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We explore flavored resonant leptogenesis embedded in a neutrinophilic two-Higgs-doublet model.
Successful leptogenesis is achieved by the very mildly degenerate two heavier right-handed neutrinos

(RHNs) N, and N5 with a level of only AM3, /M, ~

O(0.1%-1%). The lightest RHN, with a MeV-GeV

mass, lies below the sphaleron freeze-out temperature and is stable, serving as a dark matter candidate. The
model enables TeV-scale leptogenesis while avoiding the extreme mass degeneracy typically plaguing
conventional resonant leptogenesis. Baryon asymmetry, neutrino masses, and potentially even dark matter
relic density can be addressed within a unified, experimentally testable framework.

DOI: 10.1103/b5sk-5f3d

I. INTRODUCTION

The observed baryon asymmetry of the universe (BAU),

ng = ”En'y”B lo &6 x 10719 [1-3], poses a significant chal-

lenge to the Standard Model (SM). While the SM satisfies
the Sakharov conditions for baryogenesis [4,5], it fails to
generate sufficient asymmetry. In particular, more baryon
number violation, more CP violation, and a departure from
thermal equilibrium unlike the one in the SM are needed.
Traditional thermal leptogenesis within the type-I seesaw
model introduces heavy right-handed neutrinos (RHNs)
whose CP-violating, out-of-equilibrium decays generate a
lepton asymmetry, which sphalerons partially convert to
baryon asymmetry [6,7]. However, the Davidson-Ibarra
bound, valid for hierarchical RHNSs, requires the lightest
RHN to have a mass of M, > 10° GeV for sufficient
asymmetry to be generated [7-9]. This heavy scale exacer-
bates the hierarchy problem of the SM [10] and introduces
cosmological challenges, such as the gravitino problem in
supersymmetric extensions [11,12]. Furthermore, this scale
is far beyond the reach of any foreseeable experiments,
making experimental verification difficult, if not impossible.

Resonant leptogenesis alleviates these issues by enhanc-
ing CP asymmetry through the interference between nearly
degenerate RHN states [13-19]. In this scenario, the
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self-energy contribution to CP asymmetry becomes reso-
nantly enhanced when the mass splitting between two
RHNs is comparable to their decay widths, AM ~ I'. This
allows successful leptogenesis at TeV scales. However,
achieving such near degeneracy requires extreme fine-
tuning of the RHN masses, AM/M ~ 10, which is
viewed as unnatural.

The neutrinophilic Two-Higgs Doublet Model (v2ZHDM)
offers an alternative by extending the SM + RHNs with a
second Higgs doublet having a small vacuum expectation
value (VEV) and coupling exclusively to neutrinos. The
smaller VEV reduces the equilibrium neutrino masses,
increasing the CP asymmetry and allowing leptogenesis
to occur at lower scales [20-23]. However, 12HDM often
suffers from strong AL = 2 washout processes. Together
with the Davidson-Ibarra bound, which still applies to these
hierarchical leptogenesis models with a modified VEV, they
impose a lower limit on the RHN mass of My > 10° GeV
[21], making experimental verification still challenging.

Another drawback of most thermal leptogenesis models
is that, contrary to one of the objectives of the type-I seesaw
mechanism, they do not provide a dark matter (DM)
candidate, as they rely on the decay of the lightest
RHN, N, to produce the asymmetry.

To address these challenges, this paper proposes a model
combining the approaches of resonant leptogenesis and
v2HDM. Inspired by neutrino mass pattern model building,
we also introduce a RHN mass hierarchy: M| < Ty, <
M, ~ M. Upon accounting for flavor effects, N, and N;
enable TeV-scale resonant leptogenesis with only mild mass
degeneracy breaking, AMsz,/M, ~ O(0.1%—-1%). If this
mass pattern arises from a fundamental symmetry breaking,
the breaking of degeneracy directly relates to the scale

Published by the American Physical Society
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of Ny [24], implying M| ~ O(MeV-GeV) < Ty, in our
scenario. Since sphalerons remain in equilibrium until 7 =
131.7 GeV [25], the lightest N; decouples from thermal
leptogenesis and is stable. Thus, the model potentially
addresses both BAU and the DM relic density, a feature
absent in most thermal leptogenesis models. Furthermore, all
model parameters lie in experimentally testable range,
ensuring verification in the near future.

II. NEUTRINO MASSES

We extend the SM by a second Higgs doublet. The Higgs
sector couples to SM fermions in a type-I 2HDM-like
manner. We also introduce RHNs, which couple exclu-
sively to the second Higgs doublet ®@,. Both ®; and ®,
have hypercharge +1. A discrete Z, symmetry is imposed
to suppress flavor-changing neutral currents at tree level,
with @, and SM fermions being Z, even, while ®, and the
RHNs are Z, odd. Such a scheme is often dubbed as
v2HDM [20-23].

In this framework, ®; generates masses for SM fer-
mions, while ®,, with a small VEV wv,, facilitates the
seesaw mechanism for neutrino masses. The SM VEV is

v = /v} + v} %246 GeV, and we consider v, < v; such
that tan f = v, /v, > 1. If one starts from other types of
2HDM, such as type II, X, and Y, the Yukawa couplings hit
a Landau pole for large tan f, limiting the parameter space
[26]. The 22HDM avoids this issue and remains perturba-
tive up to the Planck scale. The Yukawa interactions are
described by

—Ly = ,0.P ug + y,0,®1dg + y, L@ e

- . 1 _
+yDLL(D2NR +§MNN;€NR+HC’ (1)

where ®; = ic,®?, and y represents the Yukawa coupling
matrices. Generation indices are suppressed. After electro-
weak symmetry breaking, the light neutrino mass matrix is
then given by the seesaw formula with proper modification
of VEV,
V3T

my, :EyVDMyI/7 (2)
where D), = diag(M,, M,, M3).

To explore the parameter space and ensure consistency with
experimental data from neutrino oscillations, we employ the
Casas-Ibarra (CI) parametrization, which links low-energy
neutrino data to high-energy seesaw parameters [27]:

V2
Yy = U_z UPMNS V DmRT V DM’ (3)

where Upyns 18 the standard Pontecorvo—Maki—Nakagawa—
Sakata (PMNS) matrix with Majorana phases a,; and a3,

221 ;931
2

Upyins = U - diag(l, % e’T), (4)

and R is a complex orthogonal matrix parametrized by three
complex rotation angles (or six real angles) z; = x; + iy;
i=1,2,3).

For RHNs, we consider the mass hierarchy M; <«
Typha < M, ~ M3. Such a pattern can arise from a softly
broken lepton flavor symmetry like L, — Ly — L [28-31],
the Froggatt-Nielsen mechanism [32], or the split seesaw
mechanism [33]. In the case of a softly broken flavor
symmetry, the RHN mass pattern starts as (0, M, M).
Breaking the symmetry with a soft breaking term S at a
scale O(S) lifts the degeneracy to (O(S),M — O(S),
M+ O(S)). For M, ~10 TeV with AM3,/M, ~ 1073,
this implies M ~ O(GeV) < Tgpp,.

This mass pattern is crucial: Ny does not participate in
thermal leptogenesis because when N; becomes thermally
important (7' ~ M), the temperature of the universe is
already lower than Tg,,, at which point all baryon
asymmetry converted from lepton asymmetry is frozen.
Additionally, in the decoupling limit of 2HDM, where
the observed SM-like Higgs boson corresponds to the
light neutral CP-even state [34], my, my, mys > my, ~
125 GeV > M/, there are no two-body tree-level decay
channels for N,;. Three-body decays are, in principle,
possible but are very suppressed via an off-shell heavy
Higgs or the SM-like neutral Higgs. For example, if
mediated by a heavy charged Higgs (e.g., N = v£¢7),
the decay is highly suppressed by the off-shell propagator,

| M3
1‘35‘”‘ E
For TeV-scale heavy Higgs bosons and a sub-GeV N, this
decay width is much smaller than the Hubble constant,
ensuring that N, is effectively stable and contributes to the
relic density. Similarly, three-body decays mediated by the
SM-like neutral Higgs (e.g., Ny — 3v) are suppressed by
extremely tiny couplings between the SM-like Higgs and
the SM neutrinos. While the decays are highly suppressed,
the production of N; is very efficient through 2 — 2
scattering processes when the mediators are on shell,
ensuring that a sufficient relic abundance is produced.
Thus, N, can serve as a dark matter candidate. Our model,
therefore, has the potential to simultaneously address the
BAU (via the mildly degenerate N, and N3) and the
observed dark matter relic density (through the stable
N) without introducing additional fields or mechanisms.

and the decay width can be approximated as I'y, ~

III. DYNAMICS OF LEPTOGENESIS

The role of lepton flavor becomes critical in leptogenesis
when the charged lepton interactions with the thermal bath
enter equilibrium. At very high temperatures, these inter-
actions are negligible compared with the universe’s expan-
sion rate H(T'), and all lepton flavors remain coherent. As
the universe cools, the Yukawa interactions of charged
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leptons come into equilibrium one by one. By
T ~ 102 GeV, the 7 Yukawa coupling becomes strong
enough to bring the 7 flavor into thermal equilibrium. At
T ~10° GeV, the u Yukawa interaction also comes into
equilibrium. All three lepton flavors are then distin-
guished [35].

As in standard resonant leptogenesis, the mild degen-
eracy of the RHNs N, and N;3 leads to a resonant
enhancement of the CP asymmetry from the self-energy
diagram contributions. Also, for TeV-scale leptogenesis
concerned, all three flavors are fully resolved. In this
flavored regime, the CP asymmetry generated by the decay
of N; into a specific lepton flavor @ = e, yu, 7 must be
computed separately. The resonant flavored CP asymmetry
€, from the decay of N, into L, is given by [15]

=D+ 5)
ial

I (V)i (7 )ag (V290 )i 3 07 a0 )0 (9502 ]

Oy)i(vivn); ’
2 2

wix_ (MP—M)MT,

U (M= M)+ MOTS

(M?=MAM,T

2 _ (22 2 _det[Re(y;y,)]
(M; MJ) + (ML +MF) 052y

X

ose
)

. (5

where I'; is the total decay width of N;.

The full dynamics of lepton asymmetry in the flavored
regime are governed by the density matrix formalism,
which tracks flavor-specific asymmetries through diagonal
elements and coherence effects through off-diagonal ele-
ments. However, for TeV-scale leptogenesis, coherence
between different lepton flavors is entirely destroyed by
thermal interactions damping the off-diagonal elements
of the density matrix. Consequently, the differential equa-
tions for the density matrix reduce to a set of flavor-
diagonal Boltzmann equations for each lepton flavor
asymmetry. This approximation is well valid for My <
10° GeV [36,37].

Assuming N, and N3 decay predominantly into nearly
orthogonal lepton flavors, e.g., N, — L, and N3 — Ly
(a # ), the interaction rates of N5 with L, are negligible.
This ensures that the lepton number excess in the « flavor
generated by N, decays is not erased by N;-mediated
washout [13,16]. This assumption requires

|(yu)a3|2

(yzyu)33

€20 > €3q5 P3a = < 17 (6)

where p;, encodes the flavor component @ in N;. Under this
condition, we can focus solely on Boltzmann equations for
the N, system, which are

an
2 __ _ %
dz Dz("N2 ”N2)7
dn e
dZ(l = €2aD2(nN2 - n[\g) - p2aW2na7 (7)
where ny, is the number density of N, nf\?z is its

equilibrium value, n,, is the lepton asymmetry in « flavor,
and z = M,/T. The decay (D;) and washout (W,) rates of
N; are [7,9]

Ky
= ;Dm = ;Kmx,-z ’ngg ) (8)

Wi(2) = g Kk ()2 ©)

where IC; and /C, are modified Bessel functions of the
second kind, x; = M?/M3, and

K _ ZK”I = Za ia o Zamia (10)

T =M 2) B m,
tells whether the decay of N; is in equilibrium at 7 = M,. It
is related to the effective neutrino mass 7, and the
equilibrium neutrino mass m,, given by

873g, 8703

+
i (yv)ia(yb)aivg m. =
’ * 90 MP] ’

104
M,

(11)

where g, is the total number of relativistic degrees of
freedom, and Mp, is the Planck mass.

For large tanf, v, < vgy significantly reduces m,,
favoring the strong washout regime (K, = 7, /m, > 1).!
Unlike in the weak washout regime, AL = 1 scattering
effects are subdominant in the strong washout regime, and
affect the final lepton asymmetry only at the O(10)% level,
justifying why we ignore such terms in Eq. (7) to simplify
analysis [38,39]. Spectator and thermal corrections are also
omitted as they do not qualitatively alter leptogenesis
dynamics at low scales.

However, as in standard ©2HDM models, AL =2
scattering processes become increasingly relevant at large
tan 3, due to the enhancement on the Yukawa couplings of
neutrinos [23]. These processes can significantly wash
out the Ilepton asymmetry generated. They involve
®,¢ < D,/ and O, D, <> £¢, with rates proportional to
Tr[(v,y0) (vy0)'] ~ M3m? /v, where  m* =37, mj ~
0.05 eV represents the light neutrino mass scale. At
temperatures T < M, /3, the thermally averaged AL =2
scattering rate is approximately [9,23]

'The effective neutrino mass m, does not depend on v,, as it
cancels with the one in the Yukawa matrix, which can be seen
from Eq. (3).
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FIG. 1. Bounds on M, by AL = 2 washout rate as a function of

v,. Locations of BM points for successful leptogenesis from
Table I are also shown.

FALZZN T 246 GeV 4 m 2 (12)
H " 22x108Gev vy 0.05eV) "~

This scales as 1/v3, making AL = 2 processes particularly
significant in the small v, (large tanf) regime. In this
region, the washout effect can become so strong that it
potentially erases most of the lepton asymmetry. To ensure
successful leptogenesis, we exclude parameters in strong
AL = 2 washout regime from our analysis.

Figure 1 illustrates the bounds on M, imposed by AL = 2
washout as a function of v,. Notably, while the type-12HDM
does not impose an upper limit on tan 3, requiring lepto-
genesis to occur before sphaleron freeze-out while avoiding
strong AL =2 washout places a lower bound on v, 2
0.3 GeV (tan g < 600).

Finally, the generated lepton asymmetry is partially
converted into baryon asymmetry via B — L conserving
electroweak sphalerons, which remain efficient until 7'gy,.
The baryon-to-photon ratio is related to the B — L asym-
metry by [9]

n
ng = nrfc =0.013nz_;, (13)
v

where ng_; =%, , N, is the total B — L asymmetry
and n; is the photon number density at recombination.

IV. NUMERICAL ANALYSIS

To evaluate the viability of our model, we performed a
comprehensive numerical scan of the parameter space relevant
to leptogenesis and neutrino oscillation data to identify the
preferred regions for the mixing angles and phases.

For neutrino oscillation inputs, we used NuFit-6.0 without
Super-Kamiokande’s atmospheric data [40]. The light

neutrino mass-squared differences Am3, and Am3,, where
¢ =1 for normal ordering (NO) and # = 2 for inverted
ordering (10), were fixed at their best-fit values. The Dirac
phase dcp was scanned over its 3o range, while the PMINS
mixing angles 6;,, 6,3, and ;3 were scanned within their
best-fit =10 intervals. A uniform random scan was also
performed over the following parameters:

1) x;, y;r —180° —180°,

(ll) 1, X371 0°— 7200,

(iii) log;o(M[GeV]): —=7.0 — 2.0, and

(iv) logo(m(3)[eV]): =10.0 — (=1.0),
while M, = 10 TeV, AMz,/M, = 0.1%, and tan § = 225
were kept fixed. The Yukawa matrix elements were then
reconstructed from Eq. (3), and the Boltzmann equations
for the lepton asymmetry were solved numerically for each
scan point. The resultant lepton asymmetry was converted
into the final baryon asymmetry via Eq. (13) and compared
with the present-day observed value 7z ~ 6 x 10710,

The results are displayed as color contour maps to reveal
patterns and correlations among the scanned parameters,
particularly the mixing angles and phases. For instance,
Fig. 2 shows the contour on the plane of a,; versus dcp
under the NO and IO spectrum, respectively. The color
represents the magnitude of the final baryon asymmetry
|ng|. The observed 5y corresponds to the boundary of red
and orange. For the NO spectrum, the generated BAU does
not depend on either Dirac or Majorana CP phases. For the
IO spectrum, a clear preference for a,; €[45°,315° U
[405°,675° is evident while Scp shows no strong prefer-
ence. In both spectra, az; was also found to be irrelevant to
the baryon asymmetry.

Figure 3 shows the contour scan of the lightest left-
handed neutrino mass m;() and right-handed neutrino
mass M;. Our scans show that M; has no influence on
the baryon asymmetry. However, the lightest light neutrino
mass my3) exhibits a threshold for generating sufficient
baryon asymmetry. For tanf = 225, my3) < 1073 eV is
required. This behavior arises because a smaller v, reduces
the equilibrium neutrino mass m,,, necessitating a reduction
in the effective neutrino mass 7, to counteract enhanced
washout. Since 771,, does not depend on v,, the suppression
of the lightest neutrino mass becomes essential to partially
balance the washout factor K in Eq. (10) for fixed M,.

The reason we fixed the values of M,, AM5,/M,, and
tan f§ for the above scan is these parameters influence the
leptogenesis dynamics in a flavor-blind manner. Varying
them only shifts the boundaries of amount of BAU
(quantified by color layers) on the contour plots without
altering the internal correlations and patterns among the
mixing angles and phases.

A detailed scan contour for the Casas-Ibarra mixing
angles x; and y; for both NO and IO neutrino spectra is also
performed. Figure 4 shows the scan results for the NO
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6x 10710

6x 10711

6x10 122
=

6x 10713

6x 10714

6x1071°

6cp[°]

(a)

—
=

6x107°

6x 10710

6x 10711

6x 10712

|n(B)|

6x10713

6x 10714

6x1071°

FIG. 2. BAU dependence as a contour on dcp and a,; plane. The color corresponds to the magnitude of 75 survived. The boundary of

red and orange corresponds to the observed value. (a) NO. (b) IO.

spectrum. Panel (a) depicts the contours for tan S = 225,
while panel (b) shows the results for tanf = 100 to
illustrate the impact of varying tan . As mentioned above,
varying tan 8 only shifts the boundaries of the amount of
BAU on the contour plots without altering the internal
correlations and patterns among the mixing angles and
phases. In general, for NO,

(i) |x;| tends to align closely with 0° or 180°, while |y, |
clusters around 0°. Moreover, x; and y; either align
or antialign with each other.

(ii) |y,| prefers larger values.

(iii) |x3| clusters near 90°.
(iv) |y3| prefers small values.

6x107°
6x 10710
6x 10711

7125
6x 10 =

l0g10 (M1 [eV])

6x 10713

6x 10714

6x 101>

log1o (M1 [GeV])

(a)

(V) x5, dcp, 21, and az; do not exhibit a preference for
leptogenesis.
Figure 5 presents the scan results for the 1O spectrum. We
observed that
(i) |x;| and [|y,| tend to cluster near 0°.
(i) |y»| shows an inverse correlation with |y;| and
prefers large values.
(iil) |x,| avoids 90°.
(iv) |y3| favors large values and exhibits an angular shift
relative to |y, ].
(v) Unlike NO, a,; shows a clear preference for
[45°,315°] U [405°,675°], while x3, Jcp, and a3
remain irrelevant for leptogenesis.

6x107°

6x 10710

6x 10711

71z§
6x 10 =

logio (M3 [eV])

6x 10713

6x 10714

6x 10715

logio (M1 [GeV])

(b)

FIG. 3. BAU dependence as a contour on the mass of the lightest LH neutrino n1,(3) and the mass of the lightest RH neutrino M.

(a) NO. (b) 1IO.

115011-5



PEISI HUANG and KAIRUI ZHANG

PHYS. REV. D 111, 115011 (2025)

6x107°

6x 10710

16 x 10711

16 x 10712

[n(B)|

6x10°13

6x 10714

6x 1012

6x107°

6x 10710

16 x 1011

16 x 10712

[n(B)|

6x 10713

6x 10714

6x10°1>

FIG. 4. Scan contours for NO spectrum with (a) tan # = 225 and (b) tan g = 100.

These contours reveal highly structured patterns and
correlations among the CI mixing angles for successful
BAU. Notably, these patterns actually tend to select specific
flavors responsible for leptogenesis, depending on the
neutrino mass ordering. For NO, successful leptogenesis
has a strong taste of the e flavor for generating the excess,
while for IO, it has a distaste of the e flavor and instead
nearly equally favors u or 7 flavors. These distinct patterns
may suggest a potential underlying flavor symmetry that
constrains the mixing angles. We leave the possibility that
the same symmetry could also govern the RHN mass

patterns. Further investigation into this flavor symmetry
could provide valuable insights into the interplay between
mixing angles and mass patterns in the RHN sector. The
contours also suggest the 1O case allows a richer parameter
space than the NO case.

Based on the scan results, we identified targeted bench-
mark points (BMs) to demonstrate the viability of lepto-
genesis within our model. These points satisfy neutrino
oscillation experimental constraints, generate sufficient
BAU, and lie outside the strong AL = 2 washout region
shown in Fig. 1. The BMs were chosen to reflect distinct

115011-6



TESTABLE FLAVORED TeV-SCALE RESONANT LEPTOGENESIS ...

PHYS. REV. D 111, 115011 (2025)

6x107°

6x 10710

6x 1011

16 x 10712

[n(B)|

6x 10713

6x10°1

6x 1071

6x107°

6x 10710

6x 1011

y2[°1

FIG. 5.

levels of M,, mass degeneracy levels, and tan f: either a)
small M, with high degeneracy (still mild in general terms),
b) large M, with low degeneracy, or ¢) a trade-off between
these two directions. The BMs are summarized in Table I,
while a complete set of parameters for these BMs can be
found in Table II in the Appendix.

The evolution of the number densities for these BMs is
shown in Fig. 6. These evolutions are characterized by the
development of two out of three lepton excesses that build
up early and are subsequently washed out. Meanwhile, the
third flavor excess remains resilient, ultimately surviving
and contributing to the final baryon asymmetry observed
today, aligning with the flavor assumption in Sec. III.

[n(B)|

16 x 10712

6x 10713

6x 10714

6x 1071

Scan contours for 10 spectrum with (a) tan f = 225 and (b) tan # = 100.

TABLE I. Benchmark points for normal and inverted neutrino
ordering. M; =1 GeV is fixed for all BM points.

NO BM 1 BM 2 BM 3
M, [TeV] 75 15 40
AM3, /M, 0.1% 0.5% 1%
tan 200 180 150
10 BM 1 BM 2 BM 3
M, [TeV] 5 10 25
AM3, /M, 1% 4% 10%
tan 225 200 150
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1073
BM 1 (NO)

10°°

1077

107°

BM 2 (NO)

I7s] BM 3 (NO)

o3

10-°

BM 1 (10)

1077

107°

10711

BM 2 (10)

BM 3 (10)

1071 10° 10t 107t 10°

10t 107t 10° 10!

z ==ﬂ42/T

FIG. 6. Number densities evolution as a function of z = M, /T.

These results establish the compatibility of resonant
leptogenesis down to TeV scales with only a very mild
mass degeneracy O(1%-0.1%) needed. For NO, this can
be achieved with M, = 7.5 TeV and AMs,/M, ~0.1%,
while for 10, M, =5 TeV and AM3, /M, ~ 1%.

V. CONCLUSION

In this study, we have demonstrated that TeV-scale
leptogenesis can be achieved with only a very mild mass
degeneracy between the RHNs N, and N;. This degeneracy
can naturally arise, for instance, from a flavor symmetry
whose soft breaking results in the required mass pattern.
Such a flavor symmetry might also explain the structured
patterns observed in the scan of Casas-Ibarra rotation
angles. A UV-complete realization of this scenario is left
for future investigation. Importantly, in such a scenario, the
mass of the lightest right-handed neutrino, N, is naturally
below both the sphaleron freeze-out temperature T, and
the SM-like Higgs boson mass m,.

Traditional leptogenesis models often face challenges
in simultaneously addressing the BAU and the dark
matter relic density, as they typically rely on the decay
of the lightest RHN, N,, or risk N; washing out the
asymmetry generated by N, and N;. Our model circum-
vents this issue by placing N below Ty, rendering it
inactive during leptogenesis. Furthermore, since N is
lighter than the SM-like Higgs boson, it lacks two-body
tree-level decay channels while three-body tree-level is
very suppressed, making it a viable DM candidate. Thus,
both BAU and potentially the DM relic density can be
accounted for.

Unlike many other TeV-scale resonant leptogenesis
models, which decouple the heaviest RHN from dynamics,
our model keeps all RHNs at or below the TeV scale. Thus,
all model parameters are, in principle, testable in near-
future experiments. The three RHNs can be produced and
probed directly in future collider in principle [41-43].

The MeV-GeV scale N; particularly offers lucrative
experimental prospects. Depending on its mixing with
light neutrinos, it could be produced in fixed-target
experiments such as SHiP [44] and NA62 [45], or in
rare meson decays at collider experiments, which it may
manifest through displaced vertices or exotic decays of
mesons. It could also be searched at FASER [46],
MATHUSLA [47], DUNE [48-50], and FPF [51,52]
or direct DM detection experiments like SENSEI, which
utilize recoils resulting from dark matter-electron inter-
actions, are particularly sensitive to DM candidates in the
MeV-GeV mass range [53]. Depending on the specific
flavor assignments of each RHN, the model can also
predict lepton flavor-violating (LFV) processes such as
u — ey, 4 — 3e, and u — e conversion in nuclei [17,43],
or LFV processes involving 7. In particular, there can be
sizable contributions to neutrinoless double beta decay
(Ovpp). The effective neutrino mass involved in Ovpf is
related to the (I, 1) entry of the light neutrino mass
matrix [17]. As a concrete example, for BM 1 (IO) in
Table I, we calculated that

[{mgp)| = |(m,),1] % 0.024 eV, (14)

which is within the sensitivity of upcoming ton-scale
experiments [54-59].

Finally, the simplicity of our approach is noteworthy. By
making minimal and well-motivated extensions, we pro-
vide a unified framework that simultaneously addresses the
BAU, neutrino masses, and DM. This is both theoretically
appealing and experimentally testable.
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APPENDIX: PARAMETERS FOR LEPTOGENESIS BENCHMARK POINTS

TABLE II. Detailed parameters for leptogenesis BMs used in main text in either normal ordering or inverted ordering neutrino
spectrum. M| = 1 GeV are fixed for all BMs.

Parameter BM 1 (NO) BM 2 (NO) BM 3 (NO) BM 1 (10) BM 2 (10) BM 3 (10)
ml(3) [CV] 10—9.7 107641 10—9.9 10—]0.0 10—9.5 1076.7
M, [TeV] 7.5 15 40 5 10 25
AML;Z (%] 0.1 0.5 1 1 4 10

x; [7] 0.20 —179.67 0.67 178.19 174.31 —175.30
i [°] —-0.42 -0.01 0.29 7.70 -2.40 6.09
x [°] 170.12 —47.34 —169.01 102.42 —23.82 —127.97
v [°] 157.07 —157.14 —153.86 153.98 —167.83 153.64
x3 [°] —87.54 —88.67 96.87 150.66 —164.83 42.02
v3 [7] 3.94 3.12 —1.96 —159.62 —178.51 170.06
o [°] 188.13 139.94 316.10 345.67 218.56 203.28
a [°] 33.13 234.96 214.07 221.49 168.83 491.63
asz [°] 5.35 602.27 466.95 262.38 348.94 451.62
03 [°] 48.57 48.51 47.93 48.83 48.45 48.36
01, [°] 34.13 33.49 33.71 34.20 33.60 33.95
013 [°] 8.59 8.46 8.57 8.66 8.52 8.58
tan 200 180 150 225 200 150
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