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In the context of TeV-scale lepton number violating (LNV) interactions, we illustrate the interplay
between leptogenesis, neutrinoless double beta (0νββ) decay, and LNV searches at proton-proton colliders.
Using a concrete model for illustration, we overcome the limitations of previous effective field theory
analyses and are able to identify the parameter space where standard thermal leptogenesis is rendered
unviable due to washout processes. Moreover, we show how 0νββ decay and pp collisions provide
complementary probes. We find that the new particle spectrum can have a decisive impact on the relative
sensitivity of these two probes.
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I. INTRODUCTION

In the Standard Model (SM) of particle physics, the
lepton number (L) is accidentally conserved at the classical
level yet not conserved at the quantum level due to the
Bþ L anomaly. The corresponding energy scale, associ-
ated with the electroweak sphaleron, is EWS ∼ 10 TeV.
When embedding the SM in a more complete theory, it is
straightforward to introduce explicit lepton number violat-
ing (LNV) interactions. The associated BSM LNV mass
scale Λ may a priori range anywhere from well below EWS
to the grand unification scale, MGUT.
Explaining the origin of neutrino mass provides guid-

ance for the choice of scale, though it need not be defi-
nitive. The well-known type I seesaw mechanism [1–5],

for example, suggestsΛ≲MGUT. In this minimal extension
of the SM with right-handed neutrinos (RHN), a lepton-
number-conserving Dirac mass term would lead to massive
neutrinos, as neutrino oscillations require. However, unless
one explicitly requires lepton number conservation, one
may also include an LNV RHN mass term. The corre-
sponding Majorana mass mN sets the LNV scale Λ.
Diagonalization of the full mass matrix for the neutral
leptons implies that light neutrinos are also Majorana
particles. For mN within a few orders of magnitude of
MGUT, the Dirac mass Yukawa couplings may be as large as
Oð1Þ while accommodating the scale of light neutrino
masses implied by neutrino oscillations and cosmological
neutrino mass bounds. The light neutrino interactions then
inherit the LNV properties of Majorana neutrinos.
It is entirely possible that the dynamics responsible for

neutrino mass generation entail a scale well below the
conventional seesaw scale. Indeed, a variety of well-
motivated scenarios involving LNV at the TeV scale and
below have been widely considered. More generally, one
may encounter BSM LNV interactions at multiple scales,
some of which may give the dominant contribution to light
neutrino masses mν with others playing a less significant
role. In the R-parity violating (RPV) minimal supersym-
metric Standard Model (MSSM), for example, mν can
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arise at tree- or loop-level through, respectively, bilinear or
trilinear RPV terms in the superpotential. Introducing RHN
superfields allows one to generate mν through the conven-
tional, high-scale see-saw mechanism while including
much lower-scale LNV RPV contributions.
In what follows, we consider the phenomenological

consequences of this last possibility, namely, that LNV
interactions are realized in nature at multiple scales,
including the conventional seesaw scale and scales com-
mensurate with or below EWS. The array of possible
consequences is rich, including observations from cosmol-
ogy, searches for new phenomena in high-energy colli-
sions, and tests of fundamental symmetries in low-energy,
high-sensitivity experiments. A number of earlier studies
have considered the implications of multiple-scale LNV at
one or more of these frontiers, such as the search for
neutrinoless double β decay (0νββ). In fact, the possibility
of TeV-scale LNV contributions to the latter process, in
addition to the “standard mechanism” involving the virtual
exchange of three light Majorana neutrinos, has become a
topic of considerable interest for the 0νββ community (see
Refs. [6,7] and references therein). Moreover, there exists a
considerable body of work focusing on probing the TeV
scale and below LNV with proton-proton (pp) and eþe−

collisions, as well as several studies considering the inter-
play of these probes with 0νββ. Recently, the authors of
Ref. [8] analyzed the interplay of 0νββ and cosmological
bounds on the sum of light neutrino masses in this context.
In a similar vein, the authors of Refs. [9–12] pointed out the
significant implications of multiple-scale LNV for the
viability of baryogenesis via leptogenesis using an effective
field theory (EFT) framework.
To our knowledge, there exists little, if any, work that

provides an integrated analysis of all three frontiers under
the multiple-scale LNV paradigm. Here, we endeavor to do
so using a simplified model framework. We seek to address
several questions:

(i) If multiple scale BSM LNV is realized in nature,
under what conditions (model setup and parameter
choices) could it be discovered experimentally?

(ii) If such a scenario is identified, under what con-
ditions would it either allow for or preclude lepto-
genesis?

(iii) What aspects of the LNV interactions are most
important for the viability of leptogenesis, and how
sensitive are terrestrial experiments to these aspects?

Addressing these questions requires carrying out detailed
studies of the early universe leptogenesis dynamics, the
sensitivity of the LHC and future colliders to BSM LNV
interactions, and state-of-the-art computations of the 0νββ
rate. Because of the multiple energy scales involved in
these processes, including temperature T in the early
universe, the high energy collider center of mass energy
Ecom, and the nuclear and hadronic scales Mnuc and Mhad
pertinent to nuclear transitions, performing an integrated

study for all three frontiers requires adopting a framework
valid in all three energy regimes. Choosing a specific,
ultraviolet (UV) complete model would certainly satisfy
this requirement, though with the loss of generality
engendered by model-specific details and phenomenologi-
cal constraints. On the other hand, when the multiple-scale
LNV setup includes the TeV scale, reliance on an EFT
would not be appropriate for consideration of LHC and
future collider studies. Thus, we will employ a simplified
model that embodies some features of several UV complete
scenarios, fully aware that it might not be realized in nature
in an of itself. We hope, nevertheless, to provide—with
some degree of generality—a template for future, inte-
grated inter-frontier studies using either simplified or
complete models that seek to address the above-mentioned
questions.
Simplified models have been used extensively in other

contexts, such as dark matter studies [13–15], electroweak
phase transition dynamics [16–18], and collider phenom-
enology [19–21], to mention a few examples. Our particu-
lar simplified model choice is intended to highlight the
connection between 0νββ decay and collider phenomenol-
ogy in light of the viability of thermal leptogenesis in a
spirit of broadness and generality. In the context of
analyzing 0νββ decay, this model choice is inspired by
the earlier work in Refs. [22,23] where it gives rise to the
leading-order (LO) long-range pion-exchange amplitude
expected to have the maximal impact on the 0νββ-decay
rate.1 In this work we include the new interactions
explicitly in the leptogenesis Boltzmann equations with
thermal mass effects taken into account, allowing us to
analyze in detail the dependence of the BAU on the masses
and couplings associated with the new particles and their
interactions. From the Boltzmann equation solutions, we
identify the regions of the model mass and coupling
parameter space for which the TeV scale LNV interactions
would render unviable standard thermal leptogenesis (also
assuming the presence of the heavy RHN as described
above). We then utilize state-of-the-art hadronic and
nuclear physics methods relevant to 0νββ decay and
machine learning techniques for collider LNV searches
to delineate the sensitivity of these probes to the lepto-
genesis unviable parameter space. In the context of our
illustrative model, we find that

(i) The observation of an LNV signal at the Large
Hadron Collider (LHC) and/or a future 100 TeV pp
collider would preclude the viability of standard
thermal leptogenesis.

(ii) The observation of 0νββ decay could also rule out
the standard leptogenesis paradigm, assuming the

1Among the subset of simplified models that share this feature,
the one that we adopt here minimally extends the SM in terms of
particles and interactions. See Refs. [24,25], and references
therein.
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0νββ decay amplitude is dominated by the TeV scale
LNV mechanism. Additional information, such as
the results from pp collider LNV searches, knowl-
edge of the light neutrino mass hierarchy, and/or the
sum of light neutrino masses would be needed to
identify the underlying 0νββ decay mechanism.

(iii) The relative reaches of 0νββ decay and collider LNV
searches depend decisively on the new particle
spectrum—a feature not readily seen within the
previously used pure EFT approach.

(iv) The observation of experimental signature would be
consistent with the scale of light neutrino masses
implied by neutrino oscillation experiments as well
as cosmological and astrophysical neutrino mass
probes.

The outcome of our analysis leading to these conclusions
is organized as follows: In Sec. II, we first introduce the
simplified model setup that we used for our study. Then,
we introduce the Boltzmann-equation framework and the
consequences with respect to leptogenesis in Sec. III. In
Sec. IV, we discuss the performed collider analysis, and in
Sec. V, the treatment with respect to 0νββ decay. In Sec. VI,
we present our results and conclude in Sec. VII.

II. A SIMPLIFIED MODEL FOR TEV-SCALE LNV

For the standard leptogenesis scenario [26], at least two
heavy right-handed neutrinos Nj are needed to generate a
CP-asymmetry via the one-loop decay of the lightest right-
handed neutrino [27,28]. We consider the broadly studied
situation [29–31] where the lepton asymmetry is produced
in a single flavor, the neutrino masses are hierarchical
(mN1

≪ mN2
; mN3

), and the decays of the two heavier
neutrinos (N2 and N3) are neglected. Henceforth, we will
refer to the lightest right-handed neutrino N1 simply as N,
dropping the flavor subscript. The interaction part of the
Lagrangian is given by

L ¼ yNL̄ðiτ2ÞH�N −
mN

2
NcN þ H:c:; ð1Þ

where L ¼ ðνL; eLÞ⊤ and τ’s are the Pauli matrices in
isospace. Notice that in the context of standard thermal
leptogenesis, consistency with light neutrino phenomenol-
ogy implies mN > 109 GeV [32]. While assuming that a
lepton-asymmetry might have been generated via the decay
of right-handed neutrinos at a high scale, we want to
investigate the impact of additional LNV interactions at the
TeV scale. For these purposes, we adopt a simplified model
framework that has been previously used to explore the
0νββ-decay and collider interplay [22,23]. This particular
model represents a possible realization of the dim-9
effective operator studied in Refs. [9,24,25] as we will
discuss in more detail later.
As discussed in Refs. [22,23], one possible minimal

model that gives rise to the LO ππee interactions

responsible for 0νββ decay2 (see Sec. V for a detailed
discussion) includes a scalar S transforming as (1, 2, 1)
under SUð3ÞC × SUð2ÞL × Uð1ÞY and a Majorana fermion
F that transforms as an SM gauge singlet.3 The Lagrangian
reads

L̃ ¼ gQQSdR þ gLL̄ðiτ2ÞS�F −m2
SS

†S −
mF

2
FcF

þ λHSðS†HÞ2 þ H:c:þ � � � ; ð2Þ

where Q ¼ ðuL; dLÞ⊤ and qR ¼ ðuR; dRÞ⊤ are the left-
handed and right-handed quark isospinors, respectively. In
a full, UV-complete theory such as RPV SUSY [36], S andF
are identified as the slepton and the lightest neutralino fields,
respectively. The ellipsis in Eq. (2) indicates other possible
terms such as SH3 and S3H. For simplicity, we will omit
those terms and also assume that the heavy neutrino N will
not interact with the new fields introduced. It is important to
notice that our simplified model assumes hSi ¼ 0 at the tree
level. Although the scalar potential is, in principle, arbitrary
and a positive S-mass term could accommodate a zero VEV,
these assumptions are made for the sake of simplicity since
their effects are not necessarily related to our focus on the
0νββ-decay/collider interface.
Besides the generation of small Majorana neutrino

masses via the see-saw mechanism [1,4,37–39] induced
by the right-handed neutrino N,

mtype-I
ν ∼

yN
mN

v2; ð3Þ

where v is the vacuum expectation value (VEV) of H,
additional contributions can be generated at the one-loop
level via the interactions in the Lagrangian (2), as shown in
Fig. 1. By denotingmR;I to themass of the real and imaginary
parts of the neutral component S0 of the doublet S, the
neutrino mass contribution from our simplified model is
given by4

msimplmod
ν ∼

g2L
2ð4πÞ2mF

�
m2

R

m2
R −m2

F
log

�
m2

R

m2
F

�

−
m2

I

m2
I −m2

F
log

�
m2

I

m2
F

��
; ð4Þ

where m2
R;I ¼ m2

S � λHSv2. In the limit of λHS ≪ 1,

2As discussed in Refs. [24,25,33,34], several quark-lepton
effective operators can give rise to different interactions in the
chiral Lagrangian. See Ref. [35] for an example of a simplified
model mapping onto πNNee interactions.

3Note, we use the convention Y ¼ QEM − T3.
4Due to the similarity, in terms of particle content, between our

simplified model and the scotogenic model [40], it is possible to
use those calculations for comparison.
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msimplmod
ν ∼

λHS

mF

g2Lv
2

ð4πÞ2
�

m2
F

m2
S −m2

F
−

m4
F

ðm2
S −m2

FÞ2
log

�
m2

S

m2
F

��
;

ð5Þ
which matches the naïve loop-counting estimation in
Ref. [41]. If S acquires a nonzero VEV, the mixing between
S andH will modify the estimation in Eq. (4). Additionally,
the total neutrino mass mν is given by the combinations
of the expressions in Eqs. (3) and (4), where mν ¼
mtype-I

ν þmsimplmod
ν . In certain parameter regions, one of

these two contributions may be more dominant than the
other. We will not address either of these possibilities
here since we focus on illustrating the interplay between
colliders and 0νββ-decay experiments. In practical terms, we
will study the model in the limit of λHS → 0.
For low energy 0νββ-decay process, the heavy particles

in the Lagrangian (2) can be integrated out, yielding the
effective dim-9 LNV interaction

Leff
LNV ¼ C1

Λ5
O1 þ H:c:; O1 ¼ QτþdQ̄τþdL̄Lc: ð6Þ

We can match

C1 ¼ g2Lg
2
Q and Λ5 ¼ m4

SmF: ð7Þ

Interestingly, this demonstrates that TeV-scale masses for
mS and mF are not in conflict with constraints from
neutrino masses, (4), as in such a model realization the
contribution to 0νββ-decay (depending on gL, gQ only) is
independent from lowest order contribution to the neutrino
mass (depending on λHS). In the following, we will
study the impact of the new interactions in (2) on the
baryon asymmetry generated from the heavy-right handed
neutrinos and their detection possibilities at colliders and
0νββ-decay experiments.

III. LEPTOGENESIS

LNV interactions can play an important role in generat-
ing the baryon asymmetry of the Universe (BAU), which is
usually quantified in terms of the baryon-to-photon number
density based on the PLANCK 2018 data [43,44]

ηobsB ¼ nB
nγ

¼ ð6.12� 0.04Þ × 10−10; ð8Þ

or the yield, normalized to the entropy density s,

Yobs
B ¼ nB

s
¼ ð8.71� 0.06Þ × 10−11: ð9Þ

As a key test of standard cosmology, this value agrees
with limits coming from big bang nucleosynthesis [43].
According to the established three Sakharov conditions
[45], a mechanism explaining the BAU needs to include
(i) baryon number (B-) violation, (ii) C- and CP-violation,
and (iii) an out-of-equilibrium condition (orCPT-violation).
As these conditions are not sufficiently satisfied within the
SM, BSM physics is required.
One of the most popular explanations for the observed

baryon asymmetry is baryogenesis via leptogenesis [26].
In this mechanism, a lepton asymmetry is generated via the
B − L violating decays of right-handed heavy neutrinos.
Due to the interference of the tree-level and one-loop
contribution to the decays and the presence of at least two
right-handed neutrinos, a net CP-asymmetry can occur.
When the decay falls out of equilibrium during the cooling
of the Universe, a final lepton asymmetry is generated. If
this happens before the electroweak phase transition, the
Standard Model electroweak sphaleron processes can
transfer this lepton asymmetry into a baryon asymmetry.
In the standard leptogenesis scenario, the same interactions
that induce the right-handed neutrino decay also cause
ΔL ¼ 1 and ΔL ¼ 2 scattering processes that can destroy
again this asymmetry, the so-called “washout” processes. If
the latter are too strong, the generated asymmetry can be
again destroyed. In [46], it was shown that the observation
of a generic ΔL ¼ 2 lepton number violating signal at the
LHC or in 0νββ-decay experiments (via an operator of
dimension seven or higher) would directly imply a signifi-
cant washout rate and hence would render the asymmetry
generation insufficient [9,10]. While this interplay has been

FIG. 1. One-loop contribution to the Weinberg operator [42]
induced by the interactions in Eq. (2). Note that the magnitude of
this contribution is proportional to the coupling λHS that does not
enter the amplitudes for 0νββ-decay or same-sign dilepton plus
dijet production in pp collisions.

FIG. 2. The realization of the 0νββ-decay dim-9 operator
induced by the interactions in Eq. (2). The scalar S transforms
as (1, 2, 1) under SUð3ÞC × SUð2ÞL × Uð1ÞY, and the Majorana
fermion F transforms as an SM gauge singlet.
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previously described in an effective field theory approach
only, we want to investigate this within our simplified
model setup as described in Sec. II. To this end, we analyze
the potential to generate the observed baryon asymmetry
within our simplified model, which consists of the SM
extended by a right-handed neutrino (standard leptogenesis
scenario) and an additional new physics contribution as
defined in Eq. (2) leading to additional LNV washout
processes experimentally accessible at the TeV scale.
First, we classify and study the relevant processes that

will have an impact on the predicted baryon asymmetry.
Hereby, we indicate the contributions that arise from
Eq. (2), with a tilde (˜) and the contributions arising from
the standard thermal leptogenesis Lagrangian, Eq. (1),
without any additional marker (see Fig. 3):

(i) Decays and inverse decays (ΔL ¼ 1):

D≡ ½N ↔ H�L∓�: ð10Þ

D̃≡ ½F ↔ S�L∓�: ð11Þ

(ii) Scattering processes (ΔL ¼ 1), with the subscript
indicating exchange via s- or t-channel:

Ss ¼ ½LN ↔ U3D3�;
2St ¼ ½NŪ3 ↔ D3L̄� þ ½ND̄3 ↔ U3L̄�: ð12Þ

S̃s ¼ ½LF ↔ U1D1�;
2S̃t ¼ ½FŪ1 ↔ D1L̄� þ ½FD̄1 ↔ U1L̄�: ð13Þ

(iii) Scattering processes (ΔL ¼ 2) with the Majorana
fermion F as mediator

Ns ≡ ½LH ↔ L̄ H̄� and Nt ≡ ½LL↔ H̄ H̄�: ð14Þ

Ñs ≡ ½LS ↔ L̄ S̄� and Ñt ≡ ½LL ↔ S̄ S̄�: ð15Þ

Hereby, the subscript sðtÞ depicts a corresponding sðtÞ-
channel exchange as indicated in Fig. 3. In our analysis, we
generally neglect scattering processes with gauge bosons in
order to avoid an unphysical logarithmic enhancement of
g2 lnðgT=mNÞ that would not occur in a full thermal
calculation at NLO. In principle, IR divergences would
arise for a soft gauge boson. If regularized with a thermal
mass, a logarithmic dependence [g2 lnðgT=mNÞ] would
remain. As was demonstrated in [47] for the standard
leptogenesis scenario with right-handed neutrinos, this
logarithmic dependence would cancel when including
the corresponding thermal distribution of the gauge bosons
in a thermal plasma. This cancellation would, for instance,
naturally occur in a calculation using the closed time path
formalism [48]. As the scattering processes can be gen-
erally seen as a higher-order correction to the correspond-
ing decays, it was recommended by [47] not to take these

FIG. 3. Relevant lepton-number violating processes arising from our extended Lagrangian that contribute to the washout additionally
to the usual washout processes which occur within the standard leptogenesis scenario including right-handed neutrinos. (a) S̃s with
ΔL ¼ 1. (b), (c) S̃t with ΔL ¼ 1. (d), (e) Ñs with ΔL ¼ 2. (f) Ñt with ΔL ¼ 2.
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problematic processes into account, as a regularization with
a thermal mass would lead to bigger uncertainties than
when directly neglecting those. As a similar behavior is
expected for the gauge scattering in our extended model
(the dominant washout contribution arises from the inverse
decay, as will be discussed later in more detail), we also neg-
lect these processes in ourwashout calculation. Following the
same argumentation, we also neglect the scattering with light
quarks that would give rise to IR divergences in the standard
leptogenesis scenario. As IR divergences do not appear in
the quark scattering in our extended model setup due to the
massive scalar S in the propagator [cp. Figs. 3(a)–3(c)], we
systematically include these scattering processes in our
washout calculation. In follow-upwork, it would be desirable
to include these kinds of processes consistently via a non-
equilibrium approach in quantum field theory, such as the
closed-time path formalism [48] or an effective approach as
suggested in [49,50]. Given that these processes are expected
to lead to more washout, our results can be interpreted as
conservative with respect to the washout strength.
To describe the evolution of the lepton asymmetry, we

include all the outlined processes, Eqs. (10)–(15) and derive
the Boltzmann equations for the yield of the right-handed
neutrino YN ¼ nN=s and the (B − L) asymmetry YB−L.
Notice that the yield of the (B − L) asymmetry YB−L is
related with the yield of the baryon asymmetry YB by [51]

YB ¼ 28

79
YB−L ð16Þ

For example, for the evolution of YN , we can write

zHs
dYN

dz
¼ −

X
a;i;j

½Na ↔ ij�; ð17Þ

with z ¼ mN0=T being the dimensionless time parameter,
mN0 is the zero-temperature mass, and s the entropy
density. Hereby, ½Na ↔ ij� comprises all relevant proc-
esses and permutations

½Na↔ ij� ¼
"

nNna

nðeqÞN nðeqÞa

−
ninj

nðeqÞi nðeqÞj

#
γðeqÞðij↔NaÞ; ð18Þ

with γðeqÞðij ↔ NaÞ indicating the corresponding equilib-
rium reaction rates. In the derivation, we neglected Pauli
blocking or Bose enhancement, which is to a good accuracy
valid (hEi ≈ 3T such that ð1� fÞ ≈ 1 [52]). The expression
for the 2 − 2 scattering processes is given by

γðeqÞS ðij ↔ abÞ ¼ T
64π4

Z
∞

smin

ds
ffiffiffi
s

p
σ̂ðsÞK1

� ffiffiffi
s

p
T

�
; ð19Þ

with the reduced cross section σ̂ ≡ 2sλ½1; m2
i =s; m

2
j=s�σ.

Hereby, σ is the total cross section summed over initial and
final states, λ½a; b; c� the Källen function, and s the square

of the center-of-mass energy. The corresponding relation
for decays reduces to

γðeqÞD ðN ↔ ij � � �Þ ¼ nðeqÞN
K1ðzÞ
K2ðzÞ

ΓN with

nðeqÞN ¼ 3ζð3ÞgNT3

8π2
z2K2ðzÞ; ð20Þ

with nðeqÞN being the equilibrium number density, ΓN the
decay width, and gN ¼ 2 the number of degrees of freedom.
Collecting all relevant processes that change the abundance
of the neutrino, YN , and the one of the (B − L)-asymmetry,
YB−L, we finally arrive at two coupled Boltzmann equations

dYN

dz
¼ −ðDþ SÞðYN − YðeqÞ

N Þ ð21Þ

dYB−L

dz
¼ −ϵDðYN − YðeqÞ

N Þ −WtotYB−L: ð22Þ

We assume that all SM particles are in thermal equilibrium at
all times. Due to its fast gauge interactions, we can assume
equilibrium also for the new, heavy particle S. The new
particleF, however, is not strictly in equilibrium during all of
the relevant time. We have checked that the equilibrium
assumption will not affect the evolution of YB−L up to
z ¼ 106, while having a significant advantage concerning the
computing time. While it may be reasonable to extrapolate
this result up to z ¼ 108, we leave explicit verification to
future work when more substantial computing resources
become available. Furthermore, D, W, and S indicate the
relevant (inverse) decay, washout, and scattering processes,
including both the usual standard leptogenesis interactions as
well as the ones arising from our new Lagrangian.We define
the usual washout parameter K as

K ¼ ΓN

Hðz ¼ 1Þ : ð23Þ

In the following,wewill study both the strong (K ¼ 102) and
weak (K ¼ 10−2) washout scenario. As the new contribution
in ourmodel, Eq. (2) is not directly interactingwith the sterile
neutrino sector, the Boltzmann equation for the change of
the heavy neutrino number density remains unaltered with
respect to the standard leptogenesis case. The decay rateD is
given by

DðzÞ ¼ γD

zHðzÞnðeqÞN

¼ 1

zHðzÞ
K1ðzÞ
K2ðzÞ

ΓD; ð24Þ

with HðzÞ ¼ 1.66ð ffiffiffiffiffi
g�

p
m2

N0Þ=ðMPlz2Þ and KnðzÞ being the
modified Bessel function of the second kind. The scattering
rates, S ¼ 2Ss þ 4St, in Eq. (21) are given as

Ss=tðzÞ ¼
γSs=t

zHðzÞnðeqÞN

¼ 1

zHðzÞ
mN

48π2ζð3ÞK2ðzÞ
ISs=tðzÞ; ð25Þ
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with

IfSs=t;NgðzÞ ¼
Z

∞

xmin

dx
ffiffiffi
x

p
σ̂fSs=t;NgðxÞK1ð

ffiffiffi
x

p
zÞ: ð26Þ

For the simplification of some expressions, we have intro-
duced the parameter x ¼ s=m2

N. In these expressions, mN
differs from mN0 because it will have a T-dependent
component when thermal effects are included.
In contrast, the Boltzmann equation describing the YB−L-

asymmetry evolution has to be adjusted to incorporate
the new processes involved. However, as we do not assume
any other CP-violating source than the heavy neutrino
decay, the decay rate D in the YB−L Boltzmann evolution
remains unaltered. However, for the washout, we have to
consider both the standard washout contributions and our
new interactions such that we adjust the washout term W
as follows

WtotðzÞ ¼ Wðz; YNÞ þ W̃ðzÞ: ð27Þ

The contributionWðz; YNÞ corresponds to the expression of
the standard case

Wðz; YNÞ ¼ 2½NðzÞ þ StðzÞ�
�
YðeqÞ
N

YðeqÞ
B−L

�
þ SsðzÞ

�
YN

YðeqÞ
B−L

�
;

ð28Þ
with theΔL ¼ 1 scattering rates Ss=t as defined in Eqs. (25)
and (26), and theΔL ¼ 2 scattering NðzÞ ¼ NsðzÞ þ NtðzÞ
given as

NðzÞ ¼ γN

zHðzÞnðeqÞN

¼ 1

zHðzÞ
mN

48π2ζð3ÞK2ðzÞ
INðzÞ; ð29Þ

with the integral INðzÞ stated in Eq. (26). Note that the
inclusion of real intermediate states (RIS) in the Ns
scattering can lead to double counting with respect to
the decays of the heavy right-handed neutrinos. Hence, as
suggested in [47], we do not include the decay term in the
washout contribution in order to prevent double counting.
The new contributions to the washout can be expressed as

W̃ðzÞ ¼
�
1

2
D̃ðzÞ þ 2ÑðzÞ þ 2S̃tðzÞ þ S̃sðzÞ

� 
YðeqÞ
N

YðeqÞ
B−L

!
;

ð30Þ

where the decay rate of the heavy particles F or S,
depending on their mass hierarchy, is given by

D̃ðzÞ ¼ γD̃

zHðzÞnðeqÞN

¼ 1

zHðzÞ fF;S
�
mF;S

mN

�
2K1ðzmF;S=mNÞ

K2ðzÞ
× ΓF;S: ð31Þ

Comparing with the decay rate of the heavy neutrino in
Eq. (24) and the interaction rate in Eq. (20), we have
to perform small adjustments. First, we rescaled the argu-
ment of the Bessel function by ðmF;S=mNÞ. Second, we
accounted for the equilibrium number density of F or S in
γD̃. Due to the following relation of the equilibrium number
densities

nðeqÞF ðzÞ ¼ nðeqÞN ðzÞ
�
mF

mN

�
2K2ðzmF=mNÞ

K2ðzÞ
;

nðeqÞS ðzÞ ¼ nðeqÞN ðzÞ 2
3

�
mS

mN

�
2 K2ðzmS=mNÞ

K2ðzÞ
;

we have to rescale our expression by fF;SðmF;S=mNÞ2 with
fF ¼ 1 or fS ¼ 2=3 due to the different number of degrees
of freedom of F, S with respect to N. Similarly, we can
proceed with the scattering rates in Eqs. (25) and (29) to
adjust for the new physics contributions,

S̃s=tðzÞ ¼
γS̃s=t

zHðzÞnðeqÞN

¼ 1

zHðzÞ
mN

48π2ζð3ÞK2ðzÞ
�
mF

mN

�
3

× IS̃s=tðzÞ; ð32Þ

ÑðzÞ ¼ γÑ

zHðzÞnðeqÞN

¼ 1

zHðzÞ
mN

48π2ζð3ÞK2ðzÞ
�
mF

mN

�
3

IÑðzÞ;

ð33Þ

with

IfS̃s=t;ÑgðzÞ ¼
Z

∞

ymin

dy
ffiffiffi
y

p
σ̂fS̃s=t;ÑgðyÞK1ð

ffiffiffi
y

p
zmF=mNÞ: ð34Þ

For convenience, we have defined y ¼ ffiffiffi
s

p
=m2

F. Note that,
in contrast to the standard leptogenesis scenario, we do not
include the RIS subtraction when the hierarchy mS > mF
holds (see Fig. 4). Hence, no double counting occurs for
z≲ 106 as the contribution D̃ in Eq. (30) includes only the
inverse decays FL → S and not SL → F. Only the latter
one would lead to a double counting as it is already
accounted for in the scattering processes Ñs when the F in
the propagator is produced resonantly [cp. Fig. 3(d)]. For
later times, RIS subtraction is once again performed, and
Eq. (30) loses its inverse decay term [cf. Eq. (28)].
In our setup, we consider a heavy neutrino with mN0 ¼

1010 GeV around which scale the generation of the
asymmetry takes place roughly. As at such high temper-
atures, masses can receive sizeable thermal corrections,
which could even lead to an altered mass hierarchy with
respect to T ¼ 0. Hence, we consider thermal masses in our
evolution of the neutrino and lepton number density

m2
NðTÞ ¼ m2

N0 þ
1

8
y2NT

2 ð35Þ
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m2
FðTÞ ¼ m2

F0 þ
1

8
g2LT

2 ð36Þ

m2
SðTÞ ¼ m2

S0 þ
�
3

16
g22 þ

1

16
g2Y þ 3

12
g2Q þ 1

12
g2L

�
T2 ð37Þ

m2
HðTÞ ¼

�
3

16
g22 þ

1

16
g2Y þ 1

4
y2t þ

1

2
λH

�
T2 ð38Þ

m2
QðTÞ ¼

�
1

6
g23þ

3

32
g22þ

1

288
g2Y þ

1

16
y2t þ

1

16
g2Q

�
T2 ð39Þ

m2
uðTÞ ¼

�
1

6
g23 þ

1

18
g2Y þ 1

8
y2t

�
T2 ð40Þ

m2
dðTÞ ¼

�
1

6
g23 þ

1

72
g2Y þ 1

8
y2b þ

1

8
g2Q

�
T2 ð41Þ

m2
LðTÞ ¼

�
3

32
g22 þ

1

32
g2Y þ 1

16
g2L

�
T2; ð42Þ

where we can express T as T ¼ mN0=z. The definitions of
mF0 and mS0 are analogous to mN0. Here, we neglect
contributions from the right-handed neutrino to the stan-
dard model masses, as those will only become relevant
for T > mN. In this regime, however, contributions are
negligible with respect to the ones originating from the SM

itself due to a comparably small coupling (ystrongN ¼ 0.02,
yweakN ¼ 0.0002). Hence they can be safely neglected. We
show the evolution of the thermal masses in Fig. 4, where
we have chosen K ¼ 102 such that yN ¼ 0.02 and
gL ¼ gQ ¼ 10−2. Relative to the heavy neutrino mass at
zero temperature, the thermal corrections have almost no
impact onmNðTÞ, except for z > 10−2. This is in contrast to
the evolution of the other particle masses. For instance,
even when choosing at zero temperature mF0 > mS0, the
thermal corrections grow faster for S than F such that in the
relevant temperature regime, the hierarchy of the particles
changes (e.g., at z ¼ 1, mS > mF). Another interesting
feature happens for the mass hierarchy of the Higgs boson
and the right-handed neutrino. For z≳ 0.6, the Higgs boson
becomes heavier than the right-handed neutrino such that
at higher temperatures, the decay H → NL opens up. We
account for this effect by adapting ΓD in Eq. (24) to be
ΓD ¼ ΓðN → LHÞ for mNðTÞ > mHðTÞ and ΓD ¼ ΓðH →
LNÞ for mNðTÞ < mHðTÞ. Moreover, the evolution of both
the right-handed neutrino YN and the baryon asymmetry YB
yields depend on the inclusion of thermal masses; our
results in Fig. 5 differ from previous zero-temperature
calculations (cf. Ref. [30]) not only in thermal history but
also in the final value of the asymmetry.
In order to study the impact of the additional contributions

of our model, we choose ϵ ¼ 10−6 and mN0 ¼ 1010 GeV.

FIG. 4. Evolution of the thermal masses. Due to a negligible difference between the thermal masses of Q, u, and d, we only showmQ.
In this regime, the thermal masses are basically independent of the initialmXðT ¼ 0Þ value. This is in contrast to the thermal mass of the
right-handed neutrino whose thermal correction leaves the large mN0 ¼ 1010 GeV unchanged until small values of z < 10−2.
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We show the Boltzmann evolution for the yield of the right-
handed neutrino YN (blue solid line) and the yield of the
baryon asymmetry in Fig. 5.We compare theYB evolution of
the standard scenario without (green dashed line) and with
our new contributions (orange solid line). The evolution in
the weak washout (left panels) and strong washout (right
panels) regime is shown for two different example values
gL ¼ gQ ¼ f10−3; 10−6g. Generally, we observe that the

equilibrium yield of the right-handed neutrino YðeqÞ
N is

reached much faster in the strong washout regime due to
the larger decay rate (cp. Fig. 6, green solid line).
Additionally, we present the evolution of the different,
relevant contributions in Fig. 6.
Scenario I (gL ¼ gQ ¼ 10−3). As naively expected, for

relatively large couplings, the largest effect of the new TeV-
scale LNV washout terms can be observed. Comparing

FIG. 5. Evolution of the yield of the right-handed neutrino YN (blue solid line) and the yield of the baryon asymmetry for the standard

scenario Y ½std�
B (green dashed line) and including our new contributions YB (orange solid line) for the weak (a, c) and strong (b, d)

washout regime and two different example values for gL ¼ gQ ¼ f10−3; 10−6g. The equilibrium abundance YðeqÞ
N is given as a gray

dashed line. The red dotted line indicates zeq.
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Figs. 5(a) and 6(a) (weak washout), we see that the constant
behavior of YB at around z ≈ 0.6 is caused by the dip that
the decay rate D receives due to the closing of N → HL
and the opening of H → NL for small z. Even though the
washout originating from W̃ is stronger than the standard
contributionW, it has no visible impact on the evolution of
YB [this picture changes for couplings ofOð10−1Þ]. Around
z > 7, when the W contribution decreases strongly, the W̃
contribution remains constant and leads to a strong washout

such that YB falls below the observed value for the baryon
asymmetry in contrast to the standard leptogenesis
scenario.
A comparable situation is found for the strong washout

regime [Figs. 5(b) and 6(b)]. Due to the larger coupling, yN ,
the washout originating from the standard leptogenesis
scenario W is now dominant z < 10, see Fig. 6(b). Hence,
the behavior of the standard leptogenesis scenario is
followed longer up to larger z. However, whenW decreases

FIG. 6. Evolution of the different contributions relevant for the yield of the baryon asymmetry YB (orange solid line) for the
weak (a, c) and strong (b, d) washout regime and two different example values for gL ¼ gQ ¼ f10−3; 10−6g. The green
dotted lines show when mHðzÞ ¼ mNðzÞ þmLðzÞ and mNðzÞ ¼ mHðzÞ þmLðzÞ, respectively. The blue dotted line shows
when mSðzÞ ¼ mFðzÞ þmLðzÞ.
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significantly while W̃ remains constant, YB gets again fully
washout out.
The T-independent washout term W̃ for z < 106 in Fig. 6

can be understood as follows. The dominant contribution to
W̃ is given by the inverse decay D̃ involving F ↔ SL or
S ↔ FL. This expression is a function of the decaying
particle’s mass over temperature (mF;S=T) and the right-
handed neutrino mass (mN). As shown in Fig. 4, for the
relevant temperature range, both mFðTÞ and mSðTÞ are
linear in temperature5 and mNðTÞ ≈mN0. Consequently, all
quantities involved are effectively independent of the
temperature.
The magnitude of W̃ðz < 106Þ can be naively estimated

from a power counting on the lepton number violating
couplings, generically referred to as g. Since this washout
term is dominated by the inverse decay, and this process
involves one lepton number violating vertex, then
W̃ ¼ Oðg2Þ. It is important to highlight the fact that, in
a zero temperature approximation, the most relevant con-
tribution to W̃T¼0 is given by the scattering terms. Since
these terms involve two lepton number violating vertices, it
follows that W̃T¼0 ¼ Oðg4Þ. Therefore, the inclusion of
thermal effects is necessary to avoid an artificial suppres-
sion of the washout contribution coming from our

simplified model. For lower temperatures, around
z ¼ 106, the D̃ contribution drops due to the mass hierarchy
inversion, mFðTÞ ≈mSðTÞ, leading to the corresponding
drop in W̃.
Scenario II (gL ¼ gQ ¼ 10−6). For smaller couplings,

the washout contribution W̃ is much smaller [see Figs. 6(c)
and 6(d)] and only at later times dominant in comparison to
the conventional washout processes. Hence, the baryon
asymmetry YB drops below the observed baryon asymme-
try also at later times for both the strong and weak washout
scenario [see Figs. 5(c) and 5(d)].
Finally, we compare the final yield of the baryon

asymmetry with the experimentally observed value in
Eq. (9). The results are summarized in Fig. 7, choosing
mN0 ¼ 1010 GeV. We show in red the parameter space that
cannot account for the observed baryon asymmetry for the
strong and weak washout scenario for two choices of the
CP-asymmetry parameter, the usual choice ϵ ¼ 10−6 and
the maximal possible CP-asymmetry ϵ ¼ 1. We observe
that standard thermal leptogenesis is rendered unviable for
lepton-number violating couplings gL of the order of 10−6

for mS ≠ mF and 10−4 for mS ∼mF, respectively. It is
important to highlight that the viable thermal leptogenesis
region’s extension relies heavily on the new particle
spectrum, a characteristic not easily discernible when
employing the previously used pure EFT approach. As
previously noted, the predominant factor contributing to the

FIG. 7. gL − gQ-plane for ϵ ¼ 10−6 (left panel) and ϵ ¼ 1 (right panel), with mN0 ¼ 1010 GeV and mF ¼ 1 TeV. The red areas
indicate the couplings that lead to a too-strong washout and do not result in the observed baryon asymmetry for the different mass
hierarchies shown in the panels. Considering the weak (K ¼ 10−2) or strong (K ¼ 102) washout regime does not affect the plot visibly.
Notice how the extension of the viable thermal leptogenesis region depends on the new particle spectrum—a feature not readily seen
within the previously used pure EFT approach.

5The proportionality constant can be obtained from Eqs. (36)
and (37).
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TeV-scale washout, W̃, is the inverse decay of the new
particles S or F. In a quasi-degenerate scenario, this decay
is significantly suppressed. As a result, there is a more
extensive viable region for leptogenesis compared to a
hierarchical scenario. This demonstrates the value of our
chosen methodology in revealing crucial information that
might otherwise be obscured. The presence of a difference
in two orders of magnitude significantly impacts the
exploration of the viable region through long-lived particle
searches. This substantial variation emphasizes the impor-
tance of accurately characterizing the particle spectrum, as
it can greatly influence our understanding of the thermal
history and collider phenomenology in leptogenesis stud-
ies. Moreover, a discovery of lepton-number violating new
physics at collider or 0νββ-decay experiments in this
parameter range would have far-reaching consequences
on the validity of standard thermal leptogenesis.
One can understand the weak dependence on gQ in Fig. 7

by observing that in the limit of λHS → 0 in Eq. (2), there is a
complete correspondence between standard thermal lepto-
genesis with three heavy, RH Majorana neutrinos and the
present simplified model scenario: F and S play the roles of
theRHneutrinoN and theSM-HiggsH, respectively, and the
couplings gQ and gL act as the quark Yukawa coupling and
yN , respectively. The TeV-scale washout W̃ is dominated by
the inverse decays, so as in some regimes of a standard
thermal leptogenesis, the relevant parameters are gL ↔ yN .
Moreover, in the limit of gQ → 0, it is possible to assign a
lepton number toS, therebymaking theLagrangian inEq. (2)
lepton number conserving. In this case, the asymmetry
induced in the left-handed lepton sector is controlled only
by gL. As in Dirac leptogenesis [53,54], this LH lepton
number asymmetry can lead to nonvanishing YB, even
though the total lepton number is conserved.

IV. COLLIDER STUDY

The current experimental literature presents different
results of various searches for LNV signals, ranging from
specific decay modes of new particles (e.g., searches for
H�� → l�l� [55,56]) to comprehensive studies of BSM
theories (e.g., left-right symmetric models [57] or R-parity

violating SUSY [58]), including the connection with CP-
violating effects at the LHC (e.g., rare W� decays [59]).
The current status of those searches shows no evidence for
significant deviations from the SM [60,61].
The goal of our work is to study the interplay and

complementarity between collider phenomenology and
0νββ-decay experiments. Since the latter one involves both
electrons and quarks—at a fundamental level—our analysis
is focused on studying the production of two same-sign
electrons and two jets in a proton-proton collider, namely
pp → jje�e�. Our simplified model allows two topologies
associated with the signal, as shown in Fig. 8.
In principle, some direct searches might also restrict our

model. The first term in Eq. (2) makes this model sensitive to
current experimental limits from di-jet resonant production.
The ATLAS collaboration has recently published searches
for low-mass [62] and high-mass [63] resonances in mass
distributions of two jets. Reinterpreting those results, spe-
cifically the generic Gaussian-shaped distributions, we find
that values for gQ ≳ 0.1 are roughly excluded for our para-
meter region of interest. The second term in Eq. (2) shows a
potential sensitivity to single lepton plusmissingET searches
[64] if F decays outside the detector. However, based on our
estimations for the decay length [65], we conclude thatFwill
decay promptly for the parameter region of interest.

A. Event generation and classification

To perform our collider study, we have implemented the
model (2) using FeynRules [66] to generate events with
MadGraph [67] at the parton level. We rely on PYTHIA [68] for
parton showering and jet matching, and DELPHES [69] for
fast detector simulation. For both, signal and background,
we impose a set of basic selection cuts (pTj

;pTl
> 20 GeV,

jηjj < 2.8, jηlj < 2.5) at the generator level [22], and a pre-
selection rule (Nj ≥ 2, Nl�l� ≥ 2) at the classifica-
tion level.
Our analysis is focused on the potential reach of the LHC

at 14 TeV, in addition to the hypothetical FCC-hh [70] and
SppC [71] at 100 TeV. The DELPHES software package [69]
incorporates the configuration card for ATLAS and CMS
detectors at the LHC, while the equivalent one for the

FIG. 8. Feynman diagrams of the two-jet, same-sign dilepton signal (pp → e�e�jj) in our simplified model. Diagram (a) matches the
0νββ-decay diagram in Fig. 2. (a) t-channel. (b) s-channel.
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FCC-hh baseline detector is available online6 and a detailed
description of the implementation is available in Ref. [72].
The event classification is based on a custom-made

recurrent neural network (RNN) inspired by previous expe-
riences [73] in the context of event discrimination using deep
learning. An RNN allows us to classify events with unor-
dered, variable length inputs, such as the number of jets or
electrons [74]. Our implementation uses the kinematic
properties of jets, electrons, and missing ET to differentiate
signal-like and backgroundlike events. A detailed descrip-
tion of our topology is given in Appendix A 2wherewe have
also included a brief introduction to RNNs.
Additionally, we also implemented a boosted decision

tree (BDT) to compare these two machine learning
approaches’ results. We found that both the RNN and the
BDT implementations presented a similar performance,
consistent with previous comparisons available in the
literature [75–77]. As both implementations have similar
performance, our choice of using anRNN is based on its ease
of use since it offers a little more flexibility than a BDT.

B. Signal generation and phenomenology

The cross section associated with a t-channel production
in Fig. 8, σ½t�, has a coupling dependence given by ðgLgQÞ4
and it is relatively insensitive of the mass hierarchy between
F and S�. Additionally, the s-channel cross section in
Fig. 8, σ½s�, always involves the production of an on-shell

particle. These two facts make the latest one to dominate
the cross section over the first one, σðpp → jje�e�Þ≈
σ½s�ðpp → jje�e�Þ. Consequently, the behavior of diagram
(b) gives us insights about the total cross section.
To understand the coupling dependence of σ½s�, notice

that the physical processes vary depending on the mass
hierarchy due to kinematic constraints as summarized in
Table I. Each subprocess corresponds to the successive
production or decay chains of the signal.
If we use the narrow-width approximation, it is possible

to decompose the different subprocesses in Table I in the
following manner:
(1) When F is heavier than S�, the cross section corre-

sponds to the production of an on-shellF in addition to
anelectron–withσ½s�ðpp→e�FÞ∝ ðgLgQÞ2–followed
by two cascade decays. These decay modes have
branching ratios that are coupling independent since
those are the only ones kinematically allowed:

σ½s�ðpp → e�e�jjÞ ¼ σ½s�ðpp → e�FÞ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
∝ðgLgQÞ2

× BrðF → e�S∓Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
¼2=3

× BrðS� → jjÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
¼1

: ð43Þ

(2) In the same fashion, if both S� and F have equal masses then the cross section also corresponds to the production of
an on-shell F accompanied by an electron, followed by the decay of F into a pair of jets and an electron. This decay,
again, is the only one possible–so it has a branching ratio equal to one–and it is mediated by an off-shell S�
propagator:

σ½s�ðpp → e�e�jjÞ ¼ σ½s�ðpp → e�FÞ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
∝ðgLgQÞ2

× BrðF → e�jjÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
¼2=3

: ð44Þ

(3) Finally, the case where mS > mF provides a more subtle dependence. The full cross section can be thought as the
on-shell production of S�–with σ½s�ðpp → S�Þ ∝ gQ2–followed by two successive decays. In this regime, S� is
allowed to decay into two jets or a pair e�F. The branching ratio is a function of the two couplings, as shown in
Eq. (45):

σ½s�ðpp → e�e�jjÞ ¼ σ½s�ðpp → S�Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
∝gQ2

× BrðS� → e�FÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
¼½1þκðgQgLÞ

2�−1
× BrðF → e�jjÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

¼2=3

; ð45Þ

TABLE I. Kinematic classification of production and succes-
sive decays involved in diagram (b), Fig. 8, in our simplified
model.

Case Mass hierarchy Process

C1 mS < mF pp → e�F, F → e�S∓, S∓ → jj
C2 mS ¼ mF pp → e�F, F → e�jj
C3 mS > mF pp → S�, S� → e�F, F → e�jj

6FCC-hh detector DELPHES card, http://hep-fcc.github.io/FCCSW/.
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where κ depends on the ratio between the two
masses satisfying κ > 1 for mS > mF. It is worth-
while to highlight two limiting cases:
(i) If gQ ≫ gL, then BrðS� → e�FÞ ∝ ðgL=gQÞ2

and the cross section scales with gL2.
(ii) If gQ ≪ gL, then the BrðS� → e�FÞ ≈ 1 and

the cross section scales with gQ2.
A key difference between the three cases is the magni-

tude of the respective cross sections. To illustrate, consider
the production cross sections in cases C1-C2 and C3, i.e.,
σ½s�ðpp → e�FÞ and σ½s�ðpp → S�Þ, respectively. In the
first one, notice that the momentum transfer along the
s-channel needed to produce an on-shell F implies a
suppression since the particle in the propagator is off-shell.
However, the production in the latest one directly creates an
on-shell S� so no suppression is applied. The different
order in the couplings reinforces the difference between the

magnitudes of the cross sections for the same set of
parameters, as we illustrate in Table II.

C. Background generation and validation

Backgrounds in the same-sign dilepton final state can be
divided into three categories [60]:

(i) SM processes with same-sign dileptons, including
diboson production (considering W, Z, H, and
prompt γ), single boson production in association
with a tt̄ pair, and “rare” processes (e.g., tt̄tt̄ and
double-parton scattering).

(ii) Charge misidentification from events with opposite-
sign isolated leptons in which the charge of an
electron is misidentified, mostly due to severe
bremsstrahlung in the tracker material.

(iii) Jet-fake leptons from heavy-flavor decays, where
hadrons are misidentified as leptons, or electrons
from unidentified conversions of photons in jets.

For our analysis, we study the effects of the dominant
contributions: EW diboson processes, charge misidentifi-
cation involving γ=Z�, and jet-fakes produced by tt̄ and
W þ 3j processes [22,61]. The diboson simulation
involved the generation of WW, WZ, and ZZ events plus
jets, and their respective leptonic decays, as implemented
in Ref. [22].
Due to the difficulty of precisely simulating jet-fakes, we

implement the “FakeSim” method proposed in Ref. [78]
as an additional module in DELPHES. This data-driven
approach takes into account the relation between the

TABLE II. Numerical example of the phenomenological
behavior of the signal cross section at

ffiffiffi
s

p ¼ 14 TeV. We took
mF ¼ 1 TeV, gL ¼ 0.1, and gQ ¼ 0.01 in both scenarios. The
results were obtained from MadGraph [67].

mS ¼ 0.5 TeV mS ¼ 2 TeV

σðpp → jje�e�Þ 1.199 × 10−8 pb 8.874 × 10−5 pb
σ½s�ðpp → jje�e�Þ 1.195 × 10−8 pb 8.874 × 10−5 pb

Production mode pp → e�F pp → S�
Production cross section 4.012 × 10−8 pb 3.545 × 10−4 pb

FIG. 9. Comparison between the CMS results in Ref. [61] and our implementation of the FakeSim method proposed in Ref. [78] for a
particular choice of its parameters, as mentioned in Note (7). Distributions of the kinematic variables HT and Emiss

T are shown in the left
and right panels, respectively.
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originating jet and the fake lepton. It is based on two
functions7:
(1) A mistag efficiency, ϵj→lðpTj

Þ, representing the
probability that a particular jet j is mistagged as a
lepton l.

(2) A transfer function, T j→l, modeling the probability
distribution function that maps pTj

into the fake pTl
.

Using data or simulations from ATLAS or CMS
collaborations, it is possible to fit the set of parameters
to find consistent results for different phenomenological
studies [79–81]. In Fig. 9, we compare representative
CMS results (digitized from Fig. 3 in Ref. [61]) with our
result obtained using the FakeSim method. As can be
seen from the plot, we reproduce the overall behavior
after a parameter fitting. It is possible to optimize the
choice of the FakeSim parameters if, for instance, flavor
effects are included by introducing flavor-dependent
mistag efficiencies [82].
To estimate the charge misidentification background, we

introduce a misidentification probability for electrons from
current doubly charged Higgs boson searches by the
ATLAS collaboration [56]. The electron charge misidenti-
fication probability is modeled as a separable function of

electron’s pT and η, PðpT; ηÞ ¼ σðpTÞfðηÞ, and its data-
driven values are extracted from Fig. 3 in Ref. [56]. We
follow a common approach in collider phenomenological
studies [83,84] to incorporate this probability as a weight in
opposite-sign generated events, as detailed in Sec. VII.1.3
in Ref. [85]. In Table III, we compare our background
estimation with the ATLAS results extracted from Fig. 2 in
Ref. [56] for a Z → ee peak data sample. The ratio of same-
charge/opposite-charge events for ATLAS is 0.93% and we
obtained 0.70%.
Notice that the two data-driven methods previously

described were validated using LHC data. Table IV
presents the background cross section for the three
classes, detailing the effects of the signal selection rule
ðNj ≥ 2; Nl�l� ≥ 2Þ and the background discrimination
by using the RNN. The first column shows the cross
section before the signal selection (σbefore), as given
directly by MadGraph. The second column shows the cross
sector after applying the signal selection rule (σafter),
where the number of events is initially reduced. Finally,
the third column shows the background cross section
classified by the RNN (σRNN), and we notice the back-
ground reduction provided by our machine learning
implementation. Since there are no estimations for these
types of background for a future 100 TeV hadron
collider, we use the same set of parameters and functions
varying only the energy of the center of mass. Table V
presents the results of our estimation.

TABLE III. Validation of the charge misidentification implementation. The ATLAS results extracted from Fig. 2
in Ref. [56], and our results make use of the probability density defined in Ref. [85].

Number of events

Opposite-charge (OC) Same-charge (SC) SC/OC ratio (%)

ATLAS 1.23 × 107 1.14 × 105 0.93
Our estimation 9.41 × 106 6.59 × 104 0.70

TABLE IV. Individual contributions to the cross section for the different types of background for the LHC at
14 TeV. σbefore corresponds to the cross section before the signal selection, σafter corresponds to the cross section after
the signal selection, and σRNN is the cross section tagged as background events by the RNN. The last row shows the
total background cross section.

Background type σbefore (pb) σafter (pb) σRNN (pb)

Diboson WW 3.28 × 10−3 6.40 × 10−4 6.87 × 10−5

WZ 2.59 × 10−2 6.65 × 10−3 2.10 × 10−4

ZZ 1.32 × 10−3 5.62 × 10−4 1.14 × 10−5

Jet-fake W þ 3j 1.79 × 10−1 4.34 × 10−2 1.78 × 10−4

tt̄ 9.11 × 10−2 2.64 × 10−2 6.10 × 10−5

Charge misidentification tt̄ 3.33 × 10−2 1.54 × 10−2 4.45 × 10−4

Z=γ� 2.54 × 10−1 1.37 × 10−1 4.89 × 10−3

5.88 × 10−1 2.30 × 10−1 5.86 × 10−3

7In the FakeSim method, these functions are parameterized by
four quantities, namely fϵ200; r10; μ; σg. See Ref. [78] for addi-
tional details.
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V. 0νββ DECAY

The results from searches for 0νββ place complementary
constraints on the model parameters in a manner that can
complement the collider search results. To date, they have
yielded null results, with the present strongest limit on the
half-life of 136Xe having been set by the KamLAND-Zen
experiment [86]

T0ν
1=2 > 2.3 × 1026 years at 90%CL ð46Þ

The next generation of “ton-scale” 0νββ decay searches
aim to increase this sensitivity by two orders of magnitude,
with a variety of isotopes under consideration [87–92].
The 0νββ decay mechanism is a combination of two

contributions, one from the dimension-5 Weinberg operator
(or equivalently, the Majorana mass term for neutrinos),
and the dimension-9 operator O1 in Eq. (6). From simple
dimensional analysis, one finds that the ratio of the
amplitudes for the two contributions is8

Ad¼9

Ad¼5

¼ hpi2C1

G2
FmββΛ5

; ð47Þ

where mββ is the effective neutrino mass entering the light
neutrino amplitude and hpi is the light neutrino virtuality.
For typical values of mββ and hpi, these two contributions
are comparable when C1 ∼Oð1Þ and Λ ∼Oð1 TeVÞ.
The interpretation of a 0νββ decay result thus depends

on the presence or absence of Ad¼9 [10,93]. It is possible
that the effect of Ad¼9 can be canceled against the Ad¼5

contribution. Pessimistically, even if neutrinos exhibit the
inverse hierarchy (IH), one may not observe a signal in a
ton-scale experiment due to this cancellation, which would
suppress the rate. On the other hand, additional BSM
physics may enhance the signal. It may be, in such cases,

that the light neutrinos exhibit a normal hierarchy (NH)
with Ad¼5 well below the observable scale, yet a nonzero
0νββ-decay signal arises to the presence of Ad¼9. In any of
these scenarios, the experimental 0νββ-decay result will
have far-reaching consequences, and its theoretical inter-
pretation—including the possible implications for the
viability of standard thermal leptogenesis—will require
additional information.
Motivated by the complementarity between collider

searches and 0νββ decay experiments, we study a scenario
where the dimension-9 contribution dominates the 0νββ
decay rate. To account for the different scales, we need to
evolve the operator O1 in Eq. (6) from the TeV scale to the
GeV scale using the renormalization group running.
Hereby, operators receive QCD and electroweak correc-
tions and mix with other operators. The RGE evolution
was studied in Ref. [22], with the dominant QCD correc-
tions considered. The relevant part of O1 contributing to
0νββ-decay is

Leff
LNV ¼ Ceff

2Λ5
ðOþþ

2þ −Oþþ
2− ÞeLecR þ H:c:; ð48Þ

where ecR ≡ ðeLÞc, Ceff ≈ C1ð1 GeVÞ ¼ 0.092C1ðΛÞ [22],
and the operator O2 being [24]

Oab
2� ¼ ðqRτaQÞðq̄RτbQÞ � ðQ̄τaqRÞðQ̄τbqRÞ: ð49Þ

When a ¼ b, the operator with subscript þð−Þ are even
(odd) eigenstates of parity. As the hadronic (four quark)
part of the operator carries no dependence on the lepton
kinematics, the matrix element for the process factorizes
into a leptonic and hadronic part. Computation of the
former is straightforward. For the latter, we first match the
four-quark operator Oþþ

2þ −Oþþ
2− onto hadronic degrees of

freedom most appropriate for computation of the nuclear
transition matrix element, following the effective field
theory (EFT) approach delineated in Refs. [24,34]. The
leading order contribution to the nuclear matrix element
(NME) arises from the pion-exchange amplitude of Fig. 10,

TABLE V. Individual contributions to the cross section for the different types of background for the FCC-hh at
100 TeV. The definitions of σbefore, σafter, and σRNN are equivalent as in Table IV. The last row shows the total
background cross section.

Background type σbefore (pb) σafter (pb) σRNN (pb)

Diboson WW 3.56 × 10−2 1.76 × 10−2 2.27 × 10−3

WZ 3.78 × 10−1 1.88 × 10−1 5.88 × 10−3

ZZ 1.95 × 10−2 1.35 × 10−2 2.53 × 10−4

Jet-fake W þ 3j 2.21 7.16 × 10−1 6.72 × 10−3

tt̄ 3.85 1.43 6.82 × 10−3

Charge misidentification tt̄ 5.11 × 10−1 3.36 1.60 × 10−1

Z=γ� 3.33 2.02 1.51 × 10−1

10.33 7.75 3.33 × 10−1

8A similar comparison is done in Ref. [9] by setting the scale of
the dimension-5 amplitude of the effective Majorana mass to the
upper experimental limit.
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where the LNV ππee interaction emerges from matching
Oþþ

2þ ēLecR onto the two pion-two electron operator in
Eq. (48)

CeffΛ2
HF

2
π

2Λ5
π−π−ēLecR þ H:c:; ð50Þ

where Fπ ¼ 92.2� 0.2 MeV is the pion decay constant
[94] and ΛH is a mass scale associated with the hadronic
matrix element (HME) of the four quark operator Oþþ

2þ ,

Λ2
HF

2
π ¼

1

2
h0jðOþþ

2þ −Oþþ
2− Þjπ−π−i: ð51Þ

In the earlier work of Ref. [22] Λ2
H was obtained using

factorization/vacuum saturation to estimate the HME,
yielding Λ2

H ¼ m4
π=ðmu þmdÞ2 ≈ −7.5 GeV2 for mπþ ¼

139 MeV and mu þmd ¼ 7 MeV. Subsequently, the
authors of Ref. [33] noted that one may relate Oþþ

2þ to
analogous ΔS ≠ 0 four-quark operators using SU(3) flavor
symmetry. Consequently, one may exploit flavor SU(3) to
obtain estimates of Λ2

H from the corresponding strangeness
changing K0 → K̄0 and K → ππ matrix elements. The
result yields Λ2

H ¼ −ð3.16� 0.7Þ GeV2 at the matching
scale μ ¼ 3 GeV. The Cal-Lat collaboration performed a
direct computation of the matrix element in Eq. (51),
obtaining Λ2

H ¼ −ð2.15� 0.36Þ GeV2 at μ ¼ 3 GeV in
the RI/SMOM scheme [95]. In what follows, we will adopt
the Cal-Lat value.
When used to evaluate the amplitude in Fig. 10, the

interaction in Eq. (50) yields an effectivce two nucleon-
two electron operator whose nuclear matrix elements
(NMEs) may be evaluated using state-of-the-art many-
body methods. The resulting expression for the decay
rate is

1

T1=2
¼ ½G0ν × ð1 TeVÞ2�

�
ΛH

TeV

�
4
�

1

144

�

×

�
v

TeV

�
8
�

1

cos θC

�
4

jM0j2
�

C2
eff

ðΛ=TeVÞ10
�
;

G0ν ¼ ðGF cos θCgAÞ4
�
ℏc
R

�
2
�

1

32π2ℏ ln 2

�
IðEββÞ; ð52Þ

with θC being the Cabibbo angle, IðEββÞ the electron phase
space integral

Z
Eββ−me

me

dE1FðZ þ 2; E1ÞFðZ þ 2; E2Þp1E1p2E2; ð53Þ

E2 ¼ Eββ − E1, and FðZ þ 2; E1;2Þ being factors that
account for distortion of the electron wave functions in
the field of the final state nucleus. The NME is given by

M0 ¼ hΨfj
X
i≠j

R
ρij

½F1σ⃗i · σ⃗j þ F2Tij�τþi τþj jΨii; ð54Þ

where Tij ¼ 3σ⃗i · ρ̂ijσ⃗j · ρ̂ij − σ⃗i · σ⃗j, R ¼ r0A1=3, ρ⃗ij is the
separation between nucleons i and j, and the functions
F1;2ðjρ⃗ijjÞ are given in Ref. [24]. Note that we have
normalized the rate to the conventionally-used factor G0ν

that contains quantities associated with the SM weak
interaction, even though the LNV mechanism here involves
no SM gauge bosons. Note also that Eq. (52) corrects two
errors in the corresponding expression in Ref. [22]: (a) the
inclusion here of a factor of g4A and (b) an additional overall
factor of 1=8. The latter arises from a factor of 1=2 due
to the presence of two electrons in the final state and a
factor of ð1=2Þ2 that one must include to avoid double
counting in the NME since the sum runs over i ≠ j rather
than i < j.
In the analysis of Ref. [22], a value of M0 ¼ −1.99 for

the transition 76Ge → 76Se was adopted from the quasipar-
ticle random phase approximation (QRPA) computation
of Ref. [96]. Here, we use the results of a more recent
proton-neutron (pn) QRPA computation of Ref. [97]. The
resulting value for M0ð76Ge → 76SeÞ ¼ −4.74. At present,
the most sensitive limit on the half life has been obtained
using 136Xe, for which the matrix element in Ref. [97]
is M0ð136Xe → 136BaÞ ¼ −2.63. Both pnQRPA values
assume no “quenching” of gA.
It is important to emphasize that the calculated NMEs

exhibit considerable theoretical uncertainties. The earlier
work of Ref. [22] accounted for the combined effect of
these uncertainties as well as those in HMEs by varying
the value of M0 by a factor of two. The subsequent chiral
SU(3) and lattice computations of h0jOþþ

2þ jπ−π−i have
reduced the hadronic uncertainty to the Oð10%Þ level. In
the case of the NME, however, it has been realized that in
the context of few-nucleon effective field theory, consistent
renormalization requires the presence of a contact inter-
action in addition to the long-range two-pion exchange
amplitude [98]. The corresponding operator coefficient and
nuclear matrix element are presently unknown. We thus
retain a factor of two uncertainty in the NME to account for
both the bona fide nuclear many-body uncertainties as well
as the effect of the “counterterm” contribution.

FIG. 10. Contribution of dim-9 LNV ππee interaction to 0νββ-
decay at tree level.
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VI. COMBINED RESULTS AND DISCUSSION

In the following, we combine our results from the
previous sections in order to investigate the reach and
interplay of collider and 0νββ-decay experiments and the
implications of a possible discovery for the generation of
the baryon asymmetry.
In Fig. 7, we illustrated the parameter space (red) that

was found to lead to a baryon asymmetry smaller than the
observed one because of a washout too strong due to the
new TeV-scale interactions. Fixing the masses of the new
particles F and S around the TeV scale, we can read off the
couplings gL and gQ, for which we would expect a strong
washout that would prevent a large enough baryon asym-
metry. Hence, a discovery of a process within this param-
eter space would preclude the viability of the standard
thermal leptogenesis scenario. Notice that our findings are
constrained by the assumption of the new particle F to be in
equilibrium. In that sense, the boundaries in the parameter
space shown in Fig. 7 are subject to uncertainty from the
calculations involving the abundance of F.
As depicted in Fig. 2, the new interactions in the

Lagrangian, Eq. (2), can lead to 0νββ-decay. We show
in green in Fig. 11, the region currently excluded region by
KamLAND-Zen (green dotted line), but also the future
reach of ton-scale experiments (green dashed line). With
this region lying in the red area, we can conclude that an
observation of 0νββ-decay realized by a dim-9 operator
with new physics at the TeV scale would rule out the
standard leptogenesis paradigm. As demonstrated in Fig. 7
(right), this conclusion remains valid even for the most
optimistic choice of maximal CP asymmetry.
With 0νββ-decay being a low energy process, it is not

sensitive to the mass hierarchy mS=mF and explicit

couplings gL and gQ of the new degrees of freedom at
the TeV scale, but only to the effective coupling C1 and
scale Λ, as stated in Eq. (7). Therefore, the decreased reach
from left to right in Fig. 11, is caused by the increase in Λ,
leading to a suppression of the process.
High-energy collider experiments, however, can resolve

the TeV-mass scale, and hence depend on the mass
hierarchy of the new particles F and S. We show the
current 14 TeV collider limits with 100 fb−1 integrated
luminosity for the different mass hierachies (blue dotted
line), as well as for future 3 ab−1 integrated luminosity
(blue dashed line) and the FCC-hh with 100 TeV and
30 ab−1 (blue dashed-dotted line). As discussed in detail in
Sec. IV, the mass hierarchy is crucial for the reach of the
collider searches. For mS > mF, S can be produced
resonantly followed by subsequent decays into a signature
of two same-sign electrons and two jets, leading to the
strongest constraints [see the dominant s-channel process
depicted in Fig. 8(b)]. We also reiterate that for gQ > gL the
limits are mainly restricted by g2L and independent of gQ,
while for gL > gQ the limits are mainly constrained by g2Q
(and not gL). For mS ≲mF, in contrast, the collider
constraints are much weaker, as S can be produced only
off-shell. If we compare the current and future collider
sensitivities (blue) to the red region for all three mass
hierarchies, we see that an observation of two same-sign
electrons and two jets would similarly rule out the standard
thermal leptogenesis scenario for weak and strong washout.
While a same sign dielectron plus dijet signature directly

points to a LNV process, direct searches for the particles F
and S also constrain the model parameter space. We show
the limits from dijet resonant searches in gray. While
covering already the full collider reach for mS ≲mF, they

FIG. 11. Interplay between leptogenesis, collider searches, and 0νββ-decay experiments for mF ¼ 1 TeV, and
mS=mF ¼ f0.5; 0.99; 1.5g. As in Fig. 7, we present the nonviable leptogenesis region in red; in dark green, we show the 0νββ-
decay exclusion from KamLAND-Zen (dotted line) and future ton-scale experiments (dashed line); the collider LNV (same sign
dilepton plus dijet) exclusion is shown in blue for the LHC at 14 TeV with integrated luminosities of 100 fb−1 (dotted line) and 3 ab−1

(dashed line), and the FCC-hh at 100 TeV with 30 ab−1 (dash-dotted line); and, in dark gray, we present the LHC di-jet exclusion, as
discussed in Section IV.
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are less sensitive for mS > mF. The interplay of the dijet,
same sign dielectron, and 0νββ-decay sensitivities in
Fig. 11 illustrates the complementarity of these probes.
Drawing on all of them will be important if a nonzero LNV
signal is seen at either low- or high-energies.
As apparent from Fig. 11, the relative reaches of 0νββ-

decay experiments and collider LNV searches depend
decisively on the new particle spectrum. This emphasizes
the importance of pursuing and combining the low- and
high-energy frontier in order to cover wide ranges of the
parameter space but also to identify, in case of an
observation, the underlying new physics. For instance,
for mS ≳mF, the observation of 0νββ-decay would imply
an observable signal at the LHC or would point toward
another underlying 0νββ-decay mechanism.

It is interesting to compare our simplified model results
with those obtained using the EFT framework. To that end,

we show in Fig. 12 the effective coupling geff ¼ gL ¼ gQ ¼
C1=4
1 versus the scale of new physics Λ ¼ ðm4

SmFÞ1=5 for
the different mass hierarchies shown in the previous
figures. Note that we fix the absolute masses mF, mS only
indirectly via the scale Λ. We indicate the limit on the scale
of new physics when naively assuming geff ¼ gL ¼ gQ ¼ 1

with a red star. Comparing the three different panels, it
becomes again obvious that whether 0νββ decay or collider
searches are more sensitive crucially depends on the
relative mass hierarchy. As 0νββ decay is cannot resolve
the heavy new physics, combining both experimental
approaches is crucial.

FIG. 12. Complementarity between collider searches and 0νββ-decay experiments for gL ¼ gQ and mS=mF ¼ f0.5; 0.99; 1.5g.
Comparison with an EFTanalysis for the scale of new physics Λ ¼ ðm4

SmFÞ1=5 and the effective coupling geff ¼ gL ¼ gQ. In dark green,
we show the 0νββ-decay exclusion from KamLAND-Zen (dotted line) and future ton-scale experiments (dashed line); and the collider
LNVexclusion is shown in blue for the LHC at 14 TeV with integrated luminosities of 100 fb−1 (dotted line) and 3 ab−1 (dashed line),
and the FCC-hh at 100 TeV with 30 ab−1 (dash-dotted line). The EFT benchmark point is shown as a red star, where geff ¼ 1 is assumed
for the discussion.

FIG. 13. Complementarity between the next generation of colliders and 0νββ-decay experiments for gL ¼ gQ and
mS=mF ¼ f0.5; 0.99; 1.5g. The definitions of Λ and geff are the same as in Fig. 12. In dark green, we show the 0νββ-decay exclusion
from future ton-scale experiments, and the reach the FCC-hh LNV searches at 100 TeV with 30 ab−1 is shown in blue.
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In Fig. 13, we finally show a similar set of plots, in which
we allow for a larger new physics scale Λ, demonstrating
the future reach of a ton-scale 0νββ-decay experiment and
the FCC-hh. While 0νββ-decay experiments will reach a
sensitivity of Λ ≈ 10 TeV, the FCC-hh will reach between
Λ ≈ 5 and 15 TeV, depending on the mass hierarchy.
These results demonstrate that observing a LNV signal at

0νββ-decay or collider experiments has the potential to
exclude the standard thermal leptogenesis scenario. Given
their complementary experimental reach, the combination
of the high- and low-energy frontier is crucial to probe the
mechanism behind the baryon asymmetry generation.

VII. CONCLUSIONS

The observation of LNV would have profound impli-
cations for our understanding of nature, from the origin of
neutrino masses to the matter-antimatter asymmetry of the
Universe. In this work, we studied the interplay between
three different physical aspects linked by LNV at the TeV
scale: 0νββ-decay, collider phenomenology, and thermal
leptogenesis. Previous studies have been performed [9,10]
from an effective field theory (EFT) standpoint, showing
the complementarity between current and future experi-
mental results and their potential to falsify the standard
thermal leptogenesis mechanism as an explanation for the
origin of matter. Since these first analyses have not yet
considered the latest methods, such as the inclusion of
background in the collider analysis or the RGE running of
the Wilson coefficients across the different energy scales,
we extended previous work and studied the impact on the
resulting phenomenology. Moreover, we specify a con-
crete, simplified model that allows us to study aspects that
are not possible to capture by a pure EFT approach, such as
different mass hierarchies of the new physics involved. By
addressing the key questions with a simplified model using
state-of-the-art techniques, we also establish a theoretical
and computational setup for any other model to perform
similar studies like this one.
To this end, we considered the SM extended by at least

two right-handed neutrinos leading to neutrino masses via
the Type I see-saw mechanism and additionally a scalar
doublet S and a Majorana singlet F, both having masses
around the TeV-scale. This model was introduced in
Ref. [22], where the interplay between collider searches
at the LHC and 0νββ-decay experiments was studied.
Besides a detailed analysis of the implications of a possible
observation of aΔL ¼ 2 lepton-number violating signal for
the validity of standard thermal leptogenesis, we extended
previous works by using the latest hadronic and nuclear
matrix elements, improving on the derivation of the 0νββ-
decay half-life, and updating the corresponding predictions.
We also revisited the collider study in Ref. [22], where a

prompt signature of two electrons plus jets in the final
state at the LHC was analyzed. There, the different back-
grounds (generated using standard MC techniques with

misidentification and mistagging probabilities) were differ-
entiated from the signal using a cut-based analysis. Our
collider study differs from that of Ref. [22] in both
generation and analysis of events. Firstly, we extended
the ΔL ¼ 2 lepton-number violating prompt signature by
considering both e−e− and eþeþ in the final state. The
background contributions were improved by implementing
data-driven methods to emulate the effects of misidentifi-
cation and mistagging. Finally, the event classification was
based on cutting-edge machine learning (ML) algorithms,
specifically boosted decision trees and neural networks.
Our experience with ML techniques resonates with current
literature regarding versatility and implementation time.
With these techniques, we identified the already excluded
region from the latest LHC runs as well as the future
exclusion potential of the high-luminosity LHC or a
hypothetical 100 TeV pp collider. For comparison with
the reach of 0νββ decay, we identified three scenarios
with different mass hierarchies between the new particles
S and F. We demonstrate that collider searches are more
sensitive to heavier S due to an enhancement via on-shell
production.
To study the effect of these new TeV-scale interactions in

the context of thermal leptogenesis, we have implemented a
set of Boltzmann equations, including the usual expres-
sions involving RHNs [30,31]. In order to account for the
washout processes arising from the new interactions of our
model, we extended this setup by the corresponding rates of
the relevant LNV terms. We have studied the implications
of these new interactions for the weak and strong washout
regimes. For both of them, we have found that for couplings
larger than gL ≈Oð10−4Þ or gL ≈Oð10−6Þ, depending on
new particle mass hierarchy, an observation of a TeV-scale
interaction implies a fast enough washout of any asym-
metry previously generated by the out-of-equilibrium
decay of RHNs at a high scale, as shown in Fig. 7. The
extension of the viable thermal leptogenesis region is
dependent on the new particle spectrum. This crucial
feature was not readily apparent within the pure EFT
approach previously employed, emphasizing the advantage
of our current methodology in uncovering essential aspects
of the thermal history.
Based on our analysis, we could demonstrate that the

discovery of LNV via the observation of 0νββ decay could
preclude the viability of standard thermal leptogenesis if
TeV-scale LNV interactions dominate the decay process.
Our results are generally consistent with previous EFT
estimates [9,10,99]. However, in order to confirm that the
dominant contribution arises from a dim-9 contribution,
additional information is needed. Different ideas for iden-
tifying the underlying mechanism exist, such as com-
parison of results from different isotopes [100–102],
observation of a discrepancy with the sum of neutrino
masses determined by cosmology [103], a deviation in
meson decays [11,12], or signals of LNV TeV-scale new
physics from pp collider searches. Besides being able
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to possibly confirm the underlying new physics, the
observation of an LNV signal at the Large Hadron
Collider and/or a future 100 TeV pp collider would
independently render standard thermal leptogenesis
invalid. We could demonstrate that the relative potential
of 0νββ-decay and collider experiments to falsify the
standard thermal leptogenesis scenario depends decisively
on the new particle spectrum. We would like to stress that
the observation of such an experimental signature would
not necessarily be in conflict with the scale of light
neutrino masses implied by neutrino oscillation experi-
ments as well as cosmological and astrophysical neutrino
mass probes. Our analysis also brings to light the
opportunities offered by the relative smallness of LNV
couplings, essential for a viable leptogenesis scenario.
This aspect particularly opens a door for collider sig-
natures of long-lived particles (LLP). New strategies to
seize these opportunities are already being developed and
will be further explored in our future work.
While our analysis was focused on the generation of a

lepton asymmetry at a high scale via the decay of right-
handed neutrinos, the general implications can be, in
principle, transferred to similar mechanisms such as other
high-scale leptogenesis scenarios. Specific models, how-
ever, might escape the general implications, e.g., scenarios
with a dark sector featuring a global Uð1ÞX symmetry
[104]. Therefore, in order to conclusively falsify models, a
dedicated analysis should be performed. Moreover, while
we concentrated in our analysis on the electron sector only,
there is the caveat that a lepton asymmetry was generated in
another (decoupled) flavor sector. In order to address this
point, we plan to extend our work by studying flavor
effects, which open up interesting links to new collider
signatures and low-energy observables.
As the discovery of a TeV-scale LNV signal at 0νββ-

decay experiments or current and future colliders will have
far-reaching consequences on the validity of standard
thermal leptogenesis, such searches are of high relevance
in the quest for new physics and, in particular, for the origin
of the baryon asymmetry of our Universe.
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APPENDIX: MACHINE LEARNING
TECHNIQUES IN COLLIDER ANALYSIS

Differentiating the signal (S) from the background (B)
is a typical classification problem that can be solved
using machine learning techniques. Given an ensemble of
observables X, for each collider event, one can train a
model M to separate signal events from background
events with high accuracy. In this paper, we primarily use
a recurrent neural network (RNN) to train the classifi-
cation and a boosted decision tree (BDT) to cross-check
the performance of our discriminant.

1. Boosted decision tree (BDT)

A decision tree is a set of criteria in a tree-based
structure that recursively splits the events into two
groups. Following the simplified diagrammatic repre-
sentation shown in Fig. 14, one can start with a set of
unclassified events. At each node, the criterion is
defined such that “backgroundlike” events are removed,
and this continues until the signal events are efficiently
separated from the background. An ensemble algorithm
such as boosting can be applied to this decision tree
to further improve the classification, and this forms the
BDT.
At each node split, the S and B separation can be

improved further by using certain criteria such as the Gini
index and entropy factor. These criteria are defined such
that minimizing them at each node increases the purity of
the S and B datasets, hence maximizing the discriminating
power. The detailed mathematical definition of the Gini
index and entropy could be found in any machine learning
textbook.
The decision tree method is powerful but can be easily

over-fitted, i.e., a tiny change in the input dataset may
result in large differences and inconsistencies in the
classification results. To avoid this, a set of BDTs can
be trained in a sequence such that the successive tree is
created to minimize the error of the previous tree. Several
sets of these can be trained, and the final classification
result is determined by the majority vote from all the
BDTs. In this study, we use the AdaBoost9 (Adaptive
Boost) to test a small part of the parameter space of our
simplified model.
The details of the algorithm are described as follows.

The i-th tree trained is called Ti, Wi is its voting
weight, and wi

j is the weight of the jth sample in the
ith tree:

(i) The first tree (T1) is trained such that all the samples
have the same weight. Either the Gini or the entropy
criteria can be used for this training. For each
sample, the tree predicts if the event is “signal-like”

9AdaBoost is a method implemented by toolkit for multivariate
data analysis (TMVA), a built-in package in ROOT [105].
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or “backgroundlike.” The discrete output for each
event is as follows:

yij ¼
�þ1 for signal-like events;

−1 for backgroundlike events.

(ii) Each tree, Ti, has the voting weight Wi which is
defined as

Wi ¼ 1

2
log

�
1 − err
err

�
ðA1Þ

with err being the ratio of the misclassified samples
to the total samples. A sample is misclassified if its
prediction yij is different than the truth value ŷ,
where ŷ is 1 for signal events and −1 for background
events. The voting weight is higher for trees with
better classification. A small shift inside the loga-
rithm will be added in practice to prevent infinity
when the error is 1 or 0.

(iii) Subsequent trees (T2; T3;…; TN) are generated. For
each tree, Ti, that is trained, every sample is
reweighted depending on how it was classified. If
the classification is correct, the sample weight is
given as wi

j ¼ wi−1
j e−W

i−1
. If the classification is

incorrect, then the sample weight is given by
wi
j ¼ wi−1

j eW
i−1
. After the training and the re-weight-

ing, all weights (wi
j) will be normalized, meaning for

each tree, the weights (wi
j) will sum to 1.

(iv) In each of the training, when certain samples are
misidentified by the tree, they would be emphasized
in the next tree due to the reweighting. This is
because misidentified samples from the previous
tree would have a higher weight in the next training,
forcing the Gini or entropy criteria to classify them
correctly.

(v) The process of tree training will end when a
previously determined total number of trees N has
been reached.

(vi) The final classification result, yj for the jth sample is

yj ¼
1

N

XN
i¼1

yijW
i; ðA2Þ

whereWi is the voting weight of the ith tree and N is
the total number of trees that are trained.

This BDT method is a powerful algorithm for signal-
background classification however is very time consuming.
This is because each tree must be generated sequentially,
and a completely new series of trees must be trained with

FIG. 14. A simple 3-depth decision tree example, in which each note represents a cut based on the input parameters (pTj
, pTe

, and =ET).
“UC” standards of “unclassified” in the picture. Notice this is only an illustration of a decision tree, and it is not reflecting the true
classification result of our collider study.
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new parameter choices for the simplified model. Given that
we are interested in several different choices of masses and
couplings in the model, we implement a different method
described in the next section. This method allows us to
build a classification model for the whole parameter space
efficiently.

2. Recurrent neural network (RNN)

A neural network (NN) is a deep learning model
comprising of a series of linear and nonlinear transforma-
tions. The goal is to find an optimal set of parameters that

transform a set of initial inputs to approximate the target.
The idea is that this predictive model is made of connected
units or nodes that mimic the neurons in the brain. The
network consists of a series of layers that “learn” to classify
the events as signals or backgrounds through transforma-
tions. The type of the layer and the number of layers are
defined by the network topology and are optimized to
improve the classification. When we provide the network
with a set of inputs, x, it passes through these layers,
undergoing transformations, one after the other. The net-
work then outputs its set of predictions y.

FIG. 15. Visual representation of a standard RNN in folded version (left) and unfolded version (right). The sequence
fx1; x2; x3;…; xtg represents the input, fy1; y2; y3;…; ytg represents the predicted output, and fh0; h1; h2;…; htg holds the information
from the previous input. The graph illustrates that, at any given time, t, the current layer will be updated with respect to a new input.

FIG. 16. Visual representation of the recurrent neural network (RNN) used in our study. The kinematic properties of jets, electrons,
and missing energy are analyzed by independent gated recurrent units (GRUs). The outcome is merged into a sequential neural network
that produces a decision score d between 0 and 1.
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To improve the NN, one can define a loss function
Lðy; ŷÞ, where ŷ is the truth value and y is the model output.
As the NN becomes a better classifier, the predictions (y)
will get closer to the truth value ðŷÞ hence reducing the loss.
Hence one can optimize the parameters inside the NN by
minimizing the loss function.
Usually, the inputs of a NN have fixed lengths.

However, our simulations contain events with different
numbers of particles, and the inputs do not have the same
length. We can use a recurrent neural network (RNN) as
our deep learning tool as it allows inputs of variable
lengths using gated recurrent units10 (GRUs) [107,108].

A standard RNN has the property that the structure of the
hidden layers will be updated when new inputs are
provided, and it also has the ability to “remember” parts
of the previous input for optimized classification. This is
depicted in Fig. 15.
As stated before, we use this RNN to separate signal

and background events. Kinematic properties of jets,
electrons, and missing ET are used as inputs to three
independent, recurrent networks. These are initially
trained in parallel and then merged together into a fully
connected sequential neural network. The described top-
ology is depicted in Fig. 16. Based on the input variables,
the network assigns a decision score (d) to every event.
This score goes from d ¼ 0, indicating perfectly back-
groundlike event, to d ¼ 1, indicating a perfectly signal-
like event. We then determine a cutoff d� such that all
events satisfying d > d� are classified as signal S, and the
rest is background, maximizing the signal significance
S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
.
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