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Genesis of Primordial Black Holes
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Primordial Black Holes:  Black Holes generated at earlier than star formation times and 
therefore not of stellar origin.

1966:  their existence  first proposed by Zel’dovich and Novikov  

mid-1970s: the concept was picked up and developed by      
                    Hawking and Carr. 
                     (For the first time the Black Hole name appears)
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Hawking Evaporation
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Hawking, Nature 248 (1974); Carr, ApJ. 206 (1976); 
Hawking, Comm. Math. Phys. 43 (1976); Page, PRD 13 (1976) 

Due to a mixture of quantum and general relativity effects, the PBH can emit particles
✦ The emission is a black-body-like spectrum with a temperature:

✦ The evaporation lifetime is: ⌧BH ⇡ 4.07⇥ 1017
✓

MBH

1015 g

◆3

s

<latexit sha1_base64="Oy9Jl39+OlRl0eiLCXlDg7YGS+Q="></latexit>

TBH =
~ c3

8⇡GkBMBH

= 10.6

✓
1015 g

MBH

◆
MeV

<latexit sha1_base64="Ut/rv0KgcCwdbtWLfCBR12Evhl0="></latexit>

for neutral and non-rotating BHs

TBH =
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Surface gravity

✦ Negligible and undetectable for astrophysical black holes!

✦ Emission of all the elementary particles with m ≤ TBH

✦  The lower the PBH mass, the earlier it evaporates
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Current big interest in PBHs
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Formation mechanism  Early Universe

Dark Matter

Astrophysical issues

Gravitational waves
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PBH constraints
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PBHs are 
all the DM

PBHs are 
DM-subcomponent
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EVAPORATING NOW
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EVAPORATING NOW

Adapted by M. Chianese  
from Carr+, PRD 81 (2010)

ALREADY EVAPORATED

�0(M) = �1/2 ⇢PBH(Tform)

⇢R(Tform)

<latexit sha1_base64="3tvD/Tt50maFx3+0Drw456YZAbw="></latexit>

PBH cosmological abundance
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Adapted by M. Chianese  
from Carr+, PRD 81 (2010)

ALREADY EVAPORATED
✦ Formed at  after inflation with an abundanceTform

�0(MPBH) = �1/2 ⇢PBH(Tform)

⇢R(Tform)

<latexit sha1_base64="SAnMZ/V7x/JW8M6sYP+fzk/LtrY="></latexit>

IN THIS TALK

✦ Light PBHs  strongly modify the 
parameter space of leptogenesis

(MPBH ≲ 109 g)
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Non-standard cosmology from PBHs
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Adapted from Hooper+, JHEP 08 (2019)

Depending on their abundance, PBHs could induce a matter-dominated period before evaporation

T [GeV]
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Small PBH abundance (β ∼ 10−13) PBHs dominate before evaporation (β ∼ 10−7)
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BARYON ASYMMETRY OF THE UNIVERSE (BAU) 

⌘ =
nB � nB̄

n�

����
0

= (6.21± 0.16)⇥ 10�10

<latexit sha1_base64="51wdXjzreeZFVsHI/iuu6XREFAo="></latexit>

Y�B =
nB � nB̄

s

����
0

= (8.75± 0.23)⇥ 10�11

<latexit sha1_base64="/KDonUUwSk91Iq6feQFcv/SSd+Q="></latexit>

inferred independently by BBN and CMB (see PLANCK coll.)

SAKHAROV CONDITIONS 

✦ Baryon number violation 
✦ C and CP violation 
✦ Out of equilibrium dynamics 

Present in the SM, but not sufficient…
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BARYON ASYMMETRY OF THE UNIVERSE (BAU) 
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<latexit sha1_base64="51wdXjzreeZFVsHI/iuu6XREFAo="></latexit>

Y�B =
nB � nB̄

s

����
0

= (8.75± 0.23)⇥ 10�11
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inferred independently by BBN and CMB (see PLANCK coll.)

SAKHAROV CONDITIONS 

✦ Baryon number violation 
✦ C and CP violation 
✦ Out of equilibrium dynamics 

Present in the SM, but not sufficient…

The democratic feature of PBHs can also  lead to observed 
matter antimatter asymmetry.  

Idea already explored in the seminal papers of Hawking 
and Carr:  
heavy, new particles from PBH evaporation, could  
decay violating CP and baryon number.
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The seesaw Lagrangian naturally satisfies the Sakharov conditions in the leptonic sector!

✦ L violation due to the Majorana nature of RHNs; 
L → B via sphaleron 

✦ C and CP violation due to Dirac Yukawa couplings 
✦ Departure from thermal equilibrium when ΓN < ℋ

L � �Y↵iL↵�̃Ni �
1

2
NC

i MijNj + h.c.

<latexit sha1_base64="UcywljkKCjr6agVOEeRcoEboDoM="></latexit>

Right-Handed Neutrinos (RHNs)

Simple and elegant explanation of the cosmological matter-antimatter asymmetry 

[Fukugita, Yanagida ’86]
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O(103 GeV)
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O(1012 GeV)

<latexit sha1_base64="gyWEVPzrnmfVGrKHfUG/TtN7PBc=">AAACEnicbVDLSgNBEJz1GeMr6lGQwSDoJeyGiB6DHvRmBPOAJIbeSUeHzD6Y6RXCsp78BL/Cq568iVd/wIP/4m7MwVediqpuurrcUElDtv1uTU3PzM7N5xbyi0vLK6uFtfWGCSItsC4CFeiWCwaV9LFOkhS2Qo3guQqb7vA485s3qI0M/Asahdj14MqXAymAUqlX2Op4QNcCVHyW7Dr2ZeyUk9u4oz1+go1kr1co2iV7DP6XOBNSZBPUeoWPTj8QkYc+CQXGtB07pG4MmqRQmOQ7kcEQxBCusJ1SHzw03Xj8R8J3IgMU8BA1l4qPRfy+EYNnzMhz08kstfntZeJ/XjuiwWE3ln4YEfoiO0RS4fiQEVqmBSHvS41EkCVHLn0uQAMRaslBiFSM0sbyaR/O7+//kka55FRK++eVYvVo0kyObbJttsscdsCq7JTVWJ0Jdsce2CN7su6tZ+vFev0anbImOxvsB6y3T9aXnR8=</latexit>

O(106 GeV)

<latexit sha1_base64="iAXHTkEkWRo/kZ49mY7iQ4viFa0=">AAACD3icbVC5TsNAEF2HO1wGSpoVERI0kY3CUUZQQAdI5JCSEI2XIayyPrQ7RkJWkPgEvoIWKjpEyydQ8C/YxgXXq57em9G8eV6kpCHHebdKY+MTk1PTM+XZufmFRXtpuWnCWAtsiFCFuu2BQSUDbJAkhe1II/iewpY3PMj81jVqI8PgjG4i7PkwCOSlFECp1LdXuz7QlQCVHI82XOd85zbpap8fYnO02bcrTtXJwf8StyAVVuCkb390L0IR+xiQUGBMx3Ui6iWgSQqFo3I3NhiBGMIAOykNwEfTS/InRnw9NkAhj1BzqXgu4veNBHxjbnwvncwim99eJv7ndWK63OslMohiwkBkh0gqzA8ZoWXaDvILqZEIsuTIZcAFaCBCLTkIkYpxWlc57cP9/f1f0tyqurXq9mmtUt8vmplmq2yNbTCX7bI6O2InrMEEu2MP7JE9WffWs/VivX6NlqxiZ4X9gPX2CX86m9w=</latexit>

Resonant 
Leptogenesis

Leptogenesis via 
oscillations

Intermediate-scale 
Leptogenesis

High-scale 
Leptogenesis

Akhmedov, Rubakov & Smirnov, PRL 81 
(1998); Asaka & Shaposhnikov,  PLB 
620 (2005); Asaka, Eijima & Ishida, 

JHEP 1104 (2011) …

Pilaftis & Underwood, Nucl. Phys. B 
692 (2004); Abada, Aissaoui & Losada, 

Nucl. Phys. B 728 (2005) ,  
P. Hernández et al. (2015)…

Racker, Rius & Pena, JCAP 1207 
(2013); Moffat, Petcov, Pascoli, Schulz 

& Turner, PRD 98 (2018) …

Fukugida & Yanagida, PLB 17 (1986); 
Buchmuller, Di Bari & Plumacher, New J.Phys. 6 

(2004); Roulet1, Covi  and Vissani (1997) 

Barbieri, Creminelli, Strumia & Tetradis, Nucl. 
Phys. B 575 (2000) …

Incomplete list…see interesting reviews: Buchmuller+, Annals Phys. 315 (2005); Sheng 
Fong+, Adv.High Energy Phys. (2012); Davidson+, Phys.Rept. 466 (2008) 
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Leptogenesis landscape
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MR
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O(103 GeV)
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O(1012 GeV)
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O(106 GeV)
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Resonant 
Leptogenesis

Leptogenesis via 
oscillations

Intermediate-scale 
Leptogenesis

High-scale 
Leptogenesis

Akhmedov, Rubakov & Smirnov, PRL 81 
(1998); Asaka & Shaposhnikov,  PLB 
620 (2005); Asaka, Eijima & Ishida, 

JHEP 1104 (2011) …
Racker, Rius & Pena, JCAP 1207 

(2013); Moffat, Petcov, Pascoli, Schulz 
& Turner, PRD 98 (2018) …

+ PBHs
Calabrese, Chianese, Gunn, Miele, 

Morisi, Saviano, PRD 107.123537 (2023)

+ PBHs
Calabrese, Chianese, Gunn, Miele, 

Morisi, Saviano, PRD 109.103001 (2024)

PBH & Leptogenesis: Fujita+, PRD 89 (2024); Hamada+, Prog. Theor. Exp. Phys. (2017); Morrison+, JCAP 
05 (2019); Perez-Gonzalez+, PRD 104 (2021); Datta+, JCAP 08 (2021); Jyoti Das+, JCAP 11 (2021); 
Bernal+, PRD 106 (2022); Schmitz+, PLB 849 (2024); Ghoshal+ JHEP 02 (2024); Barman+, 2405.15858
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Lepton  
asymmetry

Baryon 
asymmetry

PBHs affect leptogenesis in different ways depends on their mass  and abundance MPBH β′ 

ADDITIONAL NON-THERMAL SOURCE TERM

ENTROPY INJECTION

dS
da

= � fSM
T (a)

d lnMPBH

da
⇢PBH

<latexit sha1_base64="djD0TX0mbIP8AspOtP9awyRr50c="></latexit>

aH
dnN

da
= �(nN � neq

N ) �T
N + nPBH �PBH

N

<latexit sha1_base64="fjFObXo4toYaSPkGVglWBqMrBvA="></latexit>

if TPBH > M

contribution from thermal plasma contribution from PBH evaporation

Dilution of any pre-existing relic at evaporation

Studied for  in: 
Perez-Gonzalez+, PRD 104 (2021), Bernal+, PRD 106 (2022)

MPBH < 105 g

Leptogenesis &  PBH
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Lepton  
asymmetry

Baryon 
asymmetry

PBHs affect leptogenesis in different ways depends on their mass  and abundance MPBH β′ 

ADDITIONAL NON-THERMAL SOURCE TERM

aH
dnN

da
= �(nN � neq

N ) �T
N + nPBH �PBH

N if TPBH > M

contribution from thermal plasma contribution from PBH evaporation

Studied for  in: 
Perez-Gonzalez+, PRD 104 (2021), Bernal+, PRD 106 (2022)

MPBH < 105 g

ENTROPY INJECTION

dS
da

= � fSM
T (a)

d lnMPBH

da
⇢PBH

<latexit sha1_base64="djD0TX0mbIP8AspOtP9awyRr50c="></latexit>

Dilution of any pre-existing relic at evaporation

In our works we focus on 105 ≤ MPBH/g ≤ 109

✦ No efficient production of RHNs 
( )104 ≲ TPBH/GeV ≲ 108

Leptogenesis &  PBH

✦ Evaporation after sphalerons but before BBN
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Benchmark scenarios
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Calabrese+ (w/ NS), PRD 107.123537 (2023)

FROZEN OUT

✦ The  yield freezes-out before being converted to 
 at , leading to a higher baryon asymmetry

B − L
B z = zspbh

STANDARD LEPTOGENESIS SCENARIO

✦ Standard cosmology with a radiation-dominated 
universe

✦ The comoving entropy  is simply constantS



Ninetta Saviano, INFN

✦ PBHs evaporate after sphaleron freeze-out at , 
leading to the observed baryon asymmetry

z = zspbh

Benchmark scenarios

17

PBH-MODIFIED LEPTOGENESIS SCENARIO

✦ Non-standard cosmology with a matter-dominated 
epoch which ends before BBN at z = zBBN

✦ The comoving entropy  is not constant due to the full 
evaporation of PBHs

S
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Calabrese+ (w/ NS), PRD 107.123537 (2023)
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Benchmark scenarios
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Large entropy production from PBH evaporation Non-negligible effect even if PBHs never dominate!

ENTROPY 
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Matter 
domination

No matter 
domination

Calabrese+ (w/ NS), PRD 107.123537 (2023)
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Our models for thermal leptogenesis

19

Y =
1

v

p
M̂ R

p
m̂⌫ U †

PMNS

<latexit sha1_base64="ljJfOq+4nioWGXbYQD0nZSSw850="></latexit>

✦ Casas-Ibarra parametrization for the Yukawa couplings: 

✦ Normal ordering with  since m1 ≃ m2 Δm2
sun ≪ Δm2

atm the only phase in  is R z13 = x + i y

For further details see also: Hambye & Teresi, PRL 117 (2016); Giudice+, Nucl. Phys. B 685 (2004) 

L � �Y↵iL↵�̃Ni �
1

2
NC

i MijNj + h.c.

<latexit sha1_base64="UcywljkKCjr6agVOEeRcoEboDoM="></latexit>

✦ Type-1 seesaw m⌫ ' �v2Y
1

M
Y T
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Our models for thermal leptogenesis

20

Y =
1

v

p
M̂ R

p
m̂⌫ U †

PMNS
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✦ Casas-Ibarra parametrization for the Yukawa couplings: 

✦ Normal ordering with  since m1 ≃ m2 Δm2
sun ≪ Δm2

atm the only phase in  is R z13 = x + i y

For further details see also: Hambye & Teresi, PRL 117 (2016); Giudice+, Nucl. Phys. B 685 (2004) 
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✦ Type-1 seesaw m⌫ ' �v2Y
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Y T
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Resonant Leptogenesis

✦ Degenerate RHNs:  with M ∼ M1 ∼ M2 ΔM/M ≪ 1

✦ Mass range M1 ∈ [1, 103] GeV

✦ Free parameters  with massless {x, y, M, ΔM} m1

High-scale Leptogenesis

✦ Hierarchical RHNs: M1 ≪ M2,3

✦ Mass range M1 ∈ [1010, 1016] GeV

✦ Free parameters  with {x, y, M, mh} mh = m3

We scan the leptogenesis parameters to find the ones maximizing the baryon asymmetry!
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High-scale Thermal Leptogenesis (HTL)

21
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Parameters maximize the baryon asymmetry

Dashed line: contour for  matching the observed valueỸB

Dotted lines: contours for increasing the ratio ỸB / Yobs
B

Solid line: contour maximizing the baryon asymmetry YB

Calabrese+ (w/ NS), PRD 107.123537 (2023)

For each value of M1, the final baryon asymmetry 
increases for decreasing mh. 
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PBH-HTL constraints
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Higher the neutrino mass scale the stronger the 
constriants on PBH
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|U↵(N+3)|2 =
m2 �m3

2

�M

M2
cos(2x) +

(m2 +m3)

M
cosh(2y)

<latexit sha1_base64="bmPOIY3Qonlx9bz4XN9edrBIjO8="></latexit>

Active-sterile mixing for m1 = 0

Allowed parameter space

Maximum baryon asymmetry as a function of RHN massFor  the colored solid line  lines  the baryon asymmetry 
Y is equal to the observed one
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✦ If light PBHs existed, then laboratory experiments 
might not be able to detect HNLs

✦ On the other hand, we can place constraints on PBH 
parameter space assuming future detection of HNLs at 
a given mass scale M

Dotted line: minimum PBH abundance for matter domination

Dashed line: most conservative constraints for High-scale 
Thermal Leptogenesis (HTL)

Solid lines: constraints for different HNL masses

The smaller the RHNs mass scale, the stronger the constraints on β’
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✦ The non-standard cosmology driven by PBHs has strong effects on leptogenesis, 
e.g. entropy injection and dilution of the baryon asymmetry frozen after sphalerons. 

✦ We have explored the parameter space of high-scale and resonant leptogenesis 
models in order to find the parameters maximizing the baryon asymmetry. 

✦ We have placed mutual exclusions limits between minimal leptogenesis models and 
PBHs when the final baryon asymmetry is below the observed value.
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Lepton  
asymmetry

Baryon 
asymmetry

Partial washout of the asymmetry due  to inverse decay and scatterings:

Conversion of the left-over L asymmetry to B asymmetry at T > Tsph :  
B - L conserved 

CP asymmetry  results from the interference between tree and 1-loop wave and 
vertex diagrams.

Basic Step of Leptogenesis
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High-scale Leptogenesis Calabrese+ (w/ MC), PRD 107.123537 (2023)
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Sphaleron process

see D’Onofrio+, PRL 113 (2014)

✦ In our scenario, the sphaleron processes go out 
of equilibrium during a matter-dominated epoch, 
but always after the electroweak phase transition.

✦ The sphaleron temperature  is computed asTsph

�sph(Tsph)

T 3
sph

= ↵H(Tsph)

<latexit sha1_base64="HdoBEjZJrbfNTWrBPpahswjdkq4="></latexit>

with α ≈ 0.1015

Calabrese+ (w/ MC), PRD 107.123537 (2023)
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High-scale Leptogenesis: Boltzmann equations

✦  decays of ,  and its CP conjugate process . 

✦  inverse decay modes like . These processes produce the  population but only wash out the 
asymmetry. 

✦  scatterings mediated by  exchange like , for which . These processes contribute to 
the washout and do not change the number density of .

1 → 2 N1 N1 → ℓϕ† N1 → ℓ̄ϕ
2 → 1 ℓϕ† → N1 N1

2 ↔ 2 N1 ℓϕ† → ℓ̄ϕ ΔL = 2
N1

dNN1

d↵
= ln(10)

�th.
N1

H
(N eq.

N1
�NN1)

dNB�L

d↵
=

ln(10)

H


✏(NN1 �N eq.

N1
)�th.

N1
+

✓
1

2

N eq.
N1

N eq.
`

�th.
N1

+ �
a
3

N eq.
`

◆
NB�L

�

<latexit sha1_base64="q8x1reZmCRXTsWmJOfQcxFUatiM="></latexit>

Calabrese+ (w/ NS), PRD 107.123537 (2023)
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Resonant Leptogenesis: Boltzmann equations

dNNi

d↵
=
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non-instantaneous sphalerons

✦  (inverse) decays of  and the Higgs,  and , with  denoting the corresponding 
reaction density. 

✦  scatterings with , involving (top) quark or gauge boson final states mediated by leptons or Higgs, with 
reaction densities  and  for -channel and -channel processes, respectively.  

✦  scatterings with , which are mediated by . However, their contribution is negligible and therefore 
not considered here.

1 ↔ 2 N1,2 N1,2 ↔ ℓϕ† ϕ ↔ N1,2ℓ γD

2 ↔ 2 ΔL = 1
γSs

γSt
s t

2 ↔ 2 ΔL = 2 N1,2

Calabrese+ (w/ NS), PRD 109.103001 (2024)


