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What do we know about neutrino masses and mixing?

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 5.0 (2020)
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http://dx.doi.org/10.1007/JHEP01(2017)087
http://dx.doi.org/10.1007/JHEP09(2020)178

What do not we know about neutrino masses and mixing?
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T2K + NOvA —> 10 e CP phase - CP violation

Denton, Gehrlein, Pestes ®
- Kelly, Machado, Parke, YFPG, - PRL 126 (2021) 5, 051801 AbSOl ute mass Val qes

and Funchal 4 e Dirac vs Majorana nature
2007.08526 Chatterjee, Palazzo
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https://arxiv.org/abs/2007.08526

Dirac vs Majorana
® Neutrino-less double beta decay
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. . . . Balantekin, De Gouvéa,
® Measure energy and angle distributions of heavy neutrino decay | Kayser, 2018

l
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... . + _ Duda and Gelmini, 2001
® Detect non-relativistic neutrinos v,tn—>p te | Long et.al. 2014
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Arteaga, Bertuzzo, YFPG,

® BSM can hinder the neutrino nature | Funchal 2017
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History of the Uni
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Primordial Black Holes (PBH)

Astrophysical Black Holes M 2 3M

Lighter Black Holes

e
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Fs 26 M, G 10 < 10-23 s) 2 Primordial Black Holes

Formation

<+ Bubble collisions .
< Pressure reduction s~ 4c
+ Collapse of density fluctuations
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Quantum effects ijC(Ii:gle)s
are important ’ P ) 10)y
thermal emission

Hawking, 1975
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BH evaporation
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(Part of) Dark Matter?
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https://doi.org/10.5281/zenodo.3538999

Neutrino emission in the SM

Vol Component

Secondary
Component

Ve |
Degrees of Absorption K izf\l/‘—laaclgellr:b905né21296981 ,
freedomi;g Cross section , Iéugaev, 6005295
d’N ok (M, p,m ) p* .
v o_ Z ,, abs\\VL, P, My P P Constraints on the
dp dt ~ 272 eXp[Ea(p)/T] +1 Ea(P) diffuse neutrino flux
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What is the state of the emitted neutrino?

Neutrinos are
massive Primary

Vo 7 Component

Event
Horizon

Secondary
Component

et N
Y Weak Interaction

- C. Lunardini and YFPG

1910.07864
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http://arxiv.org/abs/arXiv:1910.07864

What is the state of the emitted neutrino?

Weak interactions

n—pt+e +7,

Hawking Effect

1
(0_|b5,10_) =T, [exp (E,/ Ty + 1)]

Particle definition in a curved
spacetime is observer dependent

Interaction mediated by
a gauge boson

Particles with well-
defined kinematical
properties

Associated with a
charged lepton

Flavor eigenstate Mass eigenstate
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Dirac vs Majorana
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Dirac vs Majorana

ol (+1/2) =6’ (—1/2)

abs abs

— suppression

Production of
light RH
neutrinos!

Cecilia Lunardini, YFPG
JCAP08(2020)014

Majorana neutrinos

 Heavy RH
neutrinos

-V
PBH-induced
Leptogenesis

Yamada and Iso, 1610.02586
Morrison et al,1812.10606
Baldes et al, 2004.14773

' Hooper and Krnjaic, 2010.01134

YFPG and Jessica Turner,
2010.03565
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First Act:

Dirac Neutrinos

Cecilia Lunardini, YFPG
JCAP08(2020)014
arXiv:1912:07864
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Constraints in the Dirac neutrino case

Lot — thermally ‘
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thermalize

Chen et al,
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Boltzmann Non-standard
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formed > evaporate

tis It feys Tpy
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Constraints in the Dirac neutrino case

N%t]srrr%(iﬂ;ed Antonelli et al, 1981
Let us consider the P = Yabﬁ’lff
minimal extension Yy — v 1 VbR
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Constraints in the Dirac neutrino case
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Diffuse neutrino flux from PBHSs

Could we measure
these neutrinos?
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Diffuse flux from non-evaporating PBHs

Total Majorana neutrino flux, mg = 0.01 eV, M; > M,

20
10 g I |||||"| I |||||||l: : I |||||"| I |||||||] I |||||"| I |||||||] I |||||"] 1:
------ . I |
. Ig''mo 'mg o M =106
; T OBy l §
T . o M0y
Lo M; =100 g
] [ |
_ 12 H I | M, = 1022 g
L 107 E ST B
n oo | e M, =10 g
T |
N |
T A - -
o = n-BBNY %1l | o =
= O i CERL L LT " Solar ...
O : I | - K
. 107 L : -
ES B “\ Ql'l: : : '," emntt . B
O Ejl.ﬂls‘ : 'l" “l
- 100!_ Pidn PR —“.:—ll-‘-‘\-:.\s ," p -
g — " vV -t NN L P =
-— 'l NP 1
= i1 .#" \H-BBN DINsB
3 Vet N T et ‘en
i1 [ . .
il:li i ““‘ ~~~~~
1 - .
1078 u — v ™
¥ | 11 ||||||| [L 11 H’“ﬂ[ | 1 ||||||| | | ||||||I |
1072

Extremely

104

100

102

104

Neutrino Momentum [eV]

109
- Diffuse flux including the

galactic component
arXiv: 1912.01014

suppressed flux

BNL theory seminar - March 11th, 2021 Yuber F. Perez-G. - Fermilab & Northwestern

25



Diffuse flux of RH neutrinos from PBHs

Total right—helical neutrino flux, mg = 0.01 eV, M; < M,
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Detection?

Helicity

suppression

my = 0.01 eV

ml/
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ven ~ 1072 [kg — year]™! PBH RH

flux is still
suppressed

Are there other possible

ways to try to detect this
RH neutrino flux?
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Second Act:
Majorana Neutrinos

YFPG and Jessica Turner
2010.03565
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Leptogenesis in a nutshell

Baryon asymmetry Sakharov Conditions
Neme = (6.23 £0.17) x 10710 + Baryon and Lepton number violation
i <+ CP violation
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. dnB—L n. . 7 — - Fukugida, Yanagida, ‘86
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Leptogenesis in a nutshell

leptogenesis: neutrinos are = ; g osymmetry
ptog created | N —> LH is created Y y
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Universal LeptogeneSiS Equation Solver (ULYSSES)
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Easy parallelization

Rapid evaluation

Multidimensional scan of the parameter space
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https://arxiv.org/abs/2007.09150

PBH-driven Leptogenesis I
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PBH-driven Leptogenesis

gﬁiﬁ% > Non-standard Assume a PBH-
Equations | Cosmology? -w dominated era
\/

PBHs are SR
formed evaporate

W

, -\
are emitted N — TH
A.
) B.
Three scenarios
C.

Matter-

equality

Production
of entropy

Lepton

asymmetry
is created

PBH evaporate before RH are thermally
produced

Evaporation happens during thermal
leptogenesis

PBH create a RH density after the thermal
case
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Initial condition for the later

A. PBH evaporate before RH are thermally
produced
B. Evaporation happens during thermal

leptogeneSIs Washout effects

>~ development of thermal
leptogenesis
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C. PBH create a RH density @

\

the thermal
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C. PBH create a RH density after the thermal
case

RH neutrino abundance

M. =10%g
pi=107

Final baryon asymmetry
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BNL theory seminar - March 11th, 2021 Yuber F. Perez-G. - Fermilab & Northwestern 36



High mass scale Leptogenesis
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High mass scale Leptogenesis !
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Intermediate mass scale Leptogenesis

p =107 Large fine
— 11 tuning in the

Yukawa
o couplings

=

=

\; ‘ \
%E 11 Only reduction of

the baryon-to-
photon ratio

_12_
—— MN1 = 108 GeV
—19] My, = 107 GeV
— ]\4]\[1 — 106 GeV
_14_
RH masses too —1 y 1 2 3 4 5
small to logy (MZ) (g)

induce Significant
enhancement Tension!!
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Dependence on f’ depends on the

initial fraction?

]\4]\]1 = 1011 GeV

1072

loglo(mBD

-7.5
-8.0
-8.5
--9.0
--9.5
--10.0
-10.5
-11.0
-11.5

1074

« 107°

1078

1071

1071
M; [g] M; [g]

Diminution is a generic

and important feature to be
taken into account
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Gravitational Waves?

How to prove that

the early Universe — %PBH = ig
— MpBH = 2J
had d PBH‘ 10—8_ Mppy = 109 '
dominated era? My = 10%¢
Mppy = 10° g
10-91 Mppy = 10* g
|
| |
|
= 1010 |
% 10 | |
Example: GW S
produced by the
evaporation J0-11
10—12_
Arvanitaki, Geraci, 2013 10-13 N ) , o | | | |
— ~ f 101 1012 w 101 1019 1016 1017
, Ito et al, 2020 , f (Hz)
— Huge
’ Chen §:t al, 2020 » frequency!
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Coda

® 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

® The diffuse flux of RH neutrinos can be large, but more careful analysis on its possible
detection should be performed

® Black hole evaporation diminished the baryon asymmetry in the leptogenesis scenario.
® Falsifiable intermediate scale Leptogenesis if proven a PBH dominated era!
® \What about other leptogenesis scenarios? What about other neutrino mass models?

® More phenomena yet to be explored!
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Thanks!
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Backup
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Evaporation function

eN(M)=2f1+4ﬁ/2< Z exp | — M +3Zexp _ M >
£=e,u,t N ﬁl/sz_ q ] ﬁl/ZMq_
o
+21) f} exp |-
v a=12,:2,3 ] PioM, |
+16f, M
exp | —
1 i :BlMg_
+3f; 4 2 _ M_-|- [ M]>_|_f M
1 CXp | — CXp | — exp | —
] :BlMW_ pMy ’ I ﬁOMH_
(2,66 fors=0 ( _
5 =453 I r 8‘32(7) ?’“—(1’ ] 0.147 for g = 0 (neutral)
— . ors =— = X = —
S ’ S | for ’ 121 0.142 for g =1 (charged)
1 6.04 fors=1 | 0.007 fors =2
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Neutrino instantaneous spectrum

M = 1024 g (TBH ~ (.01 eV)

I I I T T TTI l I I I T T TTI l I I I I T T TTI l I
Degrees of Absorption mp | |y .o, M3
freedom cross section 1016 - L 7 "\
N AN o ¥
\ / ) |
Z .(abs(M p; m)p L, 1015
dp dt e 272 explE,(p)/T1+1E (p) L -
E) o |
- L I
B 101 - :
e o |
\> Il |
z . :
ge L I
1013 o |
','::7 Mass effects i i i
Ry o | )
1012 al I."I | |||||I | | | |||||| : | | | I:IIIII :ll
1077 1076 107° 1074
p [keV]
Schwarzschild BH my = 0.01 eV
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Absorption cross section

Absorption Cross Section

partial waves

80 ' L l“ ! I . T T T T T T T
B : . \ 4
:Il : “\ \ — massless 7
v - l: \ \ — _ ]
o, M,p,m,) 70! i \ ' mi =001 eV —
_: i A\ \\ ==== my = 0.03 eV -
60 1 : % AN == m; = 0.06 eV ]
(R \ - mpiev
Contribution 50 :: '-_‘ \ S, k

. N .

of different {¢g \ i

s %/I
' | |
0”
[ ]
¥’
*
, L 2
L 2
'/
]
]
4
7
/4
[
7
q
(4
",

.
4
L4

21

Y
O abs

V
Mass dependent

Emitted particles

277G*M?

propagate in the
curved spacetime
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Non-thermalization of RH states

Chen et al, 1509.00481

Tru(T 2 v) ~ | Y2 1°T ST ~ O(keV)
Inconsistent

Try(T S v) ~ GEm?T’ 3T > 0(10'? GeV)
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Constraints in the Dirac neutrino case

Friedmann and
Boltzmann Equations

e, =6%0.147
BR into SM }< £, M
: _ R
3G
H? = T(pPBH + pr + pyR) Hubble expansion
R I _T:_H_lMg*(T) PPBH
emperature evolution T A A M g*S(T) 4(pR ot pyR)

+

1

| - (T) \ ¢ N\ ! Y\ Z
g2 25x 104 S0 M pM) \*
0675 ) \10v¢) 71533
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Evolving with the scale factor

Or = a4/0R’ OBH = Cl3PBH

Friedmann and
Boltzmann Equations

/ Evaporation

dogy 11 AM
= |— 0
da \M da BH
dor {8SM(M )}1 dM

da e |M da CBH
P

3G

=3 (QBHa_3 + QRCZ_4)

BR into SM

Hubble expansion

H2

a1 L1 0D 1 1) s
da A eM) M da g«(T) 4o

T  dg.«(T)

+
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Boltzmann
Equations

Thermal
contribution

RH neutrinos emitted
from the evaporation

© >Ny

I = —d
BH—-N, L dp di P

= 302

BH _ MN1 0 %1(ZBH) [0

N N, & N
1 Ly, - b FHo(zg)

Thermally
averaged RH
neutrino decay

Flavor indexes

(—zguLiy(—e ™) — Lij(—e~5n))
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Neutrino spectrum
] Degrees of Absorption
freedom cross section

L

2
dNy \Oa (bs(Mpam)p
dp dt P 272 explE, (p)/ Tgyl + 1
Absorpti \“'/ 1 _
=g om € —
= GMm,
ag > 1
= | Classical
0.01 eV
Ous M P2 1) — ag ~ 1 ——> M ~2.66x10% g
ma
ag ~ 1 « | Full mass effects in the
d absorption
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