we summarize some highlights.

In the context of NP fully described by (SM)LEFT, we showed that it is possible to:

• Separate contributions from (SM)LEFT operators with scalar, vector, and tensor
currents in rare meson decays.

• Disentangle left-handed vector currents from right-handed vector currents.

• Determine if scalar currents have a definite handedness, or if both left-handed and
right-handed scalar currents are present.

In the context of NP described fully by (SM)LEFT and (D)LEFT, we demonstrated
that it is in principle possible to:

• Disentangle scalar-current (SM)LEFT operators from all (D)LEFT operators with
dark scalars and all (D)LEFT operators with dark vectors.

• Disentangle operators with vector currents in (SM)LEFT from all (D)LEFT op-
erators with spin-1 fields, and all (D)LEFT operators with dark scalars involving
(pseudo)scalar currents.

• Disentangle tensor-current (SM)LEFT operators from all (D)LEFT operators with
dark scalars and all (D)LEFT operators with dark vectors.

• Not possible to distinguish operators with similar Dirac structure, as summarized in
Eqs. (IX.119)-(IX.125) for B → K + /E and (IX.127)-(IX.135) for B → K∗ + /E.

The main topic of this chapter, disentangling NP in rare meson decays using kinematic
distributions. We acknowledge that this may be experimentally challenging to execute in
the near future. For this reason, we also outlined more experimentally-accessible strategies:

• A novel correlations in the B(K+ → π+νν̄)− B(KL → π0νν̄)-plane for pure scalar-
current contributions, under the simplifying assumption of lepton-flavor conservation
and universality, see Section IX.1.2.

• We demonstrated that the complex phase in the scalar-current WC can be probed
in a combined analysis of dΓ(K+ → π+νν̄)/ds and dΓ(KL → π0νν̄)/ds, see Sec-
tion IX.1.3.
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• We showed new correlations in the B(B+ → K+νν̄) − B(B → K∗νν̄)-plane and
the B(B → K∗

Lνν̄) − B(B → K∗
T νν̄)-plane for different (SM)LEFT NP scenarios

where only scalar currents, tensor currents, or vector currents are generated, see
Section IX.3.1.

• We revisited, refined, and extended two previously known model-independent sum
rules that are valid in the presence of LFU violation and LFV [531]. The first result
relates ⟨FL⟩ to RK and RK∗ , and the second relates B(B → Xsνν̄) to RK and
RK∗ . We found that these relations only hold for (SM)LEFT operators with vector
currents, as was previously known, and for two additional scenarios involving dark
scalars and dark fermions. By considering correlations between RK , RK∗ , and Rνincl,
we showed that these dark-sector scenarios are distinguishable from (SM)LEFT sce-
narios where right-handed vector currents are generated, see Section IX.3.2.

• The violation of either of the model-independent sum rules mentioned above would
unambiguously signal either the presence of new particles in the invisible final state
or scalar/tensor currents in the neutrino sector.

Finally, we discussed prospects of observing LNV in rare meson decays, and compared
bounds with those from (non-observation of) 0νββ decay and radiative neutrino-mass gen-
eration. We found that an experimental excess consistent with (SM)LEFT scalar-currents,
would either point to highly flavor non-democratic LNV UV physics or LNC physics in-
volving sterile neutrinos or dark-sector fermions. We also showed how an observation of
LNV in rare meson decays would point to a new washout contribution in leptogenesis that
is highly efficient down to the electroweak phase transition, and has the potential to put
(high-scale) leptogenesis models under severe tension.

A Differential decay widths for Kaons

This Appendix provides explicit expressions for differential decay widths that were not
given explicitly in the main sections. All results are given in the limit of vanishing
masses for the invisible final-state particles. The calculations were performed using Feyn-
Calc [505].

A.1 K+ → π++inv

Scalar DM final state

The result for a complex scalar is,

dΓ

ds
=
B2

+λ
1/2(m2

K+ ,m
2
π+ , s)

256π3m3
K+

∣∣∣fK+

0 (s)
∣∣∣2 ∣∣CSdsϕ∣∣2

+
λ3/2(m2

K+ ,m
2
π+ , s)

768π3m3
K+

∣∣∣fK+

+ (s)
∣∣∣2 ∣∣CVdsϕ∣∣2 , (A.1)

while for real scalars the term in the second line vanishes, and the term in the first line is a
factor 2 larger. The form factors are found in Section VIII.5 and B+ is given in Eq. IX.9.
This result is in agreement with (15) in [484].

Fermion DM final state

dΓ

ds
=
B2

+ s λ
1/2(m2

K+ ,m
2
π+ , s)

128π3m3
K+

∣∣∣fK+

0 (s)
∣∣∣2 (∣∣CSdsχ1∣∣2 + ∣∣CSdsχ2∣∣2)
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+
λ3/2(m2

K+ ,m
2
π+ , s)

192π3m3
K+

∣∣∣fK+

+ (s)
∣∣∣2 (∣∣CVdsχ1∣∣2 + ∣∣CVdsχ2∣∣2)

+
s λ3/2(m2

K+ ,m
2
π+ , s)

96π3m3
K+(mK+ +mπ+)2

∣∣∣fK+

T (s)
∣∣∣2 (∣∣CTdsχ1∣∣2 + ∣∣CTdsχ2∣∣2) . (A.2)

This result is consistent with the result presented in Appendix A in [528].

Vector DM final state (case A)

The result in the massless limit, m→ 0, reads,

dΓ

ds
=
B2

+ s
2 λ1/2(m2

K+ ,m
2
π+ , s)

1024π3m3
K+

∣∣∣fK+

0 (s)
∣∣∣2 ∣∣∣C̃SdsA∣∣∣2

+
s2(m2

K+ −m2
π+)

2 λ1/2(m2
K+ ,m

2
π+ , s)

1024π3m3
K+

∣∣∣fK+

0 (s)
∣∣∣2 ∣∣∣C̃VdsA2∣∣∣2

+
s λ3/2(m2

K+ ,m
2
π+ , s)

768π3m3
K+

∣∣∣fK+

+ (s)
∣∣∣2(∣∣∣C̃VdsA3∣∣∣2 + ∣∣∣C̃VdsA6∣∣∣2)

+
s2 λ3/2(m2

K+ ,m
2
π+ , s)

3072π3m3
K+

∣∣∣fK+

+ (s)
∣∣∣2(∣∣∣C̃VdsA4∣∣∣2 + ∣∣∣C̃VdsA5∣∣∣2)

+
s2 λ3/2(m2

K+ ,m
2
π+ , s)

3072π3m3
K+(mK+ +mπ+)2

∣∣∣fK+

T (s)
∣∣∣2 ∣∣∣C̃TdsA1∣∣∣2

+O(m2)
∣∣∣C̃TdsA2∣∣∣2

+
(m2

K+ −m2
π+)

2s2 λ1/2(m2
K+ ,m

2
π+ , s)

512π3m3
K+(ms −md)

∣∣∣fK+

0 (s)
∣∣∣2 Im(C̃S∗dsAC̃VdsA2)

+
s2λ3/2(m2

K+ ,m
2
π+ , s)

1536π3m3
K+(mK+ +mπ+)

fK
+

+ fK
+

T Re
[
C̃TdsA1

(
C̃VdsA5 − C̃VdsA4

)∗]
− s2λ3/2(m2

K+ ,m
2
π+ , s)

1536π3m3
K+

∣∣∣fK+

+ (s)
∣∣∣2Re(C̃VdsA4C̃V ∗

dsA5

)
+O(m)Re

(
C̃TdsA2C̃

V ∗
dsA6

)
, (A.3)

where the WCs with a tilde are formally defined as

CS,PdsA ≡ m2C̃S,PdsA, CV,AdsA2,4,5 ≡ m2C̃V,AdsA2,4,5, CV,AdsA3,6 ≡ mC̃
V,A
dsA3,6,

CTdsA1,2 ≡ m2C̃TdsA1, (A.4)

to retain non-diverging results for the decay widths Γ(B → K + /E) and Γ(B → K∗ + /E)
in the limit m → 0 [484]. These results agree with (21) and (23) in [484], up to the
interference terms, which were presented in Ref. [1] for the first time.

Vector DM final state (case B)

dΓ

ds
=
B2

+ s
2 λ1/2(m2

K+ ,m
2
π+ , s)

128π3m3
K+

∣∣∣fK+

0 (s)
∣∣∣2 (∣∣CSdsB1

∣∣2 + ∣∣CSdsB2

∣∣2)
+

s2 λ3/2(m2
K+ ,m

2
π+ , s)

1536π3m3
K+(mK+ +mπ+)2

∣∣∣fK+

T (s)
∣∣∣2 (∣∣CTdsB1

∣∣2 + ∣∣CTdsB2

∣∣2) . (A.5)

This result is in agreement with (25) in [484].
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A.2 KL → π0+inv

Scalar DM final state

The result can be obtained from (A.1) by making the following replacements [484]: K+ →
K0, CSdsϕ → Re

(
CSdsϕ

)
, and CVdsϕ → Im

(
CVdsϕ

)
.

Fermion DM final state

The result can be obtained by replacing K+ → K0 and∣∣CSdsχ1,2∣∣2 → ∣∣Re (CSdsχ1,2)∣∣ , ∣∣CVdsχ1,2∣∣2 → ∣∣Im (CVdsχ1,2)∣∣2∣∣CTdsχ1∣∣2 → ∣∣Re (CTdsχ1)∣∣ , ∣∣CVdsχ2∣∣2 → ∣∣Im (CVdsχ2)∣∣2 (A.6)

in (A.2).

Vector DM final state (case A)

The result is in this case obtained by replacing K+ → K0 and∣∣∣C̃SdsA∣∣∣2 → ∣∣∣Re(C̃SdsA)∣∣∣2 , ∣∣∣C̃VdsA2−6

∣∣∣2 → ∣∣∣Im(C̃VdsA2−6

)∣∣∣2 ,∣∣∣C̃TdsA1∣∣∣2 → ∣∣∣Re(C̃TdsA1)∣∣∣2 , ∣∣∣C̃TdsA2∣∣∣2 → ∣∣∣Im(C̃TdsA2)∣∣∣2 , (A.7)

in (A.3).

Vector DM final state (case B)

The result is obtained by replacing K+ → K0 and∣∣CSdsB1,2

∣∣2 → ∣∣Re (CSdsB1,2

)∣∣2 , ∣∣CTdsB1

∣∣2 → ∣∣Re (CTdsB1

)∣∣2 ,∣∣CTdsB2

∣∣2 → ∣∣Im (CTdsB2

)∣∣2 , (A.8)

in (A.5).

B Differential decay widths for B-mesons

B.1 B → K+inv

All results for B → K+inv can be extracted from Sections IX.1.1 and A.1, by replacing
K → B, π → K, ms → mb, md → ms, and form factors appropriately.

B.2 B → K∗+inv

Scalar DM final state

dΓ

ds
=
λ3/2(m2

B,m
2
K∗ , s)A2

0(s)

256π3m3
B(mb +ms)2

∣∣CPsbϕ∣∣2
+
λ1/2(m2

B,m
2
K∗ , s)

384π3m3
B

[
s (mB +mK∗)2A2

1(s) + 32m2
Bm

2
K∗A2

12(s)
] ∣∣CAsbϕ∣∣2

+
s λ3/2(m2

B,m
2
K∗ , s)V 2

0 (s)

384π3m3
B(mB +mK∗)2

∣∣CVsbϕ∣∣2 . (B.9)

This result was first obtained in [484].
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Fermion DM final state

dΓ

ds
=

s λ3/2(m2
B,m

2
K∗ , s)A2

0(s)

128π3m3
B(mb +ms)2

(∣∣CPsbχ1∣∣2 + ∣∣CPsbχ2∣∣2)
+
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2
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[
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2
Bm

2
K∗
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+
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B,m
2
K∗ , s)V 2

0 (s)

96π3m3
B(mB +mK∗)2

(∣∣CVsbχ1∣∣2 + ∣∣CVsbχ2∣∣2)
+
λ1/2(m2

B,m
2
K∗ , s)

48π3m3
B

[
T 2
1 (s)λ(m

2
B,m

2
K∗ , s) + T 2

2 (s) (m
2
B −m2

K∗)2 + T 2
23

8m2
Bm

2
K∗ s

(mB +mK∗)2

]
×
(∣∣CTsbχ1∣∣2 + ∣∣CTsbχ2∣∣2) . (B.10)

The first two lines were first reported in Ref. [1], while the rest was first obtained in [528].

Vector DM final state (case A)

dΓ

ds
=
s2λ3/2(m2

B,m
2
K∗ , s) |A0(s)|2

1024π3m3
B(mb +ms)2
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+
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B,m
2
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B
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2
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512π3m3
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V
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)
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s2λ3/2(m2
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768π3m3
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B −m2
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]
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× Im
[(
C̃AsbA4 − C̃AsbA5

)∗
C̃TsbA2

]
+O(m)Re

(
C̃V ∗
sbA6C̃

T
sbA2

)
+O(m)Im

(
C̃A∗sbA6C̃

T
sbA1

)
.

(B.11)

The WCs with tilde are defined as in Eq. (A.4). The result for the non-interference terms
agrees with results reported in Ref. [484], while the interference terms were presented in
Ref. [1] for the first time.

Vector DM final state (case B)

dΓ

ds
=

s2 λ3/2(m2
B,m

2
K∗ , s)

128π3m3
B(mb +ms)2

|A0(s)|2
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∣∣2 + ∣∣CTsbB2

∣∣2) . (B.12)

This result is in agreement with the findings in Ref. [484].

B.3 B → Xs+inv

The following results were, to the best of our knowledge, presented in Ref. [1] for the first
time.

Scalar DM final state

dΓ

ds
=
κ(0)λ1/2(m2
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Fermion DM final state
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=
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Vector DM final state (case A)
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. (B.15)

Vector DM final state (case B)
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CHAPTER X

Summary and conclusion

The origin of the matter-antimatter asymmetry of our universe remains one of the most
pressing open problems in high-energy physics, with profound implications for cosmology
and particle physics. Addressing this question is crucial, requiring both the exploration
of theoretical frameworks that can explain the origin of the BAU and the development
of strategies to test models of baryogenesis. This thesis contributes to both endeavors in
the context of leptogenesis, a leading paradigm that connects the BAU to the observed
neutrino masses.

In the first part of the thesis, we considered BSM models where the SM gauge group
is extended by U(1)B−L. In Chapter III, we considered a minimal and predictive model
realization, which provides a framework for leptogenesis, and generates sizable GWs from
a cosmological FOPT. The latter will allow large regions of parameter space in this model
to be tested at future GW observatories. We critically examined various aspects of the
model, with particular attention on dynamics related to the FOPT, thereby extending
and improving on previous studies in several directions. In particular, we mapped out the
region of parameter space compatible with leptogenesis and determined the associated GW
predictions. We also showed that the combination of GW production sourced by bubble
dynamics and the SGWB sourced by cosmic strings leads to a characteristic spectrum
that could be probed at upcoming experiments. In Chapter IV, we continued our study
of gauged B − L extensions of the SM, this time focusing on B − L cosmic strings as
a non-thermal source for leptogenesis. By carefully estimating the RHN-production rate
from cosmic strings, taking the evolution of the string network properly into account,
we showed that previous treatments in the literature were too optimistic. Indeed, we
concluded that if U(1)B−L is spontaneously broken after the end of inflationary reheating,
then the impact of RHNs sourced by cosmic strings is always negligible compared to the
standard TLG contribution. In closing, we pointed out some generic conditions under
which RHN production from cosmic strings may potentially play a significant role in the
generation of the BAU.

In the second part of the thesis, we considered the WILG paradigm. Unlike standard
leptogenesis mechanisms, WILG does not require CP violation in the RHN sector. Instead,
a source of CP violation in the UV is required to create initial conditions suitable for
WILG through a process we refer to as chargegenesis. In Chapter VI, we considered
a new chargegenesis mechanism relying on non-minimal gravitational interactions. The
construction represents a generalization of the gravitational baryogenesis framework [403],
and we demonstrated its compatibility with standard inflationary reheating in high-scale
inflation. In Chapter VII, we redirected our focus to WILG from a bottom-up perspective,
without specifying a chargegenesis mechanism. In that context, we obtained a lower bound
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on the mass of the lightest RHN from the requirements of successful WILG, showing that
MN1 ≳ 7− 8 TeV. Notably, this is many orders of magnitude below the famous Davidson-
Ibarra bound [234] on the mass of the lightest RHN obtained in the context of standard
TLG.

In the final part of the thesis, we considered strategies to disentangle NP contributions
to rare semileptonic Kaon and B-meson decays with invisible leptonic final state. A
driving motivation was to explore these decays as potential laboratories to search for
LNV, as its observation could have major implications for our understanding of neutrino
masses and leptogenesis. Our primary proposal was a systematic strategy to disentangle
NP contributions to rare semileptonic decays through careful measurements of kinematic
distributions of the invariant mass squared of the invisible final state. The investigation
was carried out using effective-field theory methods, and included the possibility that, in
addition to neutrinos, light dark scalars, fermions, or vectors may be hiding in the invisible
final state. Notably, we showed that a NP signal compatible with a LNV hypothesis
can be disentangled from dark scalars and dark vectors through careful measurements of
kinematic distributions. In addition to our main proposal, we also presented strategies
that are more easily accessible to experimentalists, including new correlations of branching
ratios and refinements of previous sum-rule results.

Resolving the longstanding open problems in high-energy phenomenology is an immense
task, that undoubtedly will require great efforts from both theorists and experimentalists.
I hope that the results presented in this thesis can be of use to the community on our epic
path to the next breakthrough discoveries in hep phenomenology.
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[147] S. Höche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, Towards an all-orders
calculation of the electroweak bubble wall velocity, JCAP 03 (2021) 009
[2007.10343].

[148] A. Azatov and M. Vanvlasselaer, Bubble wall velocity: heavy physics effects, JCAP
01 (2021) 058 [2010.02590].

[149] Y. Gouttenoire, R. Jinno and F. Sala, Friction pressure on relativistic bubble walls,
JHEP 05 (2022) 004 [2112.07686].

[150] D. Bodeker and G. D. Moore, Electroweak Bubble Wall Speed Limit, JCAP 05
(2017) 025 [1703.08215].

221

https://doi.org/10.1016/0370-2693(72)90109-8
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1762
https://doi.org/10.1016/0370-2693(81)90281-1
https://doi.org/10.1016/0550-3213(83)90072-X
https://doi.org/10.1016/0550-3213(83)90072-X
https://doi.org/10.1016/j.cpc.2020.107480
https://arxiv.org/abs/2002.00881
https://doi.org/10.1103/PhysRevLett.44.631
https://doi.org/10.1103/PhysRevD.23.876
https://doi.org/10.1016/j.ppnp.2023.104094
https://doi.org/10.1016/j.ppnp.2023.104094
https://arxiv.org/abs/2305.02357
https://doi.org/10.1088/1475-7516/2019/04/003
https://doi.org/10.1088/1475-7516/2019/04/003
https://arxiv.org/abs/1809.08242
https://doi.org/10.1016/0550-3213(83)90307-3
https://doi.org/10.1088/1475-7516/2023/03/006
https://arxiv.org/abs/2212.07559
https://doi.org/10.1103/PhysRevD.46.2384
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1088/1475-7516/2020/03/024
https://arxiv.org/abs/1910.13125
https://doi.org/10.1140/epjc/s10052-023-11241-3
https://arxiv.org/abs/2208.11697
https://doi.org/10.1088/1475-7516/2019/06/024
https://arxiv.org/abs/1903.09642
https://doi.org/10.1088/1475-7516/2009/05/009
https://doi.org/10.1088/1475-7516/2009/05/009
https://arxiv.org/abs/0903.4099
https://doi.org/10.1088/1475-7516/2021/03/009
https://arxiv.org/abs/2007.10343
https://doi.org/10.1088/1475-7516/2021/01/058
https://doi.org/10.1088/1475-7516/2021/01/058
https://arxiv.org/abs/2010.02590
https://doi.org/10.1007/JHEP05(2022)004
https://arxiv.org/abs/2112.07686
https://doi.org/10.1088/1475-7516/2017/05/025
https://doi.org/10.1088/1475-7516/2017/05/025
https://arxiv.org/abs/1703.08215


[151] W.-Y. Ai, M. Carosi, B. Garbrecht, C. Tamarit and M. Vanvlasselaer, Bubble wall
dynamics from nonequilibrium quantum field theory, 2504.13725.

[152] J. Ellis, M. Lewicki and V. Vaskonen, Updated predictions for gravitational waves
produced in a strongly supercooled phase transition, JCAP 11 (2020) 020
[2007.15586].

[153] A. Ekstedt, O. Gould, J. Hirvonen, B. Laurent, L. Niemi, P. Schicho et al., How
fast does the WallGo? A package for computing wall velocities in first-order
phase transitions, 2411.04970.

[154] P. J. Steinhardt, Relativistic Detonation Waves and Bubble Growth in False
Vacuum Decay, Phys. Rev. D 25 (1982) 2074.

[155] C. Caprini and D. G. Figueroa, Cosmological Backgrounds of Gravitational Waves,
Class. Quant. Grav. 35 (2018) 163001 [1801.04268].

[156] M. Lewicki and V. Vaskonen, Gravitational wave spectra from strongly supercooled
phase transitions, Eur. Phys. J. C 80 (2020) 1003 [2007.04967].

[157] M. Hindmarsh, S. J. Huber, K. Rummukainen and D. J. Weir, Numerical
simulations of acoustically generated gravitational waves at a first order phase
transition, Phys. Rev. D 92 (2015) 123009 [1504.03291].

[158] J. R. Espinosa, T. Konstandin, J. M. No and G. Servant, Energy Budget of
Cosmological First-order Phase Transitions, JCAP 06 (2010) 028 [1004.4187].

[159] LISA Cosmology Working Group collaboration, Gravitational waves from
first-order phase transitions in LISA: reconstruction pipeline and physics
interpretation, JCAP 10 (2024) 020 [2403.03723].

[160] G. Barenboim and W.-I. Park, Gravitational waves from first order phase
transitions as a probe of an early matter domination era and its inverse
problem, Phys. Lett. B 759 (2016) 430 [1605.03781].

[161] K. Schmitz, New Sensitivity Curves for Gravitational-Wave Signals from
Cosmological Phase Transitions, JHEP 01 (2021) 097 [2002.04615].

[162] LISA collaboration, Laser Interferometer Space Antenna, 1702.00786.
[163] J. Crowder and N. J. Cornish, Beyond LISA: Exploring future gravitational wave

missions, Phys. Rev. D 72 (2005) 083005 [gr-qc/0506015].
[164] K. Yagi and N. Seto, Detector configuration of DECIGO/BBO and identification of

cosmological neutron-star binaries, Phys. Rev. D 83 (2011) 044011 [1101.3940].
[165] LIGO Scientific collaboration, Advanced LIGO, Class. Quant. Grav. 32 (2015)

074001 [1411.4547].
[166] VIRGO collaboration, Advanced Virgo: a second-generation interferometric

gravitational wave detector, Class. Quant. Grav. 32 (2015) 024001 [1408.3978].
[167] KAGRA, LIGO Scientific, Virgo collaboration, Prospects for observing and

localizing gravitational-wave transients with Advanced LIGO, Advanced Virgo
and KAGRA, Living Rev. Rel. 19 (2016) 1 [1304.0670].

[168] M. Punturo et al., The Einstein Telescope: A third-generation gravitational wave
observatory, Class. Quant. Grav. 27 (2010) 194002.

[169] LIGO Scientific collaboration, Exploring the Sensitivity of Next Generation
Gravitational Wave Detectors, Class. Quant. Grav. 34 (2017) 044001
[1607.08697].

[170] D. Reitze et al., Cosmic Explorer: The U.S. Contribution to Gravitational-Wave
Astronomy beyond LIGO, Bull. Am. Astron. Soc. 51 (2019) 035 [1907.04833].

[171] D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen and G. White, Theoretical
uncertainties for cosmological first-order phase transitions, JHEP 04 (2021)
055 [2009.10080].

222

https://arxiv.org/abs/2504.13725
https://doi.org/10.1088/1475-7516/2020/11/020
https://arxiv.org/abs/2007.15586
https://arxiv.org/abs/2411.04970
https://doi.org/10.1103/PhysRevD.25.2074
https://doi.org/10.1088/1361-6382/aac608
https://arxiv.org/abs/1801.04268
https://doi.org/10.1140/epjc/s10052-020-08589-1
https://arxiv.org/abs/2007.04967
https://doi.org/10.1103/PhysRevD.92.123009
https://arxiv.org/abs/1504.03291
https://doi.org/10.1088/1475-7516/2010/06/028
https://arxiv.org/abs/1004.4187
https://doi.org/10.1088/1475-7516/2024/10/020
https://arxiv.org/abs/2403.03723
https://doi.org/10.1016/j.physletb.2016.06.009
https://arxiv.org/abs/1605.03781
https://doi.org/10.1007/JHEP01(2021)097
https://arxiv.org/abs/2002.04615
https://arxiv.org/abs/1702.00786
https://doi.org/10.1103/PhysRevD.72.083005
https://arxiv.org/abs/gr-qc/0506015
https://doi.org/10.1103/PhysRevD.83.044011
https://arxiv.org/abs/1101.3940
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://arxiv.org/abs/1411.4547
https://doi.org/10.1088/0264-9381/32/2/024001
https://arxiv.org/abs/1408.3978
https://doi.org/10.1007/s41114-020-00026-9
https://arxiv.org/abs/1304.0670
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/1361-6382/aa51f4
https://arxiv.org/abs/1607.08697
https://arxiv.org/abs/1907.04833
https://doi.org/10.1007/JHEP04(2021)055
https://doi.org/10.1007/JHEP04(2021)055
https://arxiv.org/abs/2009.10080


[172] M. Lewicki, M. Merchand, L. Sagunski, P. Schicho and D. Schmitt, Impact of
theoretical uncertainties on model parameter reconstruction from GW signals
sourced by cosmological phase transitions, Phys. Rev. D 110 (2024) 023538
[2403.03769].

[173] M. Kierkla, B. Swiezewska, T. V. I. Tenkanen and J. van de Vis, Gravitational
waves from supercooled phase transitions: dimensional transmutation meets
dimensional reduction, JHEP 02 (2024) 234 [2312.12413].

[174] O. Gould and J. Hirvonen, Effective field theory approach to thermal bubble
nucleation, Phys. Rev. D 104 (2021) 096015 [2108.04377].
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