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Rescuing high-scale leptogenesis using primordial black holes
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We explore the interplay between light primordial black holes (PBH) and high-scale baryogenesis, with a
particular emphasis on leptogenesis. We first review a generic baryogenesis scenario where a heavy particle,
X, with mass, M y, produced solely from PBH evaporation decays to generate a baryon asymmetry. We show
that the viable parameter space is bounded from above by My < 10'7 GeV and increases with decreasing M .
We demonstrate that regions of the leptogenesis parameter space, where the lightest right-handed neutrino
(RHN) mass My, 2 10" GeV and neutrino mass scale n, > 0.1 eV, excluded in standard cosmology due to
AL = 2 washout processes, become viable with the assistance of light PBHs. This scenario of PBH-assisted
leptogenesis occurs because the PBHs radiate RHNs via Hawking evaporation late in the Universe’s
evolution when the temperature of the thermal plasma is low relative to the RHN mass. Subsequently, these
RHNS5 can decay and produce a lepton asymmetry while the washout processes are suppressed.
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I. INTRODUCTION

Baryogenesis via leptogenesis is an unavoidable conse-
quence of SO(10) grand unified theories (GUTs), which
predict the existence of very heavy right-handed neutrinos
(RHN), N, with mass-scale My = 10'° GeV [1,2]. While
direct production of such heavy RHNs is not feasible in
current or foreseeable future experiments, one can have
indirect hints that high-scale leptogenesis occurred in
nature. For instance, a particular SO(10) symmetry break-
ing chain can be correlated with the proton lifetime and
its associated gravitational wave (GW) signatures [3]. In
principle, the observation/nonobservation of such as ter-
restrial and cosmological observables could constrain the
RHN mass scale. Moreover, another interesting feature of
SO(10) GUTs is that leptogenesis is intimately connected
with the Standard Model (SM) fermion masses [2], since
each generation of fermions is unified within the same
multiplet at the high scale. Nonetheless, in standard
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cosmology, thermal Ileptogenesis is constrained from
above by the perturbativity of the Yukawa couplings and
by AL = 2 scatterings, which can erase the lepton asym-
metry. The strength of such washout processes increases
with the temperature and the absolute light neutrino mass
scale, m,. As the absolute mass scale may be measured in
the near future, the focus of our paper is the correlation of
m, with high-scale leptogenesis and how this parameter
space may be enlarged due to the presence of primordial
black holes (PBH).

The connection between m, and type-I thermal lepto-
genesis can be understood as follows. The leading
CP-violating interactions of leptogenesis arise from the
interference between tree-level and one-loop decay dia-
grams of N — ZH. This interference is schematically
shown in Fig. 1 where the dashed orange line denotes
the contribution when the leptonic and Higgs doublets
(7 and H, respectively) go on their mass shells. The green
square highlights the operator that violates lepton number
by two units and contributes to the neutrino mass, m,,
and the lepton-number-violating scattering amplitude
e.g.,’H" < ¢H and ¢¢ <> H'H'. The red dot represents
heavier degrees of freedom at a scale A > My such as
heavier generations of N and/or heavy Higgs SU(2),
triplet. Schematically, we can write the dimensionless
CP violation parameter, €, as

€

mL/
MiNO(FO(\/GALZQ, (11)
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FIG. 1. The leading CP violation comes from the interference
between the tree-level and one-loop level decay diagrams of
N — ¢H. The orange dashed line denotes the contribution when
the loop particles go on their mass shell. The green square
highlights the contribution to light neutrino mass as well as AL =
2 scattering process for high-scale thermal leptogenesis.

where v ~ 174 GeV is the SM Higgs vacuum expectation
value and 67—, is the cross section for scattering processes
which violate lepton number by two units. In the above
relation, we have assumed that the main contribution to the
neutrino mass comes from the operator in the green square
of Fig. 1, and we have estimated the cross-section in the
regime T < A, with T the temperature of the SM thermal
bath. The first relation in Eq. (1.1) leads to an upper limit
on € which depends on m, and My and is known as
the Davidson-Ibarra bound [4]." Imposing a sufficiently
large CP-violating parameter, |¢| 2 107, implies a lower
bound on My = (0.1 eV/m,) x 10'° GeV where we have
included a one loop factor of 1/(16x) when relating e
to m,.

The AL = 2 scattering processes in Eq. (1.1) become
important when their rate exceeds the expansion rate of
the Universe

T3 m2 T2
GAL:2F~E3;4T3 >H(T)21'66V9*M_P’ (12)

where we have included a phase space factor of 1/x for
oar—2, and H(T) corresponds to the Hubble expansion
rate in a radiation dominated Universe with effective
relativistic degrees of freedom g,, and the Planck mass
is Mp=~122x 10" GeV. This condition translates to
T > 4(0.1 eV/m,)* x 102 GeV for g, = 106.75. While
this relation is valid only up to 7T ~ A, it allows us to
estimate when AL =2 scattering processes become
relevant. Thermal leptogenesis suffers from strong wash-
out from AL =2 scattering processes for My ~T 2
4(0.1 eV/m,)?* x 10'2 GeV which will lead to upper
bounds on both My and m,. The upper bound m, <
0.1 eV has been derived previously such that AL =2
processes do not suppress the generated asymmetry [5,6].
While cosmological bounds give approximately the same

'A careful derivation in Ref. [4] for type-I seesaw with
hierarchical spectrum of N obtained ¢ which is bounded from
above by m;, —m; with m;,(m;) is the heaviest (lightest) light
neutrino mass.

bound [7], nonstandard cosmology [8] can still allow for
large m, ~ O(1) eV [9].

A possible way to evade the strong washout from
AL = 2 scatterings consists of generating a population
of RHNSs after those processes have frozen out. Moreover,
some additional, nonthermal physical processes should
intervene in the RHN production since the Yukawa
interactions control both the RHN generation and washout
in the standard scenario. A minimal framework that
bypasses the requirement of additional degrees of freedom
and/or interactions is particle production via Hawking
radiation of PBHs [10].

Baryogenesis via PBH evaporation has attracted substan-
tial attention since the discovery that BHs produce particles
with a thermal spectrum [11-20]. Moreover, recent works
have also considered the effects of evaporation in lepto-
genesis [21-24]. The interplay between thermal and PBH-
assisted leptogenesis was discussed in detail in Ref. [21].
This work demonstrated that the PBH-produced RHNs can
decay and produce a lepton asymmetry but that the entropy
injection from the PBHs can dilute the lepton asymmetry,
generated both nonthermally from the PBHs and thermally
from the plasma, as PBHs are much more efficient at
producing photons rather than RHNs. This dilutionary effect
is most severe if the PBHs’ mass exceeds ~O(10%) g. In this
scenario, the baryon asymmetry obtained in the intermediate-
scale thermal leptogenesis scenario (with the lightest RHN
masses 10° < My, (GeV) < 10%) would be diluted even in
the most finely tuned regions of the parameter space.

In this work, we first explore generic baryogenesis where
heavy particles X produced purely from PBH evaporation
with their subsequent B — L-violating and CP-violating
decays, which generate a cosmic baryon asymmetry. Then,
we study how light PBHs with masses smaller than O(1) g
allow the evasion of the bound of m, < 0.1 eV and open up
the parameter space of very high-scale leptogenesis up to
the GUT scale. The basic idea is that this population of light
PBHs can evaporate at sufficiently high temperatures to
produce a non-negligible abundance of RHNs when the
ambient temperature of the SM plasma is sufficiently low
such that the AL =2 scatterings are out of thermal
equilibrium. Hence, the rapid decays of these PBH-pro-
duced RHNs generate a B — L asymmetry when the
washout processes are suppressed.2 As a result, the upper
bound on m,,, which arises due to these scatterings, can be
evaded. The direct/terrestrial measurement of the upper
bound on the heaviest active neutrino mass comes from the
endpoint measurement in the beta-decay spectrum and is
around 0.8 eV [27]. If subsequent measurements determine

It is interesting to note that particles (and in particular RHNs)
heavier than the reheating temperature could still be produced in the
early Universe during the reheating era if their mass is smaller than
the highest temperature 7', reached by the thermal bath [25]. This
corresponds to another viable scenario for leptogenesis [26].
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neutrino masses to be large (0.1 eV) then much of the
parameter space of standard high-scale thermal leptogen-
esis would be excluded. However, if light PBHs once
existed as a sizable fraction of the early Universe’s energy
budget, high-scale leptogenesis can still be a viable
explanation for the observed matter-antimatter asymmetry.

The paper is organized as follows: in Sec. II we begin
with a general discussion of PBH formation and evapora-
tion as well as considering a generic PBH-assisted baryo-
genesis scenario. In Sec. III we summarize the relevant
features of high-scale thermal leptogenesis and AL =2
washout processes and present the Boltzmann equations we
numerically solve to study the interplay between very high-
scale thermal leptogenesis and light PBHs. The main
results of the paper are provided in Sec. IV, and we
summarize and conclude in Sec. V. We use natural units
in which 7 = ¢ = kg = 1 throughout this manuscript.

II. BARYOGENESIS AND PRIMORDIAL
BLACK HOLES

A. PBH formation and evaporation in a nutshell

PBHs could have been generated due to large density
perturbations in the early Universe [10,28] and when these
density fluctuations reenter the horizon, they can collapse
to form a BH if they exceed a threshold [29]. This paper
focuses on the case where PBHs form in a radiation-
dominated epoch at an initial SM radiation temperature
T = Ty. The initial PBH mass is related to the mass within
the particle horizon as [30,31]

4r  pr(To)
Mpyo = ?aH3(T0) )

(2.1)

where the gravitational collapse factor is ¢~ 0.2 in a
radiation-dominated era, pp corresponds to the SM radi-
ation energy density, while the Hubble rate is given by

4ng, T?
45 M,

_ [3mpr

H = — =
3 M3

(2.2)

Here and in the following, we assume that the effective
relativistic degrees of freedom, g,, is that of the SM
g, = 106.75 for a bath temperature much above the weak
scale. From Eq. (2.1), we can solve for the cosmic
temperature, T, when a PBH of mass, Mgy, is formed

1 5 \1 3aM§>
TO —_ = —3
2\ 9.7 Mgho

4.7 % 1015 Gev<106.75>%( 1g >%<a>%
- I Mgro) \02)

(2.3)

This implies that after inflation, the thermal bath temper-
ature should reheat at least to T, to form such a PBH.
A lower bound on the initial PBH mass can be set once
the upper bound on the inflationary scale is considered.
The limit reported by the Planck collaboration H; <
2.5x 1079Mp [32] implies that Mgy, = 107" g. Since
for gram-scale PBHs, the inflationary scale must be rather
large, one may wonder if there are known mechanisms for
formation of such light BHs. One such example can be
found in Ref. [33] where they considered a scenario that
leads to PBH masses below 10° g for some specific
features of the Higgs potential. Thus, there could exists
models that could predict the formation of very light PBHs.
However, we remain agnostic regarding the formation
mechanism in what follows. We define the initial PBH
energy density over the radiation energy density as

peu(To) _ noMgho
/)R(T0> PR(TO) '

where n is the initial number density of PBHs, which we
assume all have the same mass, MBHO.3 Depending on the
number density of PBHs generated in the early Universe,
they could eventually dominate the energy density of the
Universe, leading to a nonstandard cosmology [8].

After formation, the PBHs evaporate via the emission of
all possible degrees of freedom in nature [10]. Throughout
this work, we assume that PBHs are in the Schwarzchild
phase and are therefore chargeless and spinless. The
horizon radius, rg, and the temperature for such a BH,
Tgy, are given by

p=

(2.4)

- 2MBH

MP
M
P

SﬂMBH ’

and TBH = (25)

respectively, with My denoting the instantaneous BH
mass. The rate of emission per energy interval of a particle
of type i with mass m; (in the limit m; << Tgy) is given by

JZN;’ G
dtdE ~ 2r eE/Ten —

1S’z'(I‘/IBHv E)
(-1

(2.6)

where g; and s; denote the number of degrees of freedom
and spin of particle i, respectively. The spin-dependent
factor, 9;(Mgy, E), in the Hawking emission rate, known as
a graybody factor, describes the probability of a particle
reaching spatial infinity. This graybody factor has an
oscillatory behavior and tends toward the geometric optics
limit 9;(Mpy, E) — 27r3E*/4 for large values of the
energy E. From Eq. (2.6), the mass loss rate of a PBH
can be determined as follows [36,37]

’In this work, we will not consider extended PBH mass
functions that could arise if the PBHs are generated from
inflationary density fluctuations or cosmological phase transi-
tions, see, e.g., Refs. [34,35] for reviews.
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dMm o 2N, M4
= —Z/ 'EdE = —e(Mpy) ot (2.7)

dt dtdE Mgy

where £(Mgy) contains the information of the degrees of
freedom that can be emitted during the evaporation process
as a function of the instantaneous BH mass, see, e.g.,
Ref. [36,38].

Several bounds exist in the PBH parameter space
spanned by the initial fraction  and mass Mgy, [31,35].
We will focus on PBHs that evaporated before big-bang
nucleosynthesis (BBN), which have masses <10° g.
Although there exist constraints on such light PBHs, they
are typically model dependent [31,35,39]. Nevertheless,
recent constraints have been derived after considering the
GWs emitted from the Hawking evaporation. In particular,
a backreaction problem can be avoided if the energy
contained in GWSs never exceeds that of the background
Universe [40]. More importantly, a modification of BBN
predictions due to the energy density stored in GWs can be
avoided if [41]

F<1.1x10°6( -2 (Mo
~ 02) \10*g) -

B. PBH-assisted baryogenesis

(2.8)

In this section, we consider a generic SM singlet particle
X with mass, My, and internal degrees of freedom, gy, that
can decay and produce a B — L asymmetry. We analytically
estimate the number of X particles emitted by a PBH to
determine the maximum baryon asymmetry that could be
obtained from PBH evaporation only. We will omit the
graybody factors and assume that the BH is a perfect black
body, i.e., 9;(Mgy, E) — 1. However, let us stress that we
will include the graybody factors through our numerical
treatment as detailed in Sec. III. As the emission of light
or massless particles dominates the mass loss rate when
Tgy > m,, it is an excellent approximation to set m; = 0,
and hence we can obtain

dMpy _ 9. M}
dt = 30720aM3y’

(2.9)

For a PBH with initial mass Mgy, its lifetime can be
estimated as

102402M3y,

0 30720zM>
g.Mp

(2.10)
Mzno 9M A;’
Assuming the Universe continues to be radiation domi-
nated, we can compute the radiation temperature, 7', when
the PBH population completely evaporates by setting the
Hubble rate from Eq. (2.2) to be H = 1/(27), obtaining

3IM3,
M ]33HO

1 (g, \4
Tev|Rad dom = a 5”5

1 3

if 1g\2

~122 %101 Gev(—L ) .
* ¢ (106.75) Moo

(2.11)

On the other hand, if PBHs dominate the cosmic energy
density before they completely evaporate, one should
reevaluate the above estimation of T, as it will now
depend on the initial abundance of the PBHs. Therefore,
to determine 7., we have to solve for T., by setting
H = 2/(37) and replacing the radiation energy density by
the PBH energy density given in Eq. (2.2) and make the
replacement pp — py = Mgyon(T.,) obtaining

Tl 1 g*Mll’U "
ev|PBH dom — 128 107'[51‘46BH0ﬂTO

~ 411 % 101 Gev (9= )"
106.75

1073\ 13 70.2\1/6/ 1 g >11/6
— — (212
- ( p > (“) <MBH0 (2.12)

We emphasize that in the approximation where PBH
instantaneously evaporate, T, corresponds to the SM
temperature just before their sudden evaporation. The
plasma temperature after evaporation could be found by
taking into account the PBH entropy injection, and could be
computed by the use of Eq. (2.17).

In principle, the X particles produced from the PBH
evaporation could decay and produce the observed baryon
asymmetry, depending on the Universe conditions when
they were emitted. Let us assess the maximum amount of
asymmetry that could be produced solely from the evapo-
ration, neglecting the effects of the thermal plasma on such
generation. The total number of X particles of mass My
emitted over the lifetime of a PBH is given by

¢ fe PNy
Ny = dt dE
X A /le dtdE

0 307202M3y, [«  d*Ny
- / Moy / E e
Mpyo 9. Mp My

(2.13)

One can solve the above equation in the two limits My <
Tgro and My > Tgyo where Tgyo = M3/ (8xMyyy) is the
initial temperature of the PBH. Assuming that X is a
fermion and matching the two solutions, we can approxi-
mate the total number of X emitted by a single PBH to be
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Mg ) 2
o0l ) () Mx<riTam
O 1SIE) S0 (2.14)
T g, 7 (Mp)2
v (M_x) My 2 rsTgpo.

where 7y = 1/15{(5)/{(3). Alternatively, the approximate

solution if X is a boson is

Mo\ 2
1206(3)gx ()" My <nTow, (2.15)
= 3 - 5 .
7Gx I (%—i) My 2 1, Tgho.

where r, = +/12¢(5)/{(3). The total number density of
particle X produced from the evaporation of the PBHs
normalized by cosmic entropy density, s, (before taking
into account entropy injection from the evaporation of the
PBHs) can be written as

0 _ Nxn(Tey) _ Nxno _ 3T Nx
X $(Tev) s(To) 4Mpyo

(2.16)

where in the final equality, we have used the definition of
Eq. (2.4) and pg(Ty)/s(Ty) = 3Ty/4.

The entropy dilution from the complete evaporation of
the PBHs can be estimated using conservation of energy
before and after their evaporation4

n? n .
~ g, T4 + Mppo———s(To,) = — g, T*
30.9* ev+ BHOS(TO)S( ev) 309*
T T 3 T, 3/4
NI CD Ry I Ry PN R (2.17)
S(Tev) Tev Tev

where T is the temperature of the SM plasma after
PBH evaporation occurs.” If the second factor in the bracket
exceeds unity, then the PBHs come to dominate the energy
density of the early Universe before they evaporate, resulting
in entropy dilution after their complete evaporation. Here
we emphasize that 7 is independent of j3, even if PBHs
eventually dominate the total energy density of the Universe.
It was shown in e.g., Refs. [21,38,42-46] that the entropy
injection from PBHs can affect the viable parameter space of
baryogenesis and dark matter production, and therefore, such
an effect cannot be neglected. Applying the dilution factor of
Eq. (2.17) to Eq. (2.16), we find that the particle abundance
after dilution is

“The additional entropy contribution from the decays
of massive particle produced by PBHs with Tgyg~m; to
the radiation will be suppressed by m;/ Mgy, and hence can
be neglected.

5Alternatively, the entropy dilution can also be computed as in
Ref. [42].

v = 3pToNx s(Tey) _ 3pToNx (1 n ﬂﬁ) - (2.18)

B 4MBHO S(T) N 4MBH0 TeV

Considering a fermionic X with gy = 2, its final abundance
from PBH evaporation is

135¢(3) . T o\
Yy f( ) g To <1+ﬁ—°> ’
"G MBHO Tev
(i)
Mp

15¢(5) (Mp\2
647°(3) (MT?) My 2 rTwio.

My < r¢Tgpo.
(2.19)

In general, Eq. (2.19) can be applied since the entropy
dilution term is relevant only when the PBHs dominate the
cosmic energy density. Note that in the limit of large

ﬁ;—" > 1, the X abundance becomes independent of f.

This can be understood as the compensation between the
production of X and the entropy dilution from PBH evapo-
ration, which also occurs in the case where X particles are
produced from a hotter dark sector [47].

Assuming that the decays of X particles violate B — L
charge, the maximum baryon number asymmetry normal-
ized by cosmic entropic density that can be obtained when
X decays at T < My, but before the electroweak sphaleron
freezes out, is given by [48]

30 30
YR = VR = Yy,

97 97 (220)

where ¢ is the CP violation parameter for the decay of X.
For the conversion factor 30/97, we have assumed that the
electroweak sphaleron freezes out after electroweak sym-
metry breaking at T ~ 130 GeV as indicated by the lattice
calculation [49] and excluded the top quark contribution
[50]. The scenario above can occur if the X particles are
long-lived and/or produced by PBH evaporation at 7 <
My when all washout processes are entirely suppressed.
Equation (2.20) allows us to determine the minimum
required |e¢| by imposing such that Y3** is greater or equal
to the observed value 8.7 x 107! [51] and this is plotted in
Fig. 2 for several values of My. White regions are excluded
as they correspond to |¢| > 1. Taking |e¢| = 1 and requiring
successful baryogenesis, we can estimate the upper bound
on My using the second relation of Eq. (2.19) which gives

My <13 x10'7 GeV, (2.21)
where we have chosen f = 1073 and Mgy, = 0.1 g as
reference values (in fact, we have saturated the upper bound
on My for this large value of ). The parameter space for
viable PBH-assisted baryogenesis increases with decreas-
ing My because the production of X from PBH becomes
more efficient despite the dilution from entropy production

035019-5
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FIG. 2. Contours of CP violation parameter |¢| required for My = 103, 10", 10", 10'2, 10'! and 10'° GeV (from left to right, top to
bottom) taking into account the entropy production from PBH evaporation. The white regions are theoretically excluded while the
dashed lines are the Davidson-Ibarra bound for the specific scenario of leptogenesis. For My, < 10'? GeV, we require tuning to achieve

PBH leptogenesis. The green regions are excluded due GWs.

of PBHs. Considering the specific case of leptogenesis in
the context of type-I seesaw mechanism with a hierarchical
mass spectrum of RHNS, the Davidson-Ibarra bound on |e|
for leptogenesis from the lightest RHN, N;, with mass,
My, is [4]

|€| < 3MN1 |Am§tm|

~16xv> my, +m;’

(2.22)

where |Am3y,| =m; —m? and my,(m;) is the heaviest

(lightest) light neutrino mass respectively. This limit is
shown in Fig. 2 with dashed lines. Setting |Am2,,| =
m} = (0.05 eV)? > mj. For My <102 GeV, purely
PBH leptogenesis would require tuning to evade the bound
of Eq. (2.22), e.g., requiring a quasidegenerate RHN mass
spectrum. Finally, the green regions are in tension with the
GW bound in Eq. (2.8).

III. LEPTOGENESIS AND PRIMORDIAL
BLACK HOLES

A. High-scale Leptogenesis and AL =2 Processes

High-scale leptogenesis and AL = 2 processes As alluded
toin Sec. I, we are interested in high-scale type-I leptogenesis

with seesaw scale My > 10'> GeV where there is a sensi-
tivity to the absolute scale of light neutrino mass. At such
high scales, due to large neutrino Yukawa coupling, the CP
violation required for viable leptogenesis is naturally large
without requiring a quasidegenerate RHN mass spectrum
to enhance the CP violation resonantly. Therefore, we will
focus on a mildly hierarchical RHN mass spectrum
My, <My, < My,, which, together with the strong wash-
out condition, implies that tracking the dynamics of N; is
sufficient as the contributions from N, and N3 are sup-
pressed. We will also ignore the lepton flavor effects as we
consider the high-scale scenario. The relevant terms of the
type-I seesaw Lagrangian are

1 _ I
—E DEMN,Nle +faH*ﬂm'Ni+H.C., (3.1)

where we consider three RHNs N; (i = 1, 2, 3), the SM
leptonic, 7, (@ = e, u, 7), and Higgs doublet H where the
antisymmetric SU(2), contractions are implicit. The CP
violation parameter for leptogenesis from N, decays is
defined as:
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(N, - ¢H)—T(N, - ¢H")
Ty ’

€

(3.2)

where we have summed over the final lepton flavors and Iy,
is the total N| decay width given by

FN _ (AT/I)IIMNI .

| - (3.3)

At leading order, the light neutrino mass matrix is given by
the seesaw formula

m, = —v?AMy AT, (3.4)
where My = diag(My, .My, ,My,). We will denote the
light neutrino masses obtained from this matrix to be m,
m, and ms3 where we identify the solar mass splitting
as Am2, = m3 — m?.

To provide a conservative estimate of the maximum
allowed parameter, we must fix certain free parameters that
maximize |e|. Since Am?2; < |Am?,|, we can approximate
m; = m, and using the Casas-Ibarra parametrization [52]
there is only a single relevant complex angle of the
R-matrix, R = R(z3) [53]. Defining z,3 = x + iy, where
x and y are real, the CP parameter in the hierarchical limit
of RHN mass spectrum My << My,, My, is given by

_ 3My, |Am,,| |sin(2x)sinh(2y)|
 1670% my, + m; cosh(2y) — f cos(2x)’

€] (3.5)

where f = (m3 — my)/(m3 + my). Note that in the denom-
inator, cosh(2y) — f cos(2x) > 0 given that [f| < 1. In the
hierarchical mass limit for light neutrinos, for normal mass
ordering ms >> my or inverse mass ordering m; > ms, we
have f — +1 or f — —1 respectively, while in the degen-
erate mass limit m; ~ m;, we have f < 1. The maximum
le] is given by x = +x/4 and y — +oco which saturates to
the Davidson-Ibarra bound of Eq. (2.22). However, as
we will see in the following, a large y implies a large
washout from inverse decays of N;. The degree of out-of-
equilibrium decay of N, is quantified by the washout
parameter defined as

Ty, _m

K=s—7——=
HT=My) m,

: (3.6)

where H(T = My,) is the Hubble rate in a radiation-
dominated Universe evaluated at 7 = My, . In the second
definition, m, = lgﬁ;}’:z 22~ 1073 eV while the effective

neutrino mass can be expressed as

ﬁ’l]E M
N

[cosh(2y) — fcos(2x)]. (3.7)

1

Since for the heaviest neutrino m;, > /|Am2,,| = 0.05 eV,
as long as |y| > 0.14, we will always be in the strong
washout regime, K > 1. To determine the upper bound on

the neutrino mass scale, m,,, the relevant regime is m,, >

\/|Am2,,,| which also implies m;, + m; — 2m;, and f < 1
and therefore

_ 3My, |Am3, sin(2x) tanh(2y)|
32702 m, ’

e (3.8)

i, = my, cosh(2y). (3.9)
In this regime, K > \/|Am2,,|/m, ~ 50 and hence lepto-
genesis occurs in the strong washout regime. The CP
violation parameter |¢| is maximized for |x| = z/4 while
y should be determined such that |e| is as large as possible
without being overwhelmed by the inverse decay washout
controlled 772;. In this regime, an excellent approximation is
to maximize |e|/7i; which gives |y| =1log(1+/2)~0.44.

In the strong washout regime, the washout processes
from inverse decays go out of equilibrium at 7 << My, and
the asymmetry that survives is produced from decays of N,
below this temperature. Hence, to determine the upper
bound on m;, we can approximate the total AL =2
washout process with the following squared amplitude
valid for T < My, [5]

12s
A

|A]2 = —="Tr(mim,), (3.10)

where s is the center-of-mass energy squared. The ther-
mally-averaged reaction density for AL =2 processes,
assuming Maxwell-Boltzmann statistics, is

T
y=—

- Ooods\/ElCl (g)&(s), (3.11)

where /C;(x) is the modified Bessel function of order i and

5(5) = 5. /0 APdr =2 Te(mlm,). (3.12)
§) =-— =——Tr(mym,). .
¢ 8ms J_ 2rv*
After integrating over s, we have
3T° +

We note that the interaction above has no Boltzmann
suppression even if 7 < M, since the AL = 2 scatterings
(YHY < ¢H and ¢¢ < H'H") do not involve external
N,. Comparing y/n with n = T3/z* to the Hubble rate,
this process will come into thermal equilibrium at a temper-
ature of
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3,4
_— 47 v* X 1.66\/9_*’ (3.14)
3Tr(mim,)Mp
assuming a radiation-dominated Universe. It is worth noting
that Tr(mjm,) = _; m? and if this value is 8.5 x 107> eV?
(the current Planck 4+ BOSS bound [7]), then the AL =2
scatterings need to be taken into account when
T 2 6.2 x 10'? GeV. Let us consider leptogenesis which
occurs at T' ~ My, in which AL = 2 scatterings are relevant.
Asthe AL = 2 scatterings are proportional to m7, increasing
my, will increase the AL = 2 scattering rate such that the
lepton asymmetry is erased and leptogenesis is no longer
viable. We will determine the upper bound on m;, resulting
from the washout effect of AL = 2 scatterings numerically in
the next section, with and without assuming the existence
of PBHs.

As we are interested in the m;, — My, parameter space
for viable high-scale leptogenesis we can make an estima-
tion of the upper bound on My, (without the existence of
PBHs): as My, is increased, |e| will also increase. The
maximum will be reached before violating perturbativity
when € ~ O(1). Considering this upper bound on € and that
the largest B — L asymmetry that can be generated in the
strong washout regime is Yz_; ~ 107#|¢|, we can estimate
the upper bound on My by restricting the additional
exponential washout from AL = 2 scatterings to be

0 y 6
exp|— dz——| £ 107°,
p[ /z ZH'J

where z =My /T, and z5 = My, /T with T the temper-
ature when the inverse decay rate becomes slower than the
Hubble rate. The above restriction is to ensure that after
taking into account the additional suppression factor above,
we can still generate Yz_; > 107!0 in accordance with
observation [51]. Considering the least restrictive case
my;, = 0.05 eV and zp = 3 [5], we obtain an upper bound
My, <105 GeV.

(3.15)

B. Boltzmann equations

In this section, we present the Friedmann and Boltzmann
equations that we numerically solve to derive the m,,
bound including the possible contribution from PBHs.
The Friedmann equations for the comoving radiation
(or = a*pg) and PBHs (ggy = a’ppy) energy densities
are

dor _SSM(MBH) dIn Mgy

- : 3.16
da 8(MBH) dt 4eBH ( a)
nM
qp een _ 410 Mgy (3.16b)

da dt CBH:

8

2 = —
e

(ogna™ + ora™). (3.16¢)

where a is the scale factor, H the Hubble rate, and
esm(Mpy) contains only the SM contribution to the
evaporation. Note that we evolve with respect to a
instead of z, in contrast to standard leptogenesis treatments.
This is due to the possibly significant entropy dilution
present in the PBH scenario. For convenience, we also
track the evolution of the SM thermal plasma temperature,
T [39,54,55]

esm(Mpy) dIn Mgy g,(T) aQBH}
E(MBH) dt g*s(T) 4QR '
(3.17)

where A takes into account the change on the effective
number of entropic degrees of freedom g, ((T) in Eq. (3.16)

T dg.(T)

A=1
* 39.,(T) dT

(3.18)

Together with this set of equations, we solve the following
momentum-integrated Boltzmann equations for the
comoving thermal (N}") and nonthermal (V}) RHN
densities [21]

dNTH
aH—" — - (NTH_ NI (3.19a)
a 1 1 1
dN
aH ;V = NI 4 Ngulguoy,.  (3.19b)

where I'}, and ' ?\?] are the thermally averaged decay rate
and the equilibrium comoving abundance of the RHNs,
respectively. TR in Eq. (3.19b) is the decay width corrected
by an average inverse time dilatation factor

My
F”B’?E<E > fw
Ny / BH

where Iy, is the RHN decay width defined in Eq. (3.3). It is
worth emphasizing that the thermal average is taken with
respect to the PBH instantaneous spectrum since the RHN
energies are distributed according to the Hawking rate, which
resembles a thermal distribution. To address the generation of
RHNSs from the PBH density, we have included a source term
in Eq. (3.19b) equal to the comoving PBH number density,
Ny = ¢pu/Mpp, times gy, , the total RHN emission
rate per BH

(3.20)

© d’N
Ty, = / dE— 7.

21
vy, dtdE (3.21)
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The equation for the B — L asymmetry, N _;, is given by

dN'p_; _

a

aH 6[(/\/'1T\,}1I - ./\/'f\;]l )F,{,] + N?,I]'IFE?]
1 NB—L
2 1 1 N;q

where ¢ is the CP parameter of Eq. (3.2) describing the decay
asymmetry generated by N, and N (;q is the lepton equilib-
rium abundance. The term proportional to A z_; corre-
sponds to the washout processes including the AL =2
interactions discussed in Sec. III A. We compute the baryonic
yield from the solution of the Friedmann-Boltzmann equa-
tions using

(3.22)

Bzﬁgﬂﬂ;, (3.23)
97 a3, s(T+,)

with ag, and s(T',) are the scale factor and entropy density

where we stop the evolution of the Boltzmann and Friedmann

equations.

We solve the system of equations Egs. (3.16), (3.19) and
(3.22), together with the PBH mass rate, Eq. (2.7), to obtain
the final baryon asymmetry. We make use of ULYSSES [56]
which not only contains the infrastructure to solve equa-
tions for leptogenesis, but also has a library with the BH
characteristics for the Schwarzschild and Kerr cases, and
fitted forms of the total Hawking emission rate ['gy_,y, .
The code used in this work has been made publicly
available within ULYSSES.°

IV. RESULTS AND DISCUSSION

As we are interested in obtaining the upper bound on the
heaviest active neutrino mass m;,, we restrict ourselves to
the strong washout regime. In this regime, we fix |x| = z/4
and |y| = 0.44, as detailed in Section IIT A, and consider
a mild hierarchy of the RHN mass spectrum with
My, > My, > My, . We have verified that as long as the
RHN mass spectrum is not quasi-degenerate, the upper
bound on m,, is not sensitive to the specific hierarchy of
My, chosen. The main reason is that the upper bound is
determined by AL = 2 scatterings, which depend only on
my, and the temperature at which leptogenesis occurs. Since
the upper bound on m;, is not very sensitive to the mass
hierarchy of N’s, we will fix My, = 2My, = 6My, where
it is a sufficiently good approximation to consider only N -
leptogenesis.

In the left panel of Fig. 3, the colored area on the left of
the gray dotted line shows the successful parameter space
ie., |Yp| > Y™ in the plane of m, versus My, for this
standard scenario regime (i.e., no PBHs). We observe that

®https://github.com/earlyuniverse/ulysses.

the upper bounds of My, ~ 10" GeV and m,, ~ 0.1 eV are
due to the sizable AL = 2 washout as discussed in Sec. III A
which are in agreement with Ref. [6]. The lower bound on
My, becomes more stringent with increasing m,, due to the
Davidson-Ibarra bound, cf. Eq. (2.22). The purple hatched
region corresponds to the current KATRIN bound, while the
vertical dashed line is their projected future sensitivity [27] to
the heaviest active neutrino mass, m,,. Next, we consider the
additional effect of light PBHs on the m,, and seesaw scale
parameter space. In the left panel of Fig. 3, we also overlay
the successful parameter space for PBH-assisted scenario
with # = 1074, and different PBHs masses: Mgy, = 0.1 g
(solid red), 1 g (dashed blue), and 10 g (dash-dotted green).
For Mgy = 0.1 g, we observe that the viable parameter
space is significantly enlarged such that even m;, ~ 0.5 eV
and My, ~ 10'® GeV provides successful leptogenesis.

In fact, the upper bound on My, can go beyond GUT
scale up to Eq. (2.21) where N, particles are too heavy to be
efficiently produced by PBH evaporation. For Mgy = 1 g,
the viable parameter space is smaller than for Mgy = 0.1 g
because the heavier the PBHs, the lower their initial temper-
ature and therefore the less efficient they are at producing
heavy RHNs via Hawking evaporation. Nonetheless, even
PBHs with a gram-scale mass can significantly enlarge the
viable parameter space. Finally, we observe that for
Mgyo = 10 g, shown in green around My, ~ 10'2 GeV,
the viable parameter space shrinks compared to the PBH-less
leptogenesis scenario. This occurs because the heavier PBHs
are less efficient at producing such massive RHNs but they
still provide sizable entropy injections into the early Universe
plasma, diluting the baryon asymmetry produced from
thermal leptogenesis. This tension between =O(10) g
PBHs and thermal leptogenesis has been discussed in detail
in Ref. [21]. Interestingly, the successful region in this case
presents a reduction around My, ~ 1.5 x 10"* GeV and
my, ~0.55 eV. Such reduction appears because the entropy
injection depletes the asymmetry produced thermally, while
the RHN's produced from the evaporation are not sufficient to
generate the observed baryon yield. On the other hand, for
My, <1.5x 10" GeV, the PBHs emit efficiently RHNs
which mitigate the dilution. For My, 2 1.5 x 10" GeV, the
reduction due to the entropy from the evaporation is not
strong enough to diminish the baryon asymmetry below the
observed value.

Even though we expect that washout process to be
switched off in the thermal SM bath, the particles produced
during the evaporation should, in principle, heat up the
plasma around the PBHs [57]. Thus, AL =2 processes
might be active in the PBH vicinity, generating a washout
of the final asymmetry. Although a complete determination
of the washout in the PBH proximity lies beyond the scope
of this paper, we can estimate whether the RH neutrino is
able to escape the PBH before decaying. Considering all
2 — 2 processes for N; scattering [58], and taking the
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FIG. 3. Left: allowed parameter space for leptogenesis in the RH neutrino mass My, vs heaviest active neutrino m;, plane for the
standard scenario, i.e., no PBHs (gray dotted region) and including the contribution from evaporating PBHs having initial masses of
Mgyo = 0.1 g (red region), Mgy, = 1 g (blue dashed region), My, = 10 g (green dot-dashed region), while fixing f = 107*. The
dashed region indicates the current KATRIN bound on m,,, while the dashed vertical line corresponds to their projected future sensitivity
[27]. The magenta and cyan lines indicate the region where the N decay length £, and mean free path £ are smaller than 100 times the
Schwarzschild radius rg, respectively. For such values, we could expect additional washout due to AL = 2 processes that might be
active around the PBH, see text. Right: evolution of the baryon yield |Y | as function of z = My, /T for three different values of the
RHN masses—indicated in the left panel by the stars—M, = 105 GeV (top), M, N, = 10 GeV (middle), M N, = 10" GeV (bottom),
and m;, = 0.27 eV. The color indicates the different evolution in the presence of a PBH density with masses Mgy = 0.1 g (red),
Mgy = 1 g (blue dashed), and in the standard case without PBHs (gray dotted).

plasma temperature to be the Hawking temperature, we can 5 (G il /"21?3 rg for Tpuo>My
estimate the N; mean free path as ¢,=8z(c) v ~T= 2 My, Myy, -
~ '2 ’

A 5 mlMN] 16ﬂ2<c>r711314/\,1 rg forTBHO <MN1

T v
s = SONCNYNEL 05ev) (104 Gev)3 (_1g |2
i) 1075 (°5) (1) (1) forTomo 2,
0.5 eV (10" GeV = ’
~ 1.5 1O3r5< me > ( v ¢ ) (4.1) 5007 (%) (10;%) for Tggzo < My,
h N,

(4.2)
where (;7,(\(,)>> = (y,(\(,))> /T, <y§\(,))> being the momentum-aver-
aged N, scattering rate for vanishing leptonic chemical
potential, taken from Ref. [58]. Similarly, the decay

length is where
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(c) = <MN1 >_1 Tou 37, (4.3)

E BHMN1

and (My /E)gy is the thermally averaged time dilation
factor for the N, decay, whose value has been determined
numerically considering the full Hawking emission spec-
trum [21]. The previous estimations assume that the N are
produced at the horizon, even though the localization of
the emitted particle at emission is meaningless since its
Compton wavelength is of the same order as the
Schwarzschild horizon. Thus, in a sense, our estimates
are conservative. We present in Fig. 3 the region of the
parameter space where ¢ < 100rg and ¢, < 100ryg,
bounded by the cyan and magenta lines, respectively.
For the decay length, we have that the relevant solution
corresponds to the case where Tgyy < My, . From this, we
observe that the washout would affect mainly the asym-
metry produced for Mgy, = 0.1 g, while we do not expect
a significant modification for larger initial PBH masses.
We leave a detailed discussion of the washout around a
PBH for future work.

In the right panels of Fig. 3, we show the solutions to the
Boltzmann and Friedmann equations for three points in
the parameter space for fixed heaviest neutrino mass m; =
0.27 eV and varying RHN masses: My = 10" GeV

(point A), 10'* GeV (B) and 10'* GeV (C). For point A,

My, =10 GeV, my, = 0.27 eV

we observe that Yjp follows the thermal (gray dashed)
solution until z ~ 10. At this point, light PBH evaporation
starts to contribute effectively and produces RHNs which
decay and generate a baryon asymmetry. The rapid change
in gradient at z ~ 10* corresponds to the explosive evapo-
ration that occurs at the end of the 0.1 g PBHs’ lifetime.
The same pattern is observed for PBHs of mass 1 g (dashed
blue) but the evaporation is later, z ~ 5 x 10*, as the PBHs
are heavier. Moreover, the final baryonic yield is lower
since these heavier PBHs produce less RHNs. Finally, the
purely thermal case (dashed gray) exhibits an exponential
decrease in the baryonic yield at z ~ 10 due to the AL = 2
washout being in thermal equilibrium. The behavior for
point B is much the same as point A. For point C we
observe that the evolution of the baryonic yield for the 0.1 g
mass follows that of the thermal case, and it is the PBHs of
mass | g that yield the larger baryon asymmetry. This
occurs because the lighter PBHs, with 0.1 g mass, produce
the RHNs with this lower mass scale earlier in their
evolution when the AL =2 washout processes are still
active. For My = 10 g the baryonic yield is so small that
it is not shown on these plots.

In the left panel of Fig. 4, we plot Y » with PBH-assisted
leptogenesis normalized to the observed value Y$ for a
fixed My, = 10'* GeV. The more orange/yellow (green/
blue) regions show an enhancement (depletion) of the

PBH+Lepto, my, = 0.27 eV

102 1073 ;
N '
| Y/ Yo
10?
10~ 10744
10° E
Q e _ 1
107 - %
107 1075 iy
10 3
b 5
108 5 —— My, =10 Gev
E == My, =10" Gev
------- My, =10" GeV
1078 — T 1078 T T T T
107! 10° 10 10? 1072 107! 10° 10! 10?

Mg [8]

Mg [8]

FIG. 4. Left: Y normalized to the observed value Y9 for different values of the initial PBH density fraction 3 and mass Mpyy, taking
My, = 10" GeV and heaviest neutrino mass m;, = 0.27 eV. The dashed line corresponds to the region where we reproduce the
measured baryon asymmetry. The white line indicates the PBH parameters which lead to a PBH-dominated era, and the darker region is
in tension with GW observations. Right: initial PBH fraction f and mass My, parameters that generate the measured baryon yield for
different values of the RHN masses, My, = 103 GeV (blue), M N, = 10" GeV (red dashed), and M N, = 10" GeV (emerald dotted).
The purple shaded region is excluded from inflation while the green region corresponds to the limit from GWs. The diagonal purple line

indicates the parameters that lead to an early-PBH domination.
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baryon asymmetry from PBHs. The area to the left of the
dashed black line shows the region where the baryonic
yield is equal to greater than the measured value. We
observe that for this heavy RHN mass scale, gram or
subgram scale PBHs (3= 107°) are required for viable
leptogenesis. Additionally, in the right panel of Fig. 4 we
show the same range in f and Mpy, for several masses of
RHNs: My, = 10" GeV (blue), 10" GeV (red dashed),
and 10" GeV (emerald dotted), where the regions inside
the colored lines are compatible with the observed baryonic
yield. The purple (green) colored region is excluded by
inflation (GWs). We note that the viable parameter space
for larger N; masses shifts toward lighter PBH masses
since the lighter PBHs are hotter initially and more efficient
in producing heavier N;. The lower bound on the PBH
mass is due to too early production of N at the temperature
when the AL = 2 washout is still efficient while the upper
bound on the PBH mass is due to the suppression of the
production of N because heavier PBHs are too cold to
produce RHNs but still provide significant entropy pro-
duction through their evaporation in the PBH domination
regime. The viable parameter space shrinks for lower N,
masses due to the Davidson-Ibarra bound in Eq. (2.22).

V. CONCLUSIONS

This work reevaluates viable high-scale thermal lepto-
genesis parameter space (in terms of the lightest RHN mass
M,, and the heaviest active neutrino mass, m;) in the
presence of light PBHs. In the standard radiation dominated
early Universe, if the lightest RHN mass exceeds
~10' GeV and heaviest active neutrino mass is greater
than ~0.1 eV, AL = 2 washout processes erase the lepton
asymmetry. We have demonstrated that the presence of
<O(1) g PBHs can provide a nonthermal source of RHNs
produced via Hawking radiation when the SM plasma
temperature is significantly lower than the lightest RHN
mass. As such, the washout processes are ineffective, and a
lepton asymmetry can be produced through the decays of
these PBH sourced RHNs. While the leptogenesis param-
eter space is large, with 18 real parameters needed to
determine the Yukawa matrix, we apply the Casas-Ibarra
parametrization, assuming a mildly hierarchical RHN mass
spectrum, fixing the leptonic mixing angles, mass squared
splitting, and CP-violating phase at their best-fit values
from global fit data [59] and fix the Majorana phases to be
CP-conserving. The remaining parameters of the Yukawa
matrix are fixed to maximize the lepton asymmetry without
fine-tuning.

Applying these conservative assumptions, we numeri-
cally solve the relevant Friedmann and Boltzmann equa-
tions for PBH-assisted leptogenesis, and our main results
can be found in Fig. 3, where the blue and red lines show
the enlarged parameter space due to the light PBHs. Due to
the presence of SO(1) g PBHs, we find that the upper
bound on the lightest right-handed neutrino mass is
generically given by My, < 10" GeV up to consideration
of the perturbativity of the Yukawa matrix or by My, <

few x 10!> GeV considering the possibility of heating of
thermal bath in the vicinity of the PBHs. Furthermore, in
this PBH-assisted leptogenesis scenario, the heaviest active
neutrino mass, m;, can be much larger 0.1 eV. Although
this is in tension with the current cosmological bound
>, m; < 0.16 eV [7], nonstandard cosmology could allow
my, ~ 1 eV [9]. The direct neutrino mass measurement from
KATRIN gives m; < 0.8 eV while the final sensitivity
could go down to 0.2 eV [27], essentially probing all the
new parameters allowed by PBH-assisted leptogenesis. To
summarize, the expansion of the viable parameter space (in
the My, — my, plane) implies that high-scale leptogenesis,
excluded in a standard cosmology if neutrino masses are
measured to be large (Z0.1 eV), could be rescued if gram-
scale PBHs once constituted a sizable fraction of the energy
density of the Universe.
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