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We consider low-energy tests of low-scale leptogenesis based on the type I seesaw sce-
nario with three right-handed singlet neutrinos v;r. In this scenario, successful leptogene-
sis is possible for quasi-degenerate in mass heavy Majorana neutrinos Ny 23, Mi 23 = M,
|M; — M;| < M, i# j =1,2,3, heavy Majorana neutrino masses M ~ (0.05 — 5 x 10°)
GeV, and N; charged current and neutral current weak interaction couplings as large as
O(1072). We derive the constraints on the corresponding leptogenesis parameter space
from the existing data from low-energy experiments, including the limits from the ex-
periments on g — ey decay and on the rate of ;1 — e conversion in gold. We show also
that the planned and upcoming experiments on charged lepton flavour violation with u¥,
MEG II on the p — ey decay, Mu3e on 1 — eee decay, Mu2e and COMET on p — e
conversion in aluminium and PRISM/PRIME on p — e conversion in titanium, can probe
significant region of the viable leptogenesis parameter space, and thus have a potential for
a discovery. Experiments on 7 — eee(uuu) and 7 — e(u)y decays (e.g., BELLE II) also
can probe a part of the leptogenesis parameter space, although a relatively small one.
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1 Introduction

In the present article, we investigate the possibility to test the low-scale leptogenesis scenarios
of generation of the Baryon Asymmetry of the Universe (BAU) [1-6] based on the type I seesaw
mechanism [7—11] in experiments sensitive to beyond the Standard Model physics at sub-TeV
scales. As is well known, an integral part of the type I seesaw mechanism and the related
leptogenesis scenarios are the right-handed (RH) neutrinos v,z (RH neutrino fields v r(z)),
which can be added as SU(2)y, singlets to the Standard Model (SM) without modifying its
basic properties. Such a SM extension with two seesaw RH neutrinos and, correspondingly,
with two heavy Majorana neutrinos N; with definite masses M; > 0, j = 1,2, is the minimal
set-up in which leptogenesis can be realised, satisfying the three Sakharov’s conditions [12]
for a dynamical generation of the matter-antimatter asymmetry.

In classical thermal leptogenesis with N; having hierarchical mass spectrum, the genera-
tion of the BAU, due to the out-of-equilibrium L-, C- and CP-violating decays of N;, takes
place at scales which are typically by a few to several orders of magnitude smaller than the
scale of unification of the electroweak and strong interactions, Mgy = 2 x 10'6 GeV (see,
e.g., [13] and the recent review article [14], which include also extended lists of references).
The scale of leptogenesis is determined, in general, by the values and the spectrum of masses
of the heavy Majorana neutrinos IVj. A rather detailed analysis of the high scale thermal
(non-resonant) leptogenesis scenario with three RH neutrinos performed in [15, 16] showed
that, with flavour effects taken into account and mildly hierarchical heavy Majorana neutrino
masses, Mo ~ 3M;, Mz ~ 3Ms,, the leptogenesis scale can be as low as M; ~ 105 GeV.
Testing experimentally even this high scale leptogenesis scenario seems impossible at present.

A unique possibility to test experimentally the leptogenesis idea is provided by the low-
scale scenarios based on the type I seesaw mechanism proposed in [3,4,17] and in [5,6]. In
these scenarios, the heavy Majorana neutrinos can have masses at the sub-TeV scales, which
makes the scenarios testable, in principle, at colliders (LHC and/or future planned) and/or
at low-energy experiments (see further).

In resonant leptogenesis [3,4,17-23], the baryon asymmetry is produced exclusively by the
CP-violating N; and Higgs decays mediated by the neutrino Yukawa couplings with N; having
masses M; < (<) 1 TeV. In the simplest case with two RH neutrinos, the resonant regime is
realised if the associated two heavy Majorana neutrinos /N 2 form a pseudo-Dirac pair! [26,27]
such that the splitting between their masses, Ma — My = AM > 0, is of the order of the Ni
decay widths I'; o: AM/I'1 o ~ 1, which typically implies also that AM < Mj 5. This scenario
was re-visited using the formalism of Boltzmann equations most recently in [28], where the
authors concentrated on the case of My < 100 GeV, AM < M5 (for earlier discussions
see, e.g., [29,30]). Both the relevant 1 <+ 2 decays and inverse decays and 2 <> 2 scattering
processes (involving quarks and gauge fields), including flavour effects and thermal effects
(thermal masses and soft collinear processes involving gauge fields in the thermal plasma),
were taken into account. Results were presented in [28] for the two possible Nj o initial
abundances at temperature Ty > Ty, Tspn being the sphaleron decoupling temperature
Tepn = 131.7 GeV 2: i) Ny 2 Thermal Initial Abundance (TIA), and ii) Ny 2 Vanishing (zero)

It was shown in [24, 25] that, in this case, the radiative corrections to the light neutrino masses are
negligible. We verify that this condition is satisfied, and reject all points for which the radiative corrections
are comparable to the tree level contribution.

2The baryon asymmetry np during the generation process “freezes” at Tipn as the temperature of the
Universe decreases and the value of ng at Typn should be compared with the observed one.



Initial Abundance (VIA). The light neutrino mass spectrum with normal ordering (NO) (see,
e.g., [31]) was considered. It was found that successful resonant leptogenesis is possible in
the VIA (TIA) case for masses of the heavy Majorana neutrinos across the whole of the
experimentally accessible region of M; 2 = 0.3 (5.0) — 100 GeV, and for values of the charged
and neutral current couplings of N o in the weak interaction Lagrangian, denoted in [28] as
(RV)¢j, £ = e,p, 7, j = 1,2, in the range of (1076 — 5 x 107°).

In [5,6], the so-called “freeze-in” leptogenesis mechanism by which the BAU is generated
via RH neutrino oscillations during the epoch when the RH neutrinos, or equivalently, the
heavy Majorana neutrinos N;, are being produced and are out of equilibrium, was put forward.
This mechanism was extensively studied (see, e.g., [32—42] and references quoted therein).

Resonant leptogenesis and leptogenesis via neutrino oscillations were usually treated as
separate in baryogenesis mechanisms. Only recently, the parameter space of the two scenarios
was studied in a unified framework in [43] (see also [414]) based on density matrix-like equations
(see, e.g., [15,40] for a review of the formal treatments of resonant leptogenesis). 3 Considering
the case of two heavy Majorana neutrinos Nj o forming a pseudo-Dirac pair, in [13] it was
shown that i) the observed baryon asymmetry can be generated for all experimentally allowed
values of the Majorana neutrino masses M2 = M 2 100 MeV and up to the TeV scale, and
that ii) leptogenesis is effective in a broad range of the relevant parameters, including mass
splitting between the two Majorana neutrinos as large as AM/M ~ 0.1, as well as couplings
of N1 in the weak charged lepton current which depend on the value of M: for, e.g., M =1
and 50 GeV, they are in the range of (107° — 1073) and (107% — 3 x 1079), respectively.
The results derived in [43] and in [28] are largely compatible in the leptogenesis parameter
space regions where they can be compared, such as, e.g., in the regions corresponding to the
case of TTA and light neutrino mass spectrum with NO. The region of viable leptogenesis
parameter space for M 2 0.2 GeV found in [28,43], leads to an upper bound on the weak
lepton charged current (CC) interactions M - U? < 5-107% GeV, where U% =Y, [(RV)u|*.
This is too small to be probed in low-energy experiments 4, but could be probed in fixed target
experiments [54, 55], future colliders [55-58], or potentially already at the HL-LHC [59, 60]
(see, e.g., Fig. 1 in [43]).

The unified treatment of low-scale leptogenesis was extended in [61] to the case of three
quasi-degenerate heavy Majorana neutrinos Ny o3, with My 23 = M. The authors of [61]
presented results for M between 50 MeV and 70 TeV, focusing on the case of light neutrino
mass spectrum with NO, either hierarchical (NH) or quasi-degenerate (QD), and considered
both vanishing and thermal initial conditions. The major finding in [42,61] is that the range
of heavy Majorana neutrino CC and neutral current (NC) couplings for which one can have
successful leptogenesis is by several orders of magnitude larger than the range in the scenario
with two heavy Majorana neutrinos, reaching at, e.g., M = 100 GeV values ~ 5 x 1072 in

3The density matrix equations used in this work were derived independently in the density matrix formalism
for mixing neutrinos [40,47,48] and in the Closed-Time-Path (CTP) formalism using the gradient expansion [37,
49,50]. The resulting asymmetries were shown to agree with the full CTP approach in a static Universe, for
AM/M < 1 [45]. On the other hand, following similar considerations, the authors of [51,52] claim to have
found an additional source of CP violation related to the phenomenon of resonant flavour mixing, distinct
from that of heavy Majorana neutrino oscillation, which can lead to additional contribution to the baryon
asymmetry, and thus further theoretical uncertainty.

4The only exception could be the neutrinoless double beta decay experiments, which can have a contribution
from the heavy Majorana neutrinos with large mass splittings AM/M > 1073, and masses below 2 GeV, as
was shown in [38,53].



the case of TIA and even somewhat larger values in the case of VIA. 5 For heavy Majorana
neutrinos with masses below the TeV scale, a large range of couplings can already be probed
in direct searches at the LHC [54,55,64-66], as well as in fixed target experiments [54,55]
and future colliders [55-58]. In the present article, we investigate the possibility to test
directly the low-scale leptogenesis scenarios discussed in [61] (see also [42]) in upcoming high
precision experiments on charged lepton flavour violation (cLFV) searching for u* — et +
and pu* — e + et 4 e~ decays and for ;1 — e conversion in nuclei.

2 Aspects of the Seesaw Formalism and the Analysis

In the set-up with three singlet RH neutrinos v,z and in the leptogenesis framework based on
type I seesaw mechanism, in general, the required non-conservation of the total lepton charge
L is provided, as is well known, by the Majorana mass term of the singlet neutrinos v,z and
the neutrino Yukawa coupling Ly (z) involving v, and the SM lepton and Higgs doublets,
ter(x) and ®(z). The requisite breaking of C- and CP-symmetries is ensured by the v,p
Majorana mass term and/or the Yukawa coupling Ly (z).

In the diagonal mass basis of the RH neutrinos v, and the charged leptons ¢*, £ = e, ji, 7,
which proves convenient for the leptogenesis analysis and was used in [28,43,61], the neutrino
Yukawa coupling Ly (x) and the seesaw Majorana mass term are given by:

Lym(z) = — (Yeer(z) its () Nig(z) 4+ hc.) — %Mz N;(z) Ny(z), (1)

where Yy; is the matrix of neutrino Yukawa couplings (in the chosen basis), (¢yr(z))T =
(vl (z) (E(x)), £ =e,u,7, vor(z) and ¢1,(z) being the left-handed (LH) flavour neutrino and
charged lepton fields, (®(z))T = (@) (z) ®©(z)) and N; (N;(x)) is the heavy Majorana
neutrino (field) possessing a mass M; > 0. In the same basis, the flavour neutrino fields
ver(x), ¢ = e, u, T, which enter into the expressions of the charged and neutral currents in the
weak interaction Lagrangian, are given by:

ver () = Z(l +n)Ugviz(x) + Z(RV)EJ'NJ’L(%) ; (2)

? J

where N, (x) are the LH components of the fields of the heavy neutrinos Nj, v;r(x), i = 1,2, 3,
are the LH components of the fields of three light Majorana neutrinos v; having masses m;,
mi < 0.5 eV < Mj, U is a 3 x 3 unitary matrix and n = —(1/2)(RV)(RV)'. The matrix R
is determined by R = Mp M J:,l, Mp and My being the seesaw neutrino Dirac and the RH
neutrino Majorana mass matrices, respectively, |Mp| < |My|, and V is the unitary matrix
which (to leading approximation in Mp/My) diagonalises the Majorana mass matrix of the
heavy RH neutrinos My (see, e.g., [67]). The matrix Mp is related to the matrix of neutrino
Yukawa couplings Y in Eq. (1) as follows: Mp = (v/v/2)Y VT, v = 246 GeV. The Majorana
mass matrix of the LH flavour neutrinos is given by the well known seesaw expression:
v’ —1y,T & 77T
== 5 Yy M Yy = (Ui, U e (3)

(my)eer = — [Mp My' (Mp)'],,

5Note that the possibility of large couplings was found in [62,63] in the special regime of resonant 7-
leptogenesis in which the coupling of the heavy Majorana neutrinos to the 7 charged lepton is negligible, while
the couplings to e and u, although relatively large, do not play a role in leptogenesis. Although the results
of [42,61] allow for such a BAU production mechanism, this was not found to be the dominant mechanism
which is associated with large Majorana neutrino couplings to e, u and 7 charged leptons.



Best Fit Values of the Neutrino Parameters

912 (913 923 (5 Am%l Am§1(32)
*) () ) ) (1079eV?)  (107%eV?)
33.44 8.57 49.2 197 7.42 2.517

Table 1: The best fit values of the three neutrino mixing angles 612, 613, f23 and the two
neutrino mass squared differences in the case of light neutrino mass spectrum with NO [71].
The best fit value for the Dirac phase § is also reported for completeness, even though in our
analysis we treat it as a free parameter.

where m,, = diag(m1, ma, ms).
It follows from Eq. (2) that, in the seesaw scenario we are considering, the PMNS matrix
has the form:

Upmns = (1+1)U . (4)

The matrix n describes the deviations from unitarity of the PMNS matrix. The elements of
n are constrained by electroweak data and data on flavour observables [68,69]. For M; < 500
MeV and depending on the element of 7, these constraints are in the range (10™* — 1073)
at 20 C.L. For Mj larger than the electroweak scale, the constraint on 7., = 7, is even
stronger: |7e,| < 1.2 x 1075, Given the stringent upper bounds on the elements of 7, to a
very good approximation one has: Upyng = U. Following [28,43,61] we use in our analysis
the standard parametrisation of the PMNS matrix Upnmng [31]:

€12€13 $12€13 size” " 10 0
0 6 tagy
Upnmns = | —s12¢23 — c12523513€ C12C23 — 512523513€ sozc1z | X [0 e™2 0 ;
512823 — C12¢23513€"  —C12523 — S12C23513€¢"  C23C13 0 0 e+

where ¢;; = cosb;j, s;j = sinb;;, 0 is the Dirac CP violation (CPV) phase, while ap; and as;
are the two Majorana CPV phases [70]. In the numerical analysis that follows, we will use
the values of the three neutrino mixing angles 612, 623 and 613, and the two neutrino mass
squared differences obtained in the global neutrino oscillation data analysis performed in [71]
and quoted in Table 1. It follows from [71], in particular, that the 30 allowed interval of
values of the Dirac CPV phase ¢ is rather large. Furthermore, the Majorana phases ao; and
a1 cannot be constrained by the neutrino oscillation experiments. Thus, we will treat the
Dirac and Majorana CPV phases as free parameters.

The quantities (RV)¢; in Eq. (2) determine the strength of the CC and NC weak interac-
tion couplings of the heavy Majorana neutrinos N; to the W# bosons and the charged lepton
¢, and to the Z° boson and the LH flavour neutrino vy, £ = e, i, 7 in the weak interaction
Lagrangian:

9 7 a
Lc = —Tﬁha(RV)zj(l—’ys)NjW + he., (6)
LNe =~ T va BV ) (1= ) N; 2% + hic., @)

where ¢,, = cosb,,, 0,, being the weak mixing angle.
The magnitude of the couplings (RV')¢; in the region of the parameter space of successful
leptogenesis is crucial for the possibility to test the low-scale leptogenesis scenarios.



Equation (3) allows to relate the matrix of the neutrino Yukawa couplings Y and the
matrix U [72]. In the diagonal mass basis we are using, this relation has the form (Casas-
Ibarra parametrisation):

Y:i\/fU\/ﬁTyoT\/ﬁ, (8)

where O is a complex orthogonal matrix, OT O = OOT = I and M = diag(My, My, Ms).
The usual parametrisation for the matrix O, e.g. adopted in [28,43,44], is that given in terms
of three Euler complex angles 0; = w; + i§;, with j = 1,2,3 and w;, & € R for any j, and

reads:
C2C3 €253 52

O = | —s182c3 —c183 —s18283 +cic3 s1c2 |, 9)
—C182C3 + S183 —C18283 — S1C3  C1C2

where s; = sin(f;) and ¢; = cos(6;). An equivalent alternative parametrisation was utilised
in [61]. It has the form:
O = (O,RcON)" (10)

where O, = 0513)0,823) and Oy = 05\?3)05\}3) represent products of real rotations in the 1-3
and 2-3 planes, while Rg = Rgm describes a rotation by a complex angle in the 1-2 plane.
This parametrisation proves convenient in the three RH (heavy Majorana) neutrino case since
it involves just one complex angle (in R¢), denoted as 6¢ in what follows.

The O-matrix defined above have det(O) = 1. Often, in the literature on the subject,
the factor ¢p = +1 is included in the definition of certain elements of O to allow for the both
cases det(O) = 1. We will work with the matrix in Eq. (10), but extend the range of the
Majorana phases 31y from [0, 27] to [0, 47|, which effectively accounts for both cases of
det(O) = £1 [73]. In this way, the same full set of O and Yukawa matrices is considered.

From the results obtained in [61] in the three RH neutrino case with quasi-degenerate
heavy Majorana neutrinos for Mj23 = M < 70 TeV, it follows, as we have already briefly
discussed, that one can have successful leptogenesis for either NH or QD light neutrino mass
spectrum, and for M in the ranges 1.7 GeV — 70 TeV and 50 MeV — 70 TeV in the cases
of TIA and VIA, respectively. In the region of viable leptogenesis, the observable quantity
related to the heavy Majorana neutrino couplings, sz |(RV)4;|?, varies in a wide range, hav-
ing relatively large values accessible to low-energy experiments other than, for example, SHiP
and those at the discussed FCC-ee collider. For m; = 0 (NH spectrum) and M = 100 GeV
(70 TeV), for example, as was reported in [61], max(}_,; |(RV)gj]?) =2 0.1 (107°). The value
of the observable Y, , |(RV)4|? of interest exhibits a relatively weak dependence on the Dirac
and Majorana phaseé, mild dependence on the Casas-Ibarra real angles of the parametrisation
in Eq. (10) and strong dependence on the imaginary part of 6c.

3 Low-Energy Phenomenology: Limits and Prospective Tests
by cLFV Experiments

The low-energy phenomenology of the considered type I seesaw scenario has been investigated,
e.g., in [67,74-76]. The CC and NC couplings in Egs. (6) and (7) can induce (via one-loop
diagrams with exchange of virtual Nj 2 3) charged lepton flavour violating (cLFV) processes
pt = et + 4, ut — et + et + e, u— e conversion in nuclei, etc. [77,78].



The most stringent upper limits on the rates of these processes have been obtained in
experiments with muons. The best experimental limits on 4 — ey and u — eee decay
branching ratios, BR(u — ev) and BR(M — eee), and on the relative p — e conversion cross
section in a nucleus X, CR(p4X — e4X) (Z and A are the atomic and mass numbers,
respectively), have been reported by the MEG [79], SINDRUM [80] and SINDRUM II [81,82]
Collaborations:

BR(p — ey) < 4.2 x 107 (90% C.L.), (11)
BR(u — eee) < 1.0 x 1072 (90% C.L.), (12)
CR(p35Ti — esoTi) < 4.3 x 10712 (90% C.L.), (13)
CR(u 95 Au — 6197Au) < 7.0x 1071 (90% C.L.). (14)

The planned MEG II update of the MEG experiment [83] aims at reaching sensitivity to
BR(p — ey) ~ 6 x 10714, The sensitivity to BR(u — eee) is planned to be increased by up
to three (four) orders of magnitude to BR(u — eee) ~ 10715 (10716) with the realisation of
Phase I (Phase II) of the Mu3e Project [34]. The Mu2e [85] and COMET [86] collaborations
studying p — e conversion in aluminium plan to reach sensitivity to CR(u25A1 — e25Al) ~
6 x 10717, The planned PRISM/PRIME experiment [37] aims at a dramatic increase of
sensitivity to the p — e conversion rate in titanium, allowing to probe values as small as
CR(u35Ti — e35Ti) ~ 1078 an improvement by six orders of magnitude of the current
bound given in Eq. (13).

The predictions of the seesaw model under discussion, e.g., for the rates of the u — ey
and pu — eee decays and p — e conversion in nuclei, as can be shown, depend on the quantity
|2 ic1.23(RV)%(RV)eil?, and, for [M; — Mj| < My, i # j = 1,2,3, k = 1,2,3, on the
mass Mi 23 ~ M of the heavy Majorana neutrinos Ny 3. The expressions for BR(u — ey),
BR(u — eee) and CR(u4X — e4X) in the case of interest can be easily obtained from those
given in Refs. [74,75,88] and we are not going to reproduce them here. Let us add that
the rates of the cLFV decays of the 7 lepton are proportional to the product of couplings
|Ej:l,Q,:S(RV)ij(RV)E’j‘Q? ¢ = e, u. However, the current constraints and the prospective
improvements of the sensitivity of the experiments on cLFV decays of 7& are respectively less
stringent and not so significant as in the case of experiments on cLFV processes with % and
we are not going to consider them here.

In the region of viable leptogenesis, the quantity of interest | >, 5 3(RV),;(RV)e;| can be
as large as 10~! (see Fig. 1), which opens up the possibility to test the low-scale leptogenesis
scenario with three quasi-degenerate heavy Majorana neutrinos in experiments on cLF'V with
pt. Indeed, consider as an example the experiments on p — ey decay. The p — ey decay
branching ratio is given by [74] (see also [77,78,89)]):

I(p—e+7) 30em

B = = T|? 1
R(p — ey) N E— 3o, L1 (15)

where aep, is the fine structure constant and

T = [G(X)-GO)] ) (BV);(RV)e. (16)
1=1,2,3

Here, G(X) is a loop integration function, X = (M /My, )? and we have taken into account that
the differences between M, M and M3 are negligibly small, with M 23 = M. The function



G(X) is monotonic ¢ and takes values in the interval [4/3,10/3], with G(X) = 10/3 — X for
X < 1. At, eg., M = My (M = 1000 GeV) we have G(X) — G(0) = —0.5(~ —1.9). It
is not difficult to show, using these values of G(X) — G(0) and Egs. (15) and (16), that the
MEG II experiment aiming to probe BR(u — ev) down to 6 x 10714, will be sensitive for
M = My (M = 1000 GeV) to values of | Y2,_; 5 5(RV)%; (RV)ei] Z 3.3 x 107 (8.9 x 1079).
This is approximately by 1 to 3 orders of magnitude smaller than the maximal value of
|2 ic123(RV)5; (RV)es| at M = My (M = 1000 GeV) for which we can have successful
low-scale leptogenesis in the scenario with three quasi-degenerate in mass heavy Majorana
neutrinos in the TTA and VIA cases.

Even smaller values of | 37, 5 3(RV);,; (RV)ei| can be probed in the Mu3e experiment [34],
planning to reach sensitivity to BR(u — eee) ~ 107'% (1071%) and especially in the up-
coming Mu2e [85], and COMET [86] experiments on p — e conversion in aluminium, aim-
ing ultimately to be sensitive to CR(u25A1 — e2LAl) ~ 6 x 10717, Values as small as
|2 ic123(RV)5 (RV )es| ~ 10~7 at M ~ 100 GeV can be probed in planned PRISM/PRIME
experiment [87], aiming at an impressive increase of sensitivity to the u — e conversion rate
in titanium to CR(p33Ti — e35Ti) ~ 10718

In order to obtain the region of viable leptogenesis in terms of the cLFV observable
quantities, we solve the density matrix equations from [43,61], and scan the parameter space
for the largest allowed values of |3, 5 3(RV);; (RV)ei|. In Fig. 1 we show the regions of
viable low-scale leptogenesis in the considered scenario in the [ ,_; o 3(RV)},; (RV)ei| — M
plane for |3, 5 5(RV )3, (RV)ei| > 107! and M in the interval M = (0.1 — 5 x 10°) GeV
in the TTIA and VIA cases (regions below the dotted and solid black lines, respectively). The
light neutrino mass spectrum is assumed to be with NO. The lightest neutrino mass is set to
m1 = 0 (top panel) and m; = 0.03 eV (bottom panel). The subregion which is excluded by
the current low-energy data [90], including the current upper limitations on BR(u — e) and
on CR(pBIAu — 97 Au) given in Egs. (11) and (14), is shown in grey. The green, blue,
yellow and red lines represent, from top to bottom, the prospective sensitivities of the planned
experiments on pu — ey and pu — eee decays, as well as on u — e conversion in aluminium
and titanium 7. As the two figures clearly indicate, the planned experiments on cLFV with
p* (i.e., on uLFV) can probe directly significant region of the leptogenesis parameter space,
which cannot be explored by any other experiments. More specifically, the future MEG 11
and Mu3e experiments on u — ey and u — eee decays will probe the currently allowed
leptogenesis regions, which extend respectively from M = 90 GeV to M =2 x 10* GeV and
from M = 60 GeV to M 227 x 10* GeV in the VIA case and to slightly larger values in the
TIA case; they will probe values of the parameter |3, _;  5(RV),; (RV )il down to 8 X 10-¢
and 1.5 x 1076, Except for a narrow region in the vicinity of the spike at 6.0 TeV, in the
VIA (TIA) case the upcoming experiments on p — e conversion in aluminium Mu2e [85] and
COMET [86] will probe the allowed leptogenesis region within the interval M = (4 (6)—3x 10°
GeV and values of |}, 5 3(RV)},; (RV)e;| down to 2 x 10~7, while the planned experiment
with higher sensitivity on u — e conversion in titanium PRISM/PRIME [87] will test (apart
from a narrow interval around the spike at 4.5 TeV) the leptogenesis region in the range of
M =22 (3)—-5x10° GeV and values of | > iz123(BV)}; (RV)ei| as small as 1.6 x 1078, If any of

5The explicit analytic expression for the function G(X) can be found in [74].

"The spikes in the curves related to u — e conversions, appearing for different RH neutrino masses in
relation to the considered nucleus, are present because the relative rates of the processes, calculated at leading
(one-loop) order and neglecting the differences between the masses of Ny 23, go through zero [75,88,91].
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Figure 1: The region in the |>_,_; , 3(RV)3,(RV)ei| — M plane of successful low-scale lepto-
genesis in the case of NH light neutrino mass spectrum with m; = 0 (top panel) and for NO
spectrum with m; = 0.03 eV (bottom panel). The solid and dotted black curves are the con-
straints from successful leptogenesis in the VIA and TIA cases, respectively. The grey region
with solid contour that extends to M ~ 500 GeV is excluded by low-energy experiments as
shown in [90], that with dashed and dot-dashed contours are excluded by the current upper
limits BR(u — ey) < 4.2x 10713 [79] and CR(p?Au — e2lAu) < 7x 10713 [32], respectively.
The green, blue, yellow and red lines correspond, from top to bottom, to the sensitivities of
the upcoming experiments on u* — e* ++, u* — et 4+eT +e~ decays and on ;i — e conversion
in aluminium and titanium. See the text for further details.



the considered uLLF'V experiments finds a positive result, that will serve also as an indication
in favour of the considered low-scale leptogenesis scenario with three (RH) quasi-degenerate
in mass heavy Majorana neutrinos. From the data on the rate of the observed process one
would determine the values of M and |>,_ 5 3(RV)y; (RV)ei| (with certain uncertainties).
That will allow to make specific predictions for the rates for the other two processes, which,
if confirmed experimentally, would constitute further evidence for the discussed low-scale
leptogenesis scenario with three RH neutrinos based on the type I seesaw mechanism of
neutrino mass generation.

We note that in the region of parameter space of successful leptogenesis, the heavy Ma-
jorana neutrinos can have sizeable CC couplings not only to the electron and muon, but to
the electron, muon and tauon simultaneously. This is illustrated in Fig. 2 in which we show
a generic example of points in the leptogenesis parameter space for M = 1TeV where both
w-LFV and 7-LFV processes are possible simultaneously and can proceed with rates that can
be probed in future planned experiments.

4 Summary

To summarise, we have shown that the upcoming and planned experiments on charged lepton
flavour violation with p*, MEG II on the u — ey decay, Mu3e on u — eee decay, Mu2e
and COMET on p — e conversion in aluminium and PRISM/PRIME on u — e conversion
in titanium, can probe directly significant regions of the viable parameter space of low-scale
leptogenesis based on the type I seesaw mechanism with three quasi-degenerate in mass heavy
Majorana neutrinos N 2 3, and thus test this attractive leptogenesis scenario with a potential
for a discovery. The BELLE II experiments on 7 — eee(pupup) and 7 — e(p)y also can probe
a part of the leptogenesis parameter space, although a relatively small one. We are looking
forward to the results of these very important experiments on beyond the Standard Model
physics.

Acknowledgements

We thank Patrick D. Bolton for useful discussions on aspects of low-energy tests of the low-
scale leptogenesis scenarios discussed in the present article. We also thank Kevin Alberto
Urquia Calderén, Oleg Ruchayskiy and Inar Timiryasov for informing us about their upcom-
ing related work. The work of A.G. and S.T.P. was supported in part by the European Union’s
Horizon 2020 research and innovation programme under the Marie Sktodowska-Curie grant
agreement No. 860881-HIDDeN, and by the Italian INFN program on Theoretical Astropar-
ticle Physics. S.T.P. acknowledges partial support from the World Premier International
Research Center Initiative (WPI Initiative, MEXT), Japan. J.K. acknowledges the support
of the Fonds de la Recherche Scientifique - FNRS under Grant No. 4.4512.10. Computational
resources have been provided by the Consortium des Equipements de Calcul Intensif (CECI),
funded by the Fonds de la Recherche Scientifique de Belgique (F.R.S.-FNRS) under Grant
No. 2.5020.11 and by the Walloon Region. J.K. and S.T.P. acknowledge the support of the
Mainz Institute of Theoretical Physics (MITP) and the University of Naples “Federico 11"
during the final stages of this work at the Program on Neutrinos, flavour and beyond, Capri,
Italy, June 6-18 2022. MITP is supported by the Cluster of Excellence Precision Physics,
Fundamental Interactions, and Structure of Matter (PRISMAT EXC 2118/1) funded by the

10



10_2 S T T T T T T T TTT T T T T T """f
107% ¢
3 [
S0
S f
X107
<1070 % — pn)oer
— — p(1)—eee |
1077 ) pAl—eAl
LT ] —— pTi—eTi ]
1078 -8 — ““L7 — “““LG — ““'75 — ""'74 — ““.L3 — “““72
10 10 10 10 10 10 10
[Xi(RV) 1 (RV )i
M=1TeV
1072 é T T T T T T T TTTT T T T T T
1073 3 4
£
107t E
ST
f_f 107° F 3
> b
ST
;q: 1077 ¢ ) —ze(p)y
— i | . — () —eee(upp)
1077 cET T Al — eAl ;
o ' —— uTi—eTi
107 g S s e
10 10 10 10 10 10 10
13 (RV) 1 (RV) i
Figure 2: We show in the top (bottom) panel of the figure the points in the

|22 (RV)5(RV )eil — [ 22(RV)5;(RV ) ()il plane for which we find viable leptogenesis for
M = 1TeV and m; = 0 (NH light neutrino mass spectrum). The vertical grey lines are the
upper limits on |}, (RV);,;(RV)e;| implied by the current limits BR(u — ey) < 4.2 x 10713
(solid) and CR(puAu — eAu) < 7 x 10713 (dashed). The green, blue, yellow and red vertical
lines, from right to left, correspond to the sensitivities on | 3, (RV);,;(RV)e;| of the upcoming
pwLFV experiments on u — ey, u — eee, i — e in aluminium and g — e in titanium, planing
to reach, respectively, BR(u — ev) ~ 6 x 10714 BR(u — eee) ~ 10715, BR(uAl — eAl) ~
6 x 107!7 and BR(uTi — €Ti) ~ 107!, The horizontal blue and green lines in the top (bot-
tom) panels are, from top (bottom) to bottom (top), the sensitivities on | >, (RV)Z;(RV )e ()l
of upcoming experiments on 7 — eee(ppup) and 7 — e(p)y, planning to reach sensitivity to
BR(7 — eee(pup)) ~ 5 x 10710(7 x 1071) and BR(T — e(u)y) ~ 2(3) x 1079 [92-94].
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