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Mixing angles: misalignment 
between massive and flavour 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Neutrinos: Ghosts of 
Christmas Past



Ghosts of Christmas Past: Solar  Neutrinos

⌫e

<latexit sha1_base64="7Dyo9BUy+x56xSoqaAO9vlxlbk8="></latexit>

⌫µ

<latexit sha1_base64="EfpvgYl8U0HSey0Dz35CplJ13P4="></latexit>

⌫µ

<latexit sha1_base64="EfpvgYl8U0HSey0Dz35CplJ13P4="></latexit>

⌫e

<latexit sha1_base64="7Dyo9BUy+x56xSoqaAO9vlxlbk8="></latexit>

⌫µ

<latexit sha1_base64="EfpvgYl8U0HSey0Dz35CplJ13P4="></latexit>

⌫µ

<latexit sha1_base64="EfpvgYl8U0HSey0Dz35CplJ13P4="></latexit>

• Sun emits   via nuclear fusion𝒪(MeV) νe

• Homestake searched for solar neutrinos (1970)
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Ghosts of Christmas Past: Solar  Neutrinos
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• SNO (2002) resolved solar neutrino problem by detecting  
solar  appearance and solar  disappearanceνe νe

Nobel 2002
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Ghosts of Christmas Past: Atmospheric Neutrinos  

credit: PANE workshop 2018

Decay of mesons produce flux of atmospheric 
neutrinos which spans MeV - TeV scale

Flux peaks at ∼ GeV
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First detection in 1965
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Upward going

Nobel 2015

Ghosts of Christmas Past: Atmospheric Neutrinos  

SK (1998)
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Ghosts of Christmas Past: Reactor Neutrinos  

credit: PANE workshop 2018

• Reactors produce MeV scale  νe

• Detectors km baseline using IBD to detect 
neutrinos: νe + p ⟶ e+ + n
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Reactor  
core

Daya Bay

ND 400 m
FD 1km

Double Chooz

RENO

• 2012 big year for particle physics precision 
measurement on  by reactor 
experiments  

θ13 ≈ 8∘
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Ghosts of Christmas Past: Tau Neutrinos

credit: PANE workshop 2018

ND 400 m
FD 1km

• Only 14  have ever been observed: 4 by 
DONUT, direct observation (1997-2000)

ντ

• 10  observed by OPERA (2010-2012):  
beam  oscillates to   

ντ νμ
ντ

OPERA detector

emulsion cloud chamber

Both DONUT

And OPERA could

Observe mm-scale


Tau kink
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Ghost of Christmas Present: Current Global Picture

credit: PANE workshop 2018
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NuFIT 5.1 (2021)

JHEP 09 (2020) 178

Many neutrino experiments, here  from NuFIT collaboration but there are 
also Valencia (2006.11237) and Bari (2003.08511) groups

Δχ2
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Little direct observation of tau neutrino contributes significantly to poor knowledge 
of mixing angles and if mixing is unitary.

Ghost of Christmas Present: Current Global Picture
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ND 400 m
FD 1km

CP-violating phase & mass ordering
NOvA and T2K are long baseline, accelerator oscillation experiment 
measure  and the mass ordering.δCP

P (⌫µ ! ⌫e)� P (⌫µ ! ⌫e) / �CP
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50kton water  
Cherenkov detector

14kton liquid scintillator  
detector
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ND 400 m
FD 1km

CP-violating phase & mass ordering

Neutrino 2020 - Nova

Both experiments favour normal ordering with T2K favouring maximal 
CP violation and NOvA showing preference for near CP conservation

NOvA and T2K are long baseline, accelerator oscillation experiment 
measure  and the mass ordering.δCP

19
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ND 400 m
FD 1km

CP-violating phase & mass ordering

• Recent combination of T2K 
and NOvA data   inverted 
ordering preferred
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Kelly, Perez-Gonzalez, et al (2007.08526)

• Preference NO comes from 
degeneracies between MO, octant, 
and δCP

• Not first disagreement between T2K 
and NOvA  (octants differed at more 
than 3  circa 2016).σ
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 Majorana phases which are observable if neutrinos are their own  
antiparticle. Possible given neutrinos are electrically neutral.
η1, η2
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Nature of Neutrinos
• Charged particles can be distinguished from their antiparticle.

• Neutrinos electrically neutral  Majorana ( ) or Dirac.
⟹ ν = CνT

• Add right-handed neutrinos

• Assume that lepton number conserved

• Higgs mechanism provides mass to neutrinos

L⌫ � Y↵iL
↵
HN

i
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Dirac Neutrinos

Justify small Yukawas…..
22



Nature of Neutrinos
Yukawa coupling forbidden at tree-level as RHN is charged under a new (gauge/
global) symmetry spontaneously broken

Davidson & Logan (0906.3335)

�↵iL
↵
HN

i ! ↵i

⇤
(L↵

H)
�
N

i�
�
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 spontaneously breaks the new symmetry at  Φ vΦ ⟹ λ =
κvΦ

Λ
De Gouvea & Hernandez (1507.00916)

Gauged chiral symmetry for RHNS  no Majorana masses allowed

Heavy messenger sector including dark matter and 

⟹
Z′ 

Can also add new Higgs doublet (very small vev) that only couples to neutrinos

23

Machado, Perez-Gonzalez et al(1507.07550)

https://arxiv.org/pdf/0906.3335.pdf
https://arxiv.org/abs/1507.00916
https://arxiv.org/pdf/1507.07550.pdf


Figure by S. Pascoli, June 2020

The figure is obtained using the b.f.v. and the 1σ ranges of allowed values of ∆m2
21,

sin2 θ12, sin2 θ13 and |∆m2
31(32)

| from F. Capozzi et al., arXiv:2003.08511, propagated to

<m> and then taking a 2σ uncertainty. α21 and (α31−2δ) are varied in the interval [0,2π].

The predictions for the NH, IH and QD spectra as well as the CUORE, GERDA-II and

KamLAND-Zen limits are indicated. The black lines determine the ranges of values of

|<m>| for the CP conserving values (α21,α31 − 2δ) = (0,0), (0,π), (π,0) and (π,π). The

red regions correspond to α21 and/or (α31 − 2δ) having a CP violating value. (Update by

S. Pascoli of a figure from S.Pascoli, STP, Phys. Rev. D77 (2008) 113003.)

S.T. Petcov, Neutrino 2020 Virtual Conference, Fermilab, 01/07/2020

Figure by S. Pascoli, June 2020

X
m

⌫
=

1
eV

<latexit sha1_base64="lK8tuOl9QjAiINWEQj1NQXwJd/Q="></latexit>

credit: PANE workshop 2018

Lepton  Number Violation
• If neutrinos are Majorana  lepton number not conserved.
⟹

(A,Z) ! (A,Z + 2) + 2e�
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).

T�1

1/2
'

G0⌫

me
|m�� |

2 M2

NUCL , (3)

where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p
�m2

21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.
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Figure by S. Pascoli, June 2020

The figure is obtained using the b.f.v. and the 1σ ranges of allowed values of ∆m2
21,

sin2 θ12, sin2 θ13 and |∆m2
31(32)

| from F. Capozzi et al., arXiv:2003.08511, propagated to

<m> and then taking a 2σ uncertainty. α21 and (α31−2δ) are varied in the interval [0,2π].

The predictions for the NH, IH and QD spectra as well as the CUORE, GERDA-II and

KamLAND-Zen limits are indicated. The black lines determine the ranges of values of

|<m>| for the CP conserving values (α21,α31 − 2δ) = (0,0), (0,π), (π,0) and (π,π). The

red regions correspond to α21 and/or (α31 − 2δ) having a CP violating value. (Update by

S. Pascoli of a figure from S.Pascoli, STP, Phys. Rev. D77 (2008) 113003.)

S.T. Petcov, Neutrino 2020 Virtual Conference, Fermilab, 01/07/2020

Figure by S. Pascoli, June 2020
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Lepton  Number Violation
• If neutrinos are Majorana  lepton number not conserved.
⟹

(A,Z) ! (A,Z + 2) + 2e�
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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1/2
'

G0⌫

me
|m�� |

2 M2

NUCL , (3)

where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p
�m2

21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.
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p
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• RHNs CP-violating oscillations → source of lepton number and flavour asymmetry.

• highly degenerate RHNs produced via scattering at T > TEW
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• small Yukawa couplings → RHNs may not have equilibrated by the EWPT

Akhmedov, Rubakov & Smirnov (1998) 
 

Leptogenesis via oscillations 
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Leptogenesis via Oscillations with 2 RHNs 

• GeV-scale RHNs → rich phenomenology

⌫↵ = U↵i⌫i +⇥↵IN
c
I
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4 masses, 4 angles, 3 phases (2 masses + 3 angles measured)

Casas & Ibarra, Nucl.Phys. B618 (2001) 171-204
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credit: PANE workshop 2018

Majorana Neutrino Masses: Tree-level

pros cons
Simple

Can explain BAU

Predicted by GUTs

Some circumstantial  
evidence

In most regimes 
tough to test

Exacerbates  
hierarchy problem 

Can radiative generate 
electroweak scale

Vissani

Trott & Brivio

33

Type-I seesaw

leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV
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Regime where RHNs decay width similar to their mass differences. Mass range ~ TeV 

Harder to test. RHN masses explained by additional U(1)B-L symmetry and can be 
sufficiently long-lived → displaced-vertex signature searched for at LHC, MATHUSLA or 
SHiP.
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FIG. 2: Average decay length of a heavy neutrino N produced
in Z0 ! NN with mZ0 = 3 TeV as a function of its mass
mN and the light-heavy mixing ✓ (solid blue contours). The
dashed red contours denote constant values for Br(µ ! e�)
whereas the grey shaded band corresponds to parameter val-
ues which produce light neutrino mass scales m⌫ = ✓2mN

between
p

�m2
sol and 0.3 eV within the canonical type-I see-

saw mechanism.

decay hadronically. The cross section of the production
part pp ! Z 0 can be approximated by [20]

�(pp ! Z 0) ⇡ K ⇥ C ⇥
4⇡2

3s

�Z0

mZ0
⇥ exp

✓
�A

mZ0
p
s

◆

⇥


Br(Z 0

! uū) +
1

2
Br(Z 0

! dd̄)

�
, (5)

with C = 600, A = 32 and the factor K ⇡ 1.3 describing
higher order QCD corrections. The target LHC beam
energy is

p
s = 14 TeV. Here we focus on LFV at the

LHC but not on lepton number violation. The latter
is usually considered as a smoking gun signal of heavy
Majorana neutrinos but realistic models with TeV scale
neutrinos such as inverse [10] and linear seesaw [6] sce-
narios usually lead to a quasi-Dirac nature for the heavy
neutrinos [21]. It is strictly required in case of large light-
heavy mixing ✓ in order to ensure adequately small neu-
trino masses m⌫ ⇡ 0.1 eV [12]. We therefore perform
our calculations assuming a Dirac heavy neutrino pro-
ducing only opposite sign leptons. If it were a genuine
Majorana neutrino, inclusion of the same sign lepton sig-
nature would improve the discovery potential by taking
advantage of the low background expected for same sign
lepton signatures. From this point of view the results
obtained here are conservative.

The total cross section of the LFV signal process pp !

Z 0
! NN ! e±µ⌥ + 4j is then given by

�eµ = �(pp ! Z 0)⇥Br(Z 0
! NN)⇥Br(N ! e±W⌥)

⇥Br(N ! µ⌥W±)⇥Br2(W±
! 2j). (6)

The neutrino N can decay via the channels `±W⌥, ⌫`Z
and ⌫`h, all of which are suppressed by the small mixing
parameters ✓`, ` = e, µ. In the presence of multiple heavy
neutrinos with small mass di↵erences we neglect the de-
cays involving either real or virtual Z 0, Ni ! NjZ 0. The
branching ratio of the above channels into a given lepton
flavour is independent of the overall mixing strength ✓.
As long as the total decay width �N is large enough

so that the heavy neutrino decays within the detector,
the LHC LFV process rate is unsuppressed by the over-
all mixing strength ✓. The decay length of the heavy
neutrino (in the rest frame of a 3 TeV Z 0) is shown in
Figure 2 as a function of mN and the light-heavy mix-
ing ✓, in comparison with Br(µ ! e�). For ✓ & 10�7

and mN & 0.3 TeV, the neutrino decays promptly with
a decay length L < 1 mm, and the LHC LFV process
considered here is independent of and completely unsup-
pressed by ✓. The inclusion of the Z 0 boost in the de-
tector frame does not significantly alter this conclusion,
but in general leads to a slight broadening of the yellow
region. For lengths between 1 mm - 10 m, the N decay
may still be observable with potentially spectacular sig-
natures such as displaced vertices or in-detector decays.
Figure 2 also indicates the parameter area corresponding
to the observed neutrino mass scale m⌫ = ✓2mN in the
standard type-I seesaw mechanism, clearly showing that
this regime cannot be probed by low energy searches but
potentially by the LHC process considered here.
The total cross section (6) only depends on the ratio

reµ of the flavour couplings, �eµ / r2eµ/(r
2
eµ +1)2, and is

maximal for reµ = 1. This is very much in contrast to
Br(µ ! e�) in Eq. (3) which is heavily suppressed by a
small value of ✓, though is independent of the ratio reµ.
In order to examine the viability of observing the signal

at the 14 TeV run of the LHC we perform a simulation
of pp ! Z 0

! NN ! `+1 W
�`�2 W

+ using Pythia 8 [22]
with both W bosons decaying into quarks producing a
2`+4j final state. Possible SM backgrounds arise from the
channels (tt̄, Z, tW, WW, WZ, ZZ)+nj which we sim-
ulate using Madgraph 5 [23]. We include parton show-
ering and hadronization for both signal and background
using Pythia 8. We apply the following selection crite-
ria: (i) An event must have four jets with a transverse
momentum of at least 40 GeV each and (ii) two opposite-
sign leptons with transverse momenta pT > 120 GeV;
(iii) since there is no source of missing transverse energy
(MET) in the signal, we require MET < 30 GeV and (iv)
a large dilepton invariant mass M`` > 400 GeV further
reduces the tt̄ background and reduces the Z + nj and
V V + nj to negligible amounts. In addition, the heavy
neutrino mass could be determined through a peak in

mZ0 = 3TeV
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Increasing interest with using gravitational waves to high scale neutrino mass models

UV-completion based on scale invariance above mass of RHNs.

New scalar breaks scale-invariance  
generates mass for RHNs and strong first order 
phase transition
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Majorana Neutrino Masses: Radiative low scale
• Neutrino masses zero at tree-level, non-zero at n-loop level

• Loop suppression  small neutrino mass new physics is around TeV-scale⟹

m⌫ ⇠ v2

M
⇥
✓

1

16⇡2

◆n
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• Rich scalar sector: h+ , k++

LZB = f ˜̀L`Lh
+ + gecReRk

++ + µZBh
+h+k��
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Majorana Neutrino Masses: Radiative low scale
• Neutrino masses zero at tree-level, non-zero at n-loop level

• Loop suppression  small neutrino mass new physics is around TeV-scale⟹

Zee-Babu model

Doubly charged scalars can 
be searched for at the LHC 
(like-sign dilepton searches)
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What I have reviewed so far are popular models

Dvali & Funcke  1602.03191

Neutrinos Dirac/ Majorana, rich phenomenology due to late time mass generation 

Use Schwinger-Dyson methods to calculate condensation strength. 
Need a lot of new particle degrees of freedom or  face tuning of ΛPlanck/mν

Barenboim, JT & Zhou  1909.04675 38

Assume gravity has a theta term: LG � ✓GR̃R
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Postulate neutrinos have zero bare mass and  condense via NP gravitational effects in 
analogue with QCD:

L � gvv⌫̄⌫
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Neutrinos: Yet to come



ND 400 m
FD 1km

• JUNO medium baseline reactor experiment will start data taking next year.

Yangjiang NPP
Taishan NPP

Daya Bay 
NPP

Huizhou
NPP

Lufeng
NPP

53 km
53 km

Hong Kong
Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive

JUNO Experiment

2

The Future of Neutrinos: Mass Ordering 
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A Multipurpose Neutrino Observatory

From J. Pedro Ochoa-Ricoux
4

26.6 GWth, 53 km

~60 / day

ND 400 m
FD 1km

• JUNO medium baseline reactor experiment will start data taking next year.

The Future of Neutrinos: Mass Ordering 
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Mass Ordering

5

� Determine mass ordering by resolving the tiny phase 
difference in the oscillated spectrum

� ߪ3 ƐĞŶƐŝƚŝǀŝƚǇ�ƚŽ�ŶĞƵƚƌŝŶŽ�ŵĂƐƐ�ŽƌĚĞƌŝŶŐ�ǁŝƚŚ�ϲ�ǇĞĂƌƐ͛�ĚĂƚĂ
� ߪ4 with constraints from accelerator experiments

JUNO

DYB near
DYB far

ND 400 m
FD 1km

Precision measurement of  will resolve mass ordering with 6 years 
of data taking.

P(νe → νe)

The Future of Neutrinos: Mass Ordering 
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ND 400 m
FD 1km

The Future of Neutrinos 
• HyperK next generation multipurpose water Cherenkov detector will start 

data-taking 2027.  Similar technology to T2K.

• physics goals: CP-violation, mass ordering, proton decay, detect solar, 

atmospheric, and geoneutrinos…

C The neutrino flux calculation 24

TABLE XI. Acceptable beam power and achievable parameters for each beamline component [64, 65]. Limitations as of May
2013 are also given in parentheses.

component beam power/parameter

target 3.3⇥1014 ppp

beam window 3.3⇥1014 ppp

horn

cooling for conductors 2MW

stripline cooling 1⇠2MW ( 400 kW )

hydrogen production 1⇠2MW ( 300 kW )

horn current 320 kA ( 250 kA )

power supply repetition 1 Hz ( 0.4 Hz )

decay volume 4MW

hadron absorber/beam dump 3MW

water cooling facilities ⇠2MW ( 750 kW )

radiation shielding 4MW ( 750 kW )

radioactive air leakage to the TS ground floor ⇠2MW ( 500 kW )

radioactive cooling water treatment ⇠2MW ( 600 kW )

from 250 kA to 320 kA. The flux is estimated for both polarities of the horn fields, corresponding to neutrino enhanced
and antineutrino enhanced fluxes. The calculated fluxes at Hyper-K, without oscillations, are shown in Fig. 13.
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FIG. 13. The predicted Hyper-K neutrino fluxes from the J-PARC beam without oscillations. The neutrino enhanced beam is
shown on the left and the antineutrino enhanced beam is shown on the right.

1. The flux uncertainties

The sources of uncertainty in the T2K flux calculation include:

• Uncertainties on the primary production of pions and kaons in proton on carbon collisions.

• Uncertainties on the secondary hadronic interactions of particles in the target or beam line materials after the
initial hadronic scatter.

• Uncertainties on the properties of the proton beam incident on the target, including the absolute current and
the beam profile.

• Uncertainties on the alignment of beam line components, including the target and magnetic horns.

Use upgraded J-PARC 
neutrino beam line (same as 
T2K) with expected beam 
power > 1.3MW, 2.5° off-axis 
angle, narrow-band beam at 
~600MeV. 

Tokai to Hyper-Kamiokande  

The Hyper-Kamiokande Experiment 13 

Near ND280 detector to continue for 
Hyper-K;  
 

Intermediate (at ~1,2 km) WC detector 
being investigated. Two proposals: 
� Off-axis angle spanning orientation.  
� Gd loading, magnetized ȝ�UDQJH�

detector. 
� Will merge in unique detector/ 

collaboration. 
 

 

6m 10m 

50m 

14m 

NuPRISM 

TITUS 

arXiv:1412.3086 [physics.ins-det] 

arXiv:1606.08114 [physics.ins-det] 

258kton 
fiducial 
volume258kton 

fiducial 
volume

HyperK Overview Talk (Ludovico)

43

https://cdn.eventsforce.net/files/ef-q5vmtsq56tk6/website/948/hyper-kamiokande_noamination.pdf
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• DUNE LArTPC detector will start running 2026 (3 years 

no beam). Technology demonstrated by the Fermilab 
Short Baseline Neutrino Program (Kirsty Duffy’s talk).


• Physics goals: very similar to HyperK

https://www.dunescience.org/
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Fig. 2 Neutrino fluxes at the FD for neutrino-enhanced,
FHC, beam running (top) and antineutrino, RHC, beam run-
ning (bottom).

which are not strongly focused by the horns in this en-
ergy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio
and uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties
on the flux prediction are evaluated by reproducing the
full beamline simulation many times with variations of
the input model according to those uncertainties. The
resultant uncertainty on the neutrino flux prediction is
described through a covariance matrix, where each bin
corresponds to an energy range of a particular beam
mode and neutrino species, separated by flux at the ND

Fig. 3 Ratio of ND and FD fluxes show for the muon neu-
trino component of the FHC flux and the muon antineutrino
component of the RHC flux (top) and uncertainties on the
FHC muon neutrino ratio (bottom).

and FD. The output covariance matrix has 208 ⇥ 208
bins, despite having only ⇠30 input uncertainties. To
reduce the number of parameters used in the fit, the co-
variance matrix is diagonalized, and each principal com-
ponent is treated as an uncorrelated nuisance parame-
ter. The 208 principal components are ordered by the
magnitude of their corresponding eigenvalues, which is
the variance along the principal component (eigenvec-
tor) direction, and only the first ⇠30 are large enough
that they need to be included. This was validated by
including more flux parameters and checking that there

DUNE collaboration (2006.16043)

protoDUNE (2007.06722)

6 GeV electron candidate
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https://www.dunescience.org/
https://arxiv.org/pdf/2006.16043.pdf
https://arxiv.org/pdf/2007.06722.pdf
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Figure by S. Pascoli, June 2020

The figure is obtained using the b.f.v. and the 1σ ranges of allowed values of ∆m2
21,

sin2 θ12, sin2 θ13 and |∆m2
31(32)

| from F. Capozzi et al., arXiv:2003.08511, propagated to

<m> and then taking a 2σ uncertainty. α21 and (α31−2δ) are varied in the interval [0,2π].

The predictions for the NH, IH and QD spectra as well as the CUORE, GERDA-II and

KamLAND-Zen limits are indicated. The black lines determine the ranges of values of

|<m>| for the CP conserving values (α21,α31 − 2δ) = (0,0), (0,π), (π,0) and (π,π). The

red regions correspond to α21 and/or (α31 − 2δ) having a CP violating value. (Update by

S. Pascoli of a figure from S.Pascoli, STP, Phys. Rev. D77 (2008) 113003.)

S.T. Petcov, Neutrino 2020 Virtual Conference, Fermilab, 01/07/2020
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The Future of Neutrinos 
Precision determination of mixing angles

Flavour

Anarchy

Frogatt & Nielsen

De Gouvea & Murayama

Discrete symmetries popular way to address “flavour puzzle”
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If flavour breaking scale is not high, we can search for cLFV, collider signatures
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Interesting connection with GWs: if there was 
a discrete flavour symmetry 
you would get domain walls in the early 
Universe. The explicit breaking of the  
residual flavour symmetries can cause the 
domain walls to decay giving a GW signal 

Pascoli, Zhou et al (2009.01903)

https://ui.adsabs.harvard.edu/abs/1979NuPhB.147..277F/abstract
https://arxiv.org/pdf/hep-ph/0301050.pdf
https://arxiv.org/pdf/1503.07543.pdf
https://arxiv.org/pdf/2009.01903.pdf
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The Future of Neutrinos 
Precision determination of mixing angles will also be improved by measuring 
tau neutrino appearance.
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Kelly, Stenico, et al(1904.07265)
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The Future of Neutrinos Proton lifetime sensitivities

Hyper-K

DUNE 40kton

p→e+π0 3σ discovery
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(Lines	for	DUNE	and	JUNO	experiment	have	been	generated	based	on	numbers	in	the	literature.)

3σ discovery potential will reach to  
• 1×1035 years for p→e+π0 
• 5×1034 years for p→νK+

 27

Shiozawa (neutrino townhall  2018)

GUTs produce cosmic string networks  gravitational waves  
Correlate limits (or observations!) from PD with observations/non-observations of 
GWs to assess symmetry breaking chains

⟹
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https://indico.cern.ch/event/740296/contributions/3160875/attachments/1740258/2815761/ProtonDecay-and-nnbar-Shiozawa-EuropianNeutrinoTownMeeting-181024v1.0.pdf
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The Future of Neutrinos 

• Axions at the DUNE near detector

• Primordial black holes at DUNE

• Earth’s tomography using DUNE 

• Measuring the diffuse neutrino background at HyperK

• Boosted Dark Matter at HyperK & DUNE

• Lorentz violation HyperK

• Non-standard interactions ( EFT) at HyperK and DUNE

• Supernovae neutrino detection

• Time varying neutrino masses

ν

Kelly, Liu et al( 2011.05995)

De Romeri et al (2106.05013)

Kelly, Perez-Gonzalez et al (2110.00003)

De Gouvea, Perez-Gonzalez et al (2007.13748)

Necib et al (1610.03486)

Litchfield(NuFact 2019)

NSI report (1907.00991)

DUNE report HyperK (2101.05269)

Krnjaic, Machado, Necib (1705.06740)

https://arxiv.org/pdf/2011.05995.pdf
https://arxiv.org/pdf/2106.05013.pdf
https://arxiv.org/pdf/2110.00003.pdf
https://arxiv.org/pdf/2007.13748.pdf
https://arxiv.org/pdf/1610.03486.pdf
https://indico.cern.ch/event/773605/contributions/3507295/attachments/1897639/3131232/Hyper-K_NuFact_rpl20190827.pdf
https://arxiv.org/pdf/1907.00991.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/1342/1/012052/pdf
https://arxiv.org/pdf/2101.05269.pdf
https://arxiv.org/pdf/1705.06740.pdf


2. The neutrino experimental program 
Experiments

Filter this page
(Note: The process can take some time.)

 Search  Reset

Types of Neutrino Experiments

Accelerator Beam Dump  Astrophysical Neutrinos  Atmospheric Neutrinos

Electron Neutrino  Long-Baseline Neutrino Oscillations  Muon Neutrino

Neutrinoless Double Beta Decay  Short-Baseline Neutrino Oscillations  Solar Neutrinos

Supernova Neutrinos  Tau Neutrino

EXPAND ALL  COMPRESS ALL

Neutrino Experiments
AMANDA High-Energy Astrophysical Neutrinos, Supernova Neutrinos (Home, INSPIRE) 

 References

ANTARES High-Energy Astrophysical Neutrinos (Home, INSPIRE)  References

ARIANNA High-Energy Astrophysical Neutrinos (Home, INSPIRE)  References

ArgoNeuT Neutrino Interactions (INSPIRE)  References

Baikal High-Energy Astrophysical Neutrinos, Supernova Neutrinos (Home, INSPIRE) 
References

Baksan Atmospheric and Supernova SN1987A Neutrinos (Home, INSPIRE)  References

BOREXino Solar Neutrinos (Home, INSPIRE)  References

BEBC Accelerator SBL Oscillations, Neutrino Interactions (INSPIRE)  ReferencesBEBC Accelerator SBL Oscillations, Neutrino Interactions (INSPIRE)  References

BNL-E-734 Neutrino Interactions (INSPIRE)  References

BNL-E-776 Accelerator SBL Oscillations (INSPIRE)  References

BNL-E-816 Accelerator SBL Oscillations (INSPIRE)  References

Bugey Reactor SBL Oscillations (INSPIRE)  References

CCFR Accelerator SBL Oscillations, Muon Neutrino - Nucleon Scattering (Home, INSPIRE) 
 References

CDHSW Accelerator SBL Oscillations, Muon Neutrino - Nucleon Scattering (INSPIRE) 
 References

CERN-PS-191 Accelerator SBL Oscillations (INSPIRE)  References

CHARM Accelerator SBL Oscillations (INSPIRE)  References

Chooz Reactor LBL Oscillations (Home, INSPIRE)  References

CHORUS Accelerator SBL Oscillations (Home, INSPIRE)  References

COBRA Double Beta Decay (70Zn, 116Cd, 128Te, 130Te) (Home)  References

CUORE Double Beta Decay (130Te) (Home)  References

CUORICINO Double Beta Decay (130Te) (Home)  References

DANSS Reactor SBL Oscillations (INSPIRE)  References

Daya Bay Reactor LBL Oscillations (Home)  References

DONUT Tau Neutrino Interactions (Home, INSPIRE)  References

Double Chooz Reactor LBL Oscillations (Home)  References

ELEGANT Double Beta Decay (48Ca, 100Mo)  References

EXO Double Beta Decay (136Xe) (Home)  References

FNAL-E-0053 Accelerator SBL Oscillations (INSPIRE)  References

FNAL-E-0531 Accelerator SBL Oscillations (INSPIRE)  References

FNAL-E-0531 Accelerator SBL Oscillations (INSPIRE)  References

FNAL-E-0613 Accelerator SBL Oscillations (INSPIRE)  References

Frejus Atmospheric Neutrinos, Proton Decay (INSPIRE)  References

GALLEX Solar Neutrinos, SBL Oscillations with 51Cr Neutrino Source (Home, INSPIRE) 
 References

Gargamelle Accelerator SBL Oscillations, Neutrino Interactions (INSPIRE) 
References

Genova 187Re Electron Neutrino Mass (Home, INSPIRE)  References

GERDA Double Beta Decay (76Ge) (Home)  References

GEMMA Reactor Electron Antineutrino - Electron Scattering  References

GLUE High-Energy Astrophysical Neutrinos (Home, INSPIRE)  References

GNO Solar Neutrinos (Home, INSPIRE)  References

Gosgen Reactor SBL Oscillations (INSPIRE)  References

Gotthard Double Beta Decay (136Xe) (Home)  References

Heidelberg-Moscow Double Beta Decay (76Ge) (Home)  References

Homestake Solar Neutrinos (INSPIRE)  References

ICARUS Accelerator Long Baseline Oscillations, Supernova Neutrinos, Proton Decay (Home,
INSPIRE)  References

IceCube High-Energy Astrophysical Neutrinos (Home, INSPIRE)  References

IGEX Double Beta Decay (76Ge) (INSPIRE)  References

IHEP-JINR Accelerator SBL Oscillations, Neutrino-Nucleon Interactions (INSPIRE) 
References

ILL Reactor SBL Oscillations (INSPIRE)  References

IMB Atmospheric Neutrinos, Supernova SN1987A Neutrinos, Proton Decay (Home, INSPIRE) 
 References

K2K Accelerator Long Baseline Oscillations (Home, INSPIRE)  References

Kamiokande Solar, Atmospheric and Supernova SN1987A Neutrinos, Proton Decay (Home,
INSPIRE)  References

KamLAND Reactor Long Baseline Oscillations, Supernova Neutrinos (Home, INSPIRE) 
 References

KamLAND-Zen Double Beta Decay (136Xe) (Home)  References

KARMEN Accelerator SBL Oscillations (Home, INSPIRE)  References

Krasnoyarsk Reactor SBL Oscillations (INSPIRE)  References

LAMPF-0645 Accelerator SBL Oscillations (INSPIRE)  References

LAMPF-0764 Accelerator SBL Oscillations (INSPIRE)  References

LSD Supernova SN1987A Neutrinos, Astrophysical Neutrinos (INSPIRE)  References

LSND Accelerator SBL Oscillations (Home, INSPIRE)  References

LVD Supernova Neutrinos, Astrophysical Neutrinos (Home, INSPIRE)  References

MACRO Atmospheric Neutrinos (Home, INSPIRE)  References

Mainz Electron Neutrino Mass (Home, INSPIRE)  References

MiBeta Electron Neutrino Mass (Home)  References

MicroBooNE Accelerator SBL Oscillations, Neutrino Interactions (Home)  References

MINERvA Neutrino Interactions (Home, INSPIRE)  References

MiniBooNE Accelerator SBL Oscillations, Supernova Neutrinos (Home, INSPIRE) 
References

MINOS Accelerator Long Baseline Oscillations, Atmospheric Neutrinos (Home, INSPIRE) 
 References

MUNU Reactor Electron Antineutrino - Electron Scattering (Home, INSPIRE) 
References

NEMO Double Beta Decay (82Se, 100Mo, 150Nd) (Home, INSPIRE)  References

NEMO Double Beta Decay (82Se, 100Mo, 150Nd) (Home, INSPIRE)  References

NEOS Reactor Short-Baseline Oscillations (INSPIRE)  References

Neutrino-4 Reactor SBL Oscillations (INSPIRE)  References

NEXT Double Beta Decay (136Xe) (Home)  References

NOMAD Accelerator SBL Oscillations (Home, INSPIRE)  References

NOVA Accelerator Long Baseline Oscillations (Home, INSPIRE)  References

Nucifer Reactor SBL Oscillations (INSPIRE, Wikipedia)  References

NUSEX Atmospheric Neutrinos, Proton Decay (INSPIRE)  References

NuTeV Accelerator Muon Neutrino - Nucleon Scattering (Home, INSPIRE)  References

OPERA Accelerator Long Baseline Oscillations (Home, INSPIRE)  References

Palo Verde Reactor Long Baseline Oscillations (Home, INSPIRE)  References

RENO Reactor LBL Oscillations (Home)  References

RICE High-Energy Astrophysical Neutrinos, Supernova Neutrinos (Home, INSPIRE) 
References

Rovno Reactor SBL Oscillations (INSPIRE)  References

SAGE Solar Neutrinos (Home, INSPIRE)  References

Savannah River Reactor SBL Oscillations (INSPIRE)  References

SciBooNE Accelerator Muon Neutrino - Nucleon Scattering (Home, INSPIRE) 
References

SKAT Accelerator SBL Oscillations, Neutrino-Nucleon Interactions (INSPIRE) 
References

SNO Solar and Supernova Neutrinos (Home, INSPIRE)  References

SNO+ Neutrinoless Double Beta Decay (150Nd), Solar, Reactor, Geo and Supernova Neutrinos
(Home)  References

Solotvina Double Beta Decay (116Cd)  ReferencesSolotvina Double Beta Decay (116Cd)  References

Soudan 2 Atmospheric Neutrinos, Proton Decay (Home, INSPIRE)  References

Super-Kamiokande Solar and Atmospheric Neutrinos, Proton Decay (Home, INSPIRE) 
 References

T2K Accelerator Long Baseline Oscillations (Home, INSPIRE)  References

TEXONO Electron Neutrino Interactions (Home, INSPIRE)  References

TGV Double Beta Decay (48Ca, 106Cd)  References

Troitsk Electron Neutrino Mass (Home, INSPIRE)  References

Thanks to Carlo 
Giunti for keeping 
a nice … long list! 
 
Future experiments 
constitute another 
long, but shorter, list. 

Rather than comment on individual  
projects, I’ll remark on how this 
program can help us uncover the 
origin of  neutrino mass. 

There are many more 
interesting theories/physics 
cases and  Experiments I 
didn’t have time to discuss. 

Carlo Giunti’s website: http://
www.nu.to.infn.it/exp/ 
where he keeps a list of 
ongoing/future neutrino 
experiments

Progress is contingent upon understanding 
neutrino nucleon interactions better and 
improved modelling of underlying nuclear 
physics!

http://www.apple.com/uk
http://www.apple.com/uk


Thank you for your attention

Dean Morrissey
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And enjoy the holidays!
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• RHNs decay width similar to their mass differences. Mass range ~ TeV 

• RHN masses explained by additional U(1)B-L symmetry and can be sufficiently 
long-lived → displaced-vertex signature searched for at LHC, MATHUSLA or 
SHiP.

Pilaftis & Underwood Nucl.Phys. B692 303-345(2004) Abada, Aissaoui, 
Losada Nucl.Phys. B728 55-66 (2005)

 

Deppisch, Dev & Pilaftsis  New J.Phys. 17 no.7, 075019 (2015) 
Helo, Kovalenko & Hirsch Phys.Rev. D89 073005 (2014) 
Gago, Hernández, Jones-Pérez, Losada & Briceño 
Nucl.Part.Phys.Proc. 273-275 2693-2695 (2016) 
Antusch, Cazzato & Fischer  JHEP 1612 007 (2016)

Deppisch, Dev, Pilaftsis, New 
J.Phys. 17 (2015) no.7, 075019

Resonant Leptogenesis 
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• Assume Higgs potential vanishes at M
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Normal Ordering

slight preference for  
atmospheric angle to be 

in upper octant.

M = 1.2⇥ 106 GeV

<latexit sha1_base64="dyUPpCFz0vO0BzKIkkocYaxFgVA=">AAACFHicbVC7SgNBFJ31bXxFLW0GgyAoy27w1QiihTZCBJMI2RhmJ3fN4OyDmbtiWPYjbPwVGwtFbC3s/Bsnj0KjBwYO59zDnXv8RAqNjvNljY1PTE5Nz8wW5uYXFpeKyys1HaeKQ5XHMlZXPtMgRQRVFCjhKlHAQl9C3b896fn1O1BaxNEldhNohuwmEoHgDI3UKm55sbF76ew8p4fUtcseihA0dZ3rbC/3tj2Ee8xOoZa3iiXHdvqgf4k7JCUyRKVV/PTaMU9DiJBLpnXDdRJsZkyh4BLygpdqSBi/ZTfQMDRiZm8z6x+V0w2jtGkQK/MipH31ZyJjodbd0DeTIcOOHvV64n9eI8XgoJmJKEkRIj5YFKSSYkx7DdG2UMBRdg1hXAnzV8o7TDGOpseCKcEdPfkvqZVtd8fevdgpHR0P65gha2SdbBKX7JMjckYqpEo4eSBP5IW8Wo/Ws/VmvQ9Gx6xhZpX8gvXxDSF6naI=</latexit>

• Integrate out TeV RHN and RG evolve: Higgs potential produced for M ~ 103 TeV

Brivio et al 
1905.12642 

Brdar, Hemboldt, Iwamoto, Schmitz Phys.Rev. D100 075029 (2019) 
Brivio, Moffat, Pascoli, Petcov, Turner JHEP 1910 059 (2019) 

Resonant Leptogenesis in the Neutrino Option 
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• UV-completion of Neutrino Option (Brdar, Emonds, Helmboldt, Lindner) minimal 
renormalisable model based on classical scale invariance

• New scalar breaks scale-invariance → generates mass for RHNs and strong first 
order phase transition
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Brdar, Emonds,  Helmboldt, Lindner 
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Difficult to test as RHNs very 
heavy however gravitational 
waves offer an additional 
telescope on high-scale 
leptogenesis
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lepton  
asymmetry

B-L conserving  
sphaleron  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N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

Decay asymmetry from interference between tree  
and  loop level diagrams  

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj

Y⌫ i Y⌫ i Y⌫j

Covi, Roulet, Vissani

✏i =
�i � �i

�i + �i
<latexit sha1_base64="yJFk9BUEuFKo4+dHUb9kdcv1iYk=">AAACOnicbVDNS8MwHE39nPOr6tFLcAiCONop6EUYetDjBu4D1jLSLN3CkrYkqTBK/y4v/hXePHjxoIhX/wDTrfix7UHg8d7vJfk9L2JUKst6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJ35rXsiJA2DOzWKiMtRP6A+xUhpqWvWHRJJyjRNaHrp+ALhxLlBnKMuhSdOqLPZ1T9aCtNf/3iOn3bNklW2xoCzxM5JCeSodc0npxfimJNAYYak7NhWpNwECUUxI2nRiSWJEB6iPuloGiBOpJuMV0/hoVZ60A+FPoGCY/VvIkFcyhH39CRHaiCnvUyc53Vi5V+4CQ2iWJEATx7yYwZVCLMeYY8KghUbaYKwoPqvEA+Qrk/ptou6BHt65VnSrJTt03KlflaqXuV1FMA+OABHwAbnoApuQQ00AAYP4AW8gXfj0Xg1PozPyeiCkWf2wD8YX9/+qK9Y</latexit>
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H
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L

H

N

L

H†

N

L

H

t
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inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Boltzmann 
Equations

Y⌫
<latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit>

dnNi
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=�Di(nNi

� neq
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dnB�L
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=

3X

i=1

⇣
✏(i)Di(nNi

� neq
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)�WinB�L

⌘
.

<latexit sha1_base64="9URGgYgDjncd2qzcUB66lrdHjk0="></latexit>

source sink

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Washout and scattering processes 
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Region 1: leptons and Higgs have enough energy to 
inverse decay creating a lepton asymmetry
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<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>
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Region 3: At T < M,  RHN abundance is depleted. Lepton asymmetry freezes out. 
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change in sign  
of the lepton asymmetry
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Astrophysical BHs require M > 3M�

<latexit sha1_base64="mZF3obv2+gAJUPCOBOAFa/psMIw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexqRU9S9OKlUMF+wHYp2Wy2Dc0mSzIrlNKf4cWDIl79Nd78N6btHrT6YODx3gwz88JUcAOu++UUVlbX1jeKm6Wt7Z3dvfL+QduoTFPWokoo3Q2JYYJL1gIOgnVTzUgSCtYJR7czv/PItOFKPsA4ZUFCBpLHnBKwkt+4xueNfk9FCvrlilt158B/iZeTCsrR7Jc/e5GiWcIkUEGM8T03hWBCNHAq2LTUywxLCR2RAfMtlSRhJpjMT57iE6tEOFbalgQ8V39OTEhizDgJbWdCYGiWvZn4n+dnEF8FEy7TDJiki0VxJjAoPPsfR1wzCmJsCaGa21sxHRJNKNiUSjYEb/nlv6R9VvVq1Yv7WqV+k8dRREfoGJ0iD12iOrpDTdRCFCn0hF7QqwPOs/PmvC9aC04+c4h+wfn4Biw+kIw=</latexit>

For smaller BH mass (between Planck and solar mass scale) require large 
perturbations in the early Universe : bubble collision, collapse of 
density perturbations…

Carr et al, 0912.5297

Hawking, 1975
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PBHs evaporate by emitting particles

PBHs are totally indiscriminate in their particle production: just need TBH to be close to particle mass

Work in collaboration with Yuber Perez Gonzalez:  2010.03565

Primordial Black holes induced leptogenesis 
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https://arxiv.org/pdf/2010.03565.pdf

