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We review the status of thermal leptogenesis in the minimal SU(5) ×
U(1) and SO(10) unified models under the assumption that the leptonic
asymmetry generated in the out-of-equilibrium decays of heavy Majorana
neutrinos (and its subsequent conversion into baryons via sphalerons) con-
stitutes the primary source of baryon asymmetry of the Universe. In both
cases, leptogenesis is shown to provide a strong extra constraint on the
flavour structure of the model under consideration, leading to interesting
and potentially testable phenomenological effects.
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1. Introduction

With the advent of the next generation of ultra-large-scale detectors
such as Hyper-K [1] and DUNE [2], a new round of proton (and bound neu-
tron) decay searches with unprecedented sensitivity is being prepared. Such
a campaign would naturally benefit from a good and consensual theoretical
picture providing, at least, hints on the relevant lifetime(s) and, optimally,
even branching ratios.

This, however, is not what is readily available even within the most
conservative approach to this kind of physics, namely, the Grand Unified
Theories (or their descendants). Most of the models on the market, indeed,
suffer from at least one (if not all) of the following drawbacks, crippling
their capacity to keep at least the main theoretical uncertainties of their
predictions under reasonable control:

1. Bad grip on the location of the unification scale which defines the
masses of the heavy mediators behind the d = 6 effective baryon and
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lepton number (B and L) violating Standard Model (SM) operators.
This is typically due to: (i) insufficient information on the high-energy
spectrum of the model, owing to frequent technical difficulties with its
detailed calculation, especially in the case of “baroque” constructions,
(ii) insufficient accuracy of the calculation of relevant β-functions, of-
ten related to point (i), (iii) the relatively small hierarchy between
the unification scale MU (typically in the 1016 GeV ballpark) and the
Planck scale MPl (at around 1018 GeV) which tends to break down the
traditionally adopted renormalizable approximation, especially when
it comes to precision calculations.

2. Limited information on the structure of the B and L violating vec-
tor and scalar currents governing the proton decay amplitudes. This
is namely due to the fact that the available low-energy flavour data
(i.e. quark and lepton mass spectra and the mixing angles and CP
phases parametrising the CKM and PMNS matrices) are typically not
enough to fully reconstruct all the relevant charged-current flavour
structures thereof. Hence, besides the most minimal models with sim-
plest Yukawa sectors, there is practically no chance to go much beyond
qualitative predictions concerning, at best, very specific p-decay chan-
nels (exploiting, for instance, their partial blindness to such details in
specific channels like e.g. p → π+ν̄, where the summation over the
final-state neutrino flavours and the unitarity of the mixing matrices
in the vector currents often simplifies the matters significantly).

3. Bad or very limited grip on low-scale thresholds which, in certain types
of models, tend to plague the desired gauge and/or Yukawa unification
analysis of points (1) and (2). This is the typical case of supersymmet-
ric GUTs where even the most conservative SUSY breaking schemes
(in absence of any direct experimental constraints) do not provide suf-
ficient information to pinpoint the details of the low-scale spectrum of
the theory.

Interestingly, several notable exceptions challenge this rather grim out-
look. Among these, two minimal unified scenarios stand out, namely, the
minimal flipped SU(5) [3] (sometimes even referred to as the minimal renor-
malizable model of baryon and lepton number violation) and the minimal po-
tentially realistic SO(10) unification [4–6] which is arguably the best chance
to overcome the hurdles above in the genuine GUT context. In both these
cases, one entertains a relatively good grip on the high-scale spectrum, the
most prominent uncertainties related to the proximity of MU and MPl are
under reasonable control, and their Yukawa sector is simple enough to admit
rather detailed numerical simulations.
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In the current study, we aim namely at these two settings, focusing on
their capacity to account for a sufficiently large baryon–antibaryon asym-
metry generated in the early Universe by the thermal leptogenesis mecha-
nism [7], corresponding to a large-enough baryon-to-photon number density
ratio ηB (in the 6 × 10−10 ballpark). In both cases, we shall for simplicity
assume that leptogenesis is the primary source of the asymmetry, i.e. we
shall neglect the direct net B production at the unification scale (usually at-
tributed to B-violating decays of heavy scalar triplets). This extra piece of
information typically translates into additional constraints on their Yukawa
structure, which, in the minimal models, tends to be already rather over-
loaded by the basic need to accommodate the low-energy quark and lepton
mass spectra and their mixings. As we shall see, even with a single such
extra constraint added to the play, interesting insights with potentially far
reaching consequences can be obtained.

2. Thermal leptogenesis in the minimal SU(5) × U(1) unification

The minimal flipped SU(5) unified theory [3, 8, 9] is a variant of the
original scheme [10] in which one does not need to resort to a large (i.e.
dimension 50) scalar representation to devise the Majorana mass term for
RH neutrinos; rather than that, the seesaw scale in this setting is gener-
ated radiatively at two loops; see Fig. 1 (and also Ref. [11]). Due to this
effect, the model features a very constrained Yukawa sector in which the
Dirac neutrino mass matrix is strongly correlated with that of the up-type
quarks MD

ν = MT
u , the structure of the RH neutrino Majorana mass matrix

MM
ν corresponds to a simple combination of Yukawa couplings governing

the masses of down-type quarks etc. As a consequence, the ratios of all
2-body proton decay partial widths (and, hence, their branching ratios) are
in principle calculable in terms of a single a priori unknown unitary matrix
Uν (or its compound UL

ℓ ≡ VPMNSUν) which diagonalizes the light Majorana
neutrino mass matrix mν = U †

νDνU
∗
ν in the basis where up-quark masses

Fig. 1. Two-loop Feynman diagrams giving rise to a radiatively generated Majorana
mass for RH neutrinos in the minimal flipped SU(5) model of Ref. [3]. Q, dc, and
νc denote the SM quark doublets, down-type quark singlets, and the RH neutrinos,
while X and ∆i are the unification-scale vector bosons and coloured scalar triplets,
respectively.
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are diagonal; for instance (see Ref. [3])

Γ
(
p → π0µ+

)
=

1

2
|(VCKM)11|2
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)
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etc.; here C1,3 are calculable chiral factors and VCKM is the Cabibbo–Koba-
yashi–Maskawa matrix.

Remarkably, perturbativity and unification constraints, together with
the need to accommodate the neutrino oscillation data, strongly constrain
the consistent shapes of Uν on their own, cf. [3]. Hence, the additional
requirement to reproduce the correct ηB turns out to be especially powerful
in this scenario.

The full numerical analysis of the impact of this extra piece of informa-
tion on the shape of the parameter space of the model has been performed
in Ref. [9]. For that sake, the ULYSSES package [12] has been employed to-
gether with a dedicated scanning algorithm which was focusing on the most
promising patches thereof. Three different regimes in which large-enough
asymmetry was attainable have been identified, namely1:

— A regime in which the L-asymmetry production is dominated by decays
of N1 (the lightest heavy neutrino mass eigenstates) due to an enhance-
ment in the corresponding CP asymmetry competing with a significant
washout.

— A regime in which the final asymmetry created mainly in decays of N2

is not entirely washed out by N1-driven dynamics due to a suppression
of the relevant decoherence effects.

— A regime in which the final asymmetry is again dominated by N2

decays, but this time in a mode in which the N2-associated washout is
strongly suppressed (and the decoherence effects are again kept under
control).

Remarkably, in none of these cases a large-enough ηB was obtained for the
mass of the lightest active neutrino above about 0.03 eV! This, in turn,
provides an upper limit on the absolute neutrino mass scale and makes
the scheme potentially testable in the current and near future beta-decay
facilities like KATRIN [13].

1 Note that the three different regimes can be, to some extent, identified with the three
dark domains visible in the left panel of Fig. 2.
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Fig. 2. Maximum levels of attainable baryon asymmetry displayed along two differ-
ent cuts of the parameter space of the minimal SU(5)×U(1) model for the normal
hierarchy case and the mass of the lightest neutrino at the level of m0 ∼ 1 meV.
Acceptable areas (yielding ηB ≳ 6× 10−10) correspond to dark blue regions. From
the left panel, one can determine the limits on the masses of the lighter two heavy
neutrinos in whose decays the leptonic CP asymmetry is typically generated; in the
right panel, bounds on elements of the unitary matrix UL

ℓ steering proton decay in
different flavour channels are shown, cf. formulae (1) and (2).

3. Thermal leptogenesis in the minimal SO(10) unification

The minimal SO(10) GUT we shall be concerned with in this section is
an old framework based on Refs. [4, 5] which, however, had been abandoned
as a candidate for a potentially realistic theory shortly after its conception,
see [14, 15]. This was mainly due to the absence of a potentially realistic
symmetry-breaking pattern in the patches of the parameter space where
a non-tachyonic scalar spectrum is supported. However, as shown in [6],
this was a mere artefact of the original tree-level approach and the model
is potentially consistent at one loop [16], albeit rather difficult to handle in
necessary detail.

Again, the model in its most minimal version features a strongly con-
strained Yukawa sector which has been subject to many studies (see e.g. [17–
22]) concerning mainly its capacity to accommodate the low-energy quark
and lepton masses and mixings. Recently, such attempts have been aug-
mented with the extra information from ηB (see e.g. [23]) and the results
are encouraging — large-enough ηB is typically compatible with the general
shape of the Yukawa sector required by the need to accommodate the SM
fermionic data.



6-A5.6 M. Malinský

In this paper, we present a small subset of preliminary results of an
independent study of this kind [24] in which the stochastic version of the
differential evolution algorithm (see, for instance, [25]) optimized for a fast
exploration of the potentially realistic Yukawa sector patterns has been, like
in the flipped SU(5) case above, combined with the powers of the ULYSSES
package [12].

The most interesting observation here is perhaps the capacity of the fitter
to assume global χ2 values well below 10; with almost 20 fitted parameters
this indeed indicates a good compatibility of the minimal renormalizable
SO(10) Yukawa structure with the low-energy data. Remarkably, the val-
ues of the lepton-sector Dirac CP phase in the best fit points fall rather
consistently into the 3rd and 4th quadrants, aligning well with the range
indicated by e.g. the latest T2K fits [26]. At the same time, ηB close to the
experimental value can also be attained.

Fig. 3. The B–L breaking scale in the minimal SO(10) GUT determined solely
from the requirement of the compatibility of the flavour structure of the model
with the measured value of the baryon asymmetry (assumed to be dominated by
thermal leptogenesis); no other constraints have been used in producing the plot.
Remarkably enough, the scale of the U(1)B−L breaking VEV automatically falls
into the vicinity of the region favoured by the detailed gauge coupling unification
analysis [16].

Another interesting feature of the presented sample of the numerical fits
of [24] is the minimal SO(10) model’s capacity to localize the position of
the B–L breaking scale solely from the low-energy flavour data augmented
with the extra constraint from ηB, without ever referring to the traditional
analysis of the running gauge couplings. While the uncertainties due to this
negligence (for instance, the use of a simplified threshold-free estimate of the
value of the unified gauge coupling etc.) are under reasonable control, the
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B–L breaking VEV of the relevant SU(2)R scalar triplet turns out to be in
the 1012.5 GeV ballpark (see Fig. 3), not far from the range favoured by the
ωBL → 0 scenario studied in detail in [16].

4. Conclusions

In this contribution, we have briefly presented the (partly preliminary)
results of two studies (one published, the other one still in the preparation
phase) attempting to exploit the observed baryon asymmetry of the Universe
as an additional constraint imposed on the flavour structure of two specific
minimal unified settings. In the case of the minimal SU(5)×U(1) model, an
interesting upper limit on the mass of the lightest active neutrino has been
obtained. The preference of the negative value (i.e. the 3rd or 4th quadrant)
for the leptonic Dirac CP phase in the low-χ2 fits of the Yukawa structure of
the minimal potentially realistic SO(10) GUT is also quite intriguing. Hence,
the extra information from cosmology tends to enhance the predictive power
of these models, rendering both of them potentially testable at the existing
or near-future facilities.
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