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Astrophysical Black Holes M ≳ 1.4M⊙

“Smaller” Black Holes Larger densities

Mi ∼
t
G

∼ 1015( t
10−23 s) g Primordial Black Holes

Formation

✤ Bubble collisions
✤ Pressure reduction
✤ Collapse of density fluctuations

Hawking, 1975

rS ∼ λC

Quantum effects 
are important

Black Holes 
evaporate by 

thermal emission

rS = 2GM

Carr et al,  0912.5297
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Carr et al. 0912.5297

Evaporated (Part of) Dark Matter?

Carr et al. 1607.06077

Fraction of the total 
energy in PBH

DM fraction

β =
ρPBH

ρtot

β′� = β γ1/2 ( g*f
106.75)

1/4

Gravitational collapse factor
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B. Carr, 1976

J. MacGibbon, 1991
F. Halzen,9502268
Bugaev, 0005295

Constraints on the 
diffuse neutrino flux
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What is the state of the emitted neutrino?
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Neutrinos are 
massive

Weak Interaction
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What is the state of the emitted neutrino?
Weak interactions Hawking Effect
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n → p+ + e− + νe

Associated production 
of a charged lepton

Flavor eigenstate

Interaction mediated by 
a gauge boson
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What is the state of the emitted neutrino?
Weak interactions Hawking Effect

n → p+ + e− + νe ⟨0− |b†i bi |0−⟩ = Γln [exp (Ea /TBH + 1)]
−1

Associated production 
of a charged lepton

No associated 
production of a charged 

lepton

Flavor eigenstate Mass eigenstate

Interaction mediated by 
a gauge boson

Particle definition in a curved 
spacetime is observer 

dependent
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Majorana neutrinos



νaL
νaR

ν̄aL

ν̄aR

q

π
−

νµ

µ
−

e
−

νe

νµ

µ
+

e
+

νe

νµ

Primary

Secondary

Event

Horizon

Component

Component
⎫

⎪

⎬

⎪

⎭

Only for Dirac νa

a = {1, 2, 3}

Dirac vs Majorana

 Neutrino Platform Workshop - October 11, 2019 Yuber F. Perez-G. - Fermilab/Northwestern !9

Dirac neutrinos



νaL
νaR

ν̄aL

ν̄aR

q

π
−

νµ

µ
−

e
−

νe

νµ

µ
+

e
+

νe

νµ

Primary

Secondary

Event

Horizon

Component

Component
⎫

⎪

⎬

⎪

⎭

Only for Dirac νa

a = {1, 2, 3}

Dirac vs Majorana

 Neutrino Platform Workshop - October 11, 2019 Yuber F. Perez-G. - Fermilab/Northwestern !9

Dirac neutrinos Phenomenological 
consequences?
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No helicity 
suppression

Dirac neutrinos Majorana neutrinos

Heavy RH 
neutrinos 

PBH-driven 
Leptogenesis

Yamada and Iso, 1610.02586
Morrison et al,1812.10606

σν
abs(+1/2) = σν

abs(−1/2)

Absorption cross section 
independent of the helicity

Unruh, 1976

Cecilia Lunardini, YFPG 
and Jessica Turner, 

in preparation

Production of 
RH neutrinos!
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·M = − 5.34 × 1025
εN(M)
M2

Evaporation 
function

Different 
degrees of 
freedom

Mass 
thresholds

Depends on the set 
of possible particles 

to be emitted
SM + RH neutrinos

104 108 1012 1016 1020 1024
0

5

10

15

M [g]

ε N
(M

)

m0 = 0.01 eV

1022 1024 1026
0.0

0.5

1.0

1.5

2.0

Massless
Majorana
Dirac

ℳγ ℳν

104 108 1012 1016 1020 1024 1028
0

1

2

3

4

5

6

7

8

9

Mi [g]

τ N
/τ
0

m0=0.01 eV

N = Majorana
N = DiracEW Q

CD Cν
B

BB
N

CM
B

To
da
y

ℳνℳγM*



PBH evaporation

 Neutrino Platform Workshop - October 11, 2019 Yuber F. Perez-G. - Fermilab/Northwestern !11

·M = − 5.34 × 1025
εN(M)
M2

Evaporation 
function

Different 
degrees of 
freedom

Mass 
thresholds

Depends on the set 
of possible particles 

to be emitted
SM + RH neutrinos

Relatively 
small 

contribution
RH Neutrino 
contribution 
is important

Neutrino 
production 
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suppressed
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Diffuse flux from non-evaporating PBHs
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Diffuse flux of RH neutrinos from PBHs
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Why is the CnB at 
lower momenta?

Diffuse flux of RH neutrinos from PBHs
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Conclusions 

• BHs are sources of neutrinos in mass eigenstates

• The PBH evaporation depends on whether neutrinos are Dirac or Majorana particles

• In the Dirac scenario, there is not a helicity suppression of the emission of right-
handed neutrinos

• We derived a constraint on the initial PBH fraction given the measurement of Neff by 
Planck

• For certain values, it is possible to ease the Hubble measurement tension

• The diffuse flux of RH neutrinos can be large, but more careful analysis on its 
possible detection should be performed
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Thank you!
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Backup slides
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Evaporation function
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εN(M) = 2f1 + 4f11/2 ∑
ℓ=e,μ,τ

exp[−
M

β1/2Mℓ] + 3∑
q

exp[−
M

β1/2Mq]
+2 ηN

ν f 01/2 ∑
a=1,2,3

exp[−
M

β1/2Ma]
+16f1 exp[−

M
β1Mg]

+3f1 2 exp[−
M

β1MW] + exp [−
M

β1MZ ] + f0 exp[−
M

β0MH]

βs =
2.66 for s = 0
4.53 for s = 1

2

6.04 for s = 1

fs =
0.267 for s = 0
0.060 for s = 1
0.007 for s = 2

f q1/2 = {0.147 for q = 0 (neutral)
0.142 for q = 1 (charged)



Absorption cross section
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Constraints in the Dirac neutrino case
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Neutrino spectrum

 Neutrino Platform Workshop - October 11, 2019 Yuber F. Perez-G. - Fermilab/Northwestern !30

d2Nν

dp dt
= ∑

a=1,2,3

gNa
2π2

σν
abs(M, p,ma) p2

exp[Ea(p)/TBH] + 1

TBH =
1

8πGM

Hawking spectrum

BH Temperature

Absorption 
cross section

αa
g = GMma

Degrees of 
freedom

Absorption 
cross section

M ∼ 2.66 × 1025 g(0.01 eV
ma )αa

g ∼ 1σν
abs(M, p,ma)

Classical
αa
g ≫ 1

αa
g ∼ 1 Full mass effects in the 

absorption



Hawking spectrum
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