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Neutrinos are the lightest and most elusive of all the 
known elementary fermions. 

?
● Neutrinos in the SM 
are of only one type 
(left-handed Weyl 
spinors) as the right-
handed component is 
not included.

● Neutrinos come in 3 
flavours (types), 
corresponding to each 
of the charged leptons. 
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● They carry lepton number, U(1)lepton

4

Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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Neutrinos belong to SU(2) doublets and are neutral.
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They have charge current (CC) and neutral current (NC) 
interactions
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Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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Number of active neutrinos

Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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The invisible width of the Z (measured precisely at LEP) 
restricts the number of active (=interacting) neutrinos to 

Note: Additional neutrinos can be present but they cannot partake of the 
SM interactions and are called sterile neutrinos.

W electron antineutrino

electron
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A REALLY brief 
history of our 
knowledge of 

neutrinos
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The proposal of the “neutrino” was put forward by W. Pauli 
in 1930. [Pauli Letter Collection, CERN]

Dear radioactive ladies and gentlemen,

…I have hit upon a desperate remedy to 
save the … energy theorem. Namely the 
possibility that there could exist in the 
nuclei electrically neutral particles that I 

wish to call neutrons, which have spin 1/2 … 
The mass of the neutron must be … not 

larger than 0.01 proton mass. …in β decay a 
neutron is emitted together with the 

electron, in such a way that the sum of the 
energies of neutron and electron is 

constant.

W. Pauli
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● Fermi, following E. Amaldi, used the name 
“neutrino” (little neutron) and later proposed 
the Fermi theory of beta decay.

● Reines and Cowan discovered 
neutrinos in 1956 using inverse 
beta decay.

The Nobel 
Prize in 
Physics 
1995

F. Reines

Savannah River experiment

E. Fermi
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● Fermi, following E. Amaldi, used the name 
“neutrino” (little neutron) and later proposed 
the Fermi theory of beta decay.

● Reines and Cowan discovered 
neutrinos in 1956 using inverse 
beta decay.

The Nobel 
Prize in 
Physics 
1995

F. Reines

Savannah River experiment

E. Fermi

Surprise!
• Neutrinos exist, 
• P is violated and neutrinos are left-

handed only
• there is more than one type



Searches for astrophysical neutrinos (from the Sun, SN 
and atmosphere) started, reporting anomalies.

Nobel 
prize 
in 
2002

10

R. Davis Jr. 

Kamiokande

M. Koshiba

This led to the discovery of neutrino oscillations.

Homestake

Nobel Prize in 
Physics 2015SNO

A. McDonald

Super-Kamiokande

39m

41
.4

m Outer detector ~  1,900  20cm PMTs
Inner detector ~11,100 50cm PMTs

1,000m under the ground
50,000 tons  Ring imaging Water Cherenkov detector

Super-Kamiokande detector

SK-I started in Apr. 1st, 1996.
SK-IV finished on May 31st, 2018.

6

SK-I SK-III SK-IV
1996

SK-II
Photo coverage 40% 20% 40% 40%

2002 2006 2008

Accident Full reconstruction Replace electronics & DAQ system

2018

Preparation
for SK-Gd

T. Kajita
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Surprise!
Neutrinos oscillate
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Neutrino 
oscillations:  
a quantum 
mechanical 

phenomenon
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electronThe first idea of neutrino 
oscillations was put forward 
by B. Pontecorvo in 1957.

N e u t r i n o s c a n 
change flavour while 
traveling. This is an 
e m i n e n t l y 
quantomechanical 
ef fect, s imilar to 
other observed ones, 
s u c h a s s p i n 
precession. It has an 
oscillatory behaviour.
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Neutrino mixing
Mixing between two basis (flavour and mass) is described 
by the Pontecorvo-Maki-Nakagawa-Sakata matrix:

This implies that in an interaction with an electron, the 
corresponding (anti-)neutrino will be produced, as a 
superposition of different mass eigenstates.

Flavour field
Mass field

W
electron neutrino

Positron

=
X

i

Uei⌫i

which enters in the CC interactions
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● 2-neutrino mixing matrix depends on 1 angle only. The 
phases get absorbed in a redefinition of the leptonic 
fields (a part from 1 Majorana phase). 

�
cos � � sin �
sin � cos �

⇥

● 3-neutrino mixing matrix has 3 angles and 1(+2) CPV 
phases (neutrino - antineutrino                ).
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0
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Let’s assume that a muon neutrino is produced

The time-evolution is described by the Schroedinger 
equation with free Hamiltonian:

|�, t� =
�

i

Uµie
�iEit|�i�

|�, t = 0� = |�µ� =
�

i
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mass basis

The solution is
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At detection one projects over the flavour state. The 
probability of oscillation is

very relativistic 
neutrinos: Ei � p +

m2
i

2p

�m2
i1

P (⌫µ ! ⌫e) = |h⌫µ|⌫ei|2 =

������
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● neutrinos have mass (as the different components of the 
initial state need to propagate with different phases)
● neutrinos mix (If they do not mix the flavour eigenstates 
are also eigenstates of the propagation Hamiltonian.)



18

Current knowledge of 
neutrino properties
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J. Formaggio and S. Zeller, 1305.7513

Neutrino sources

A banana emits 
around 10 
neutrinos per 
second!
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Credit: Super-Kamiokande

Super-Kamiokande

IceCube

KamLAND

SNO

DayaBay, RENO, 
DoubleCHOOZ

ICARUS

Current/past experiments

T2K

NOvA
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Current status:
● 2 mass 
squared 
differences 
● 3 sizable 
mixing angles, 
●  mild hints of 
CPV
●  mild 
indications in 
favour of NO

M. C. Gonzalez-Garcia et al., 2007.14792http://www.nu-fit.org/
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Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.
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implies at least 3 massive neutrinos. 

● Neutrino masses: ordering and scale unknown. They are 
much smaller and less hierarchical than charged fermions.
● Possibly large CPV: fundamental question
● Large mixing angles (differently from quark sector).

22

Fractional flavour content of massive neutrinos
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Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.
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implies at least 3 massive neutrinos. 

● Neutrino masses: ordering and scale unknown. They are 
much smaller and less hierarchical than charged fermions.
● Possibly large CPV: fundamental question
● Large mixing angles (differently from quark sector).
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Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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Surprise!
Very small and not-very-hierarchical 

masses
Large mixing angles
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Questions for the 
future



● What is the nature of neutrinos? Dirac vs Majorana?
 
● What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

● Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of delta.

● What are the precise values of mixing angles? Do they 
suggest an underlying pattern?

● Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

25

What do we still need to know?
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T2K
NOvA

2020 2025 2030 2035

Other 
osc. 

LBL osc.

SBL osc.

UHE

Direct 
mass

DBD0n
u

LBNF-DUNE
T2HK (T2HKK)

ESSnuSB?, 
nufactory?

SBL reactor,…
MicroBooNE

SBN

LBNF-DUNE ND 
T2HK ND 
???

SK, Borexino, 
LBL detectors

DUNE
HK Theia???

JUNO

KATRIN Project 8

KamLAND-Zen
GERDA
CUORE LEGEND-200

NEXT-100, nEXO…

LEGEND-1000
CUPID
NEXT-HD, PANDAX…

Next-
next 
gen?

IceCube
IceCubeGen2
ORCA, KM3Net



⌫ = C⌫̄T

Neutrinos can be Majorana or Dirac particles. In the SM 
only neutrinos can be Majorana as they are neutral.
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Majorana condition

The nature of neutrinos is linked to the conservation of 
Lepton number (L). 

● This is crucial information to unveil the Physics BSM: 
with or without L-conservation?  Lepton number 
violation is a necessary condition for Leptogenesis. 

● Tests of LNV: 
 - At low energy, neutrinoless double beta decay,
 - LNV tau and meson decays, collider searches.

Neutrino nature and neutrinoless DBD
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Neutrinoless double beta decay ((A,Z) -> (A, Z+2) + 2 e) 
experiments can proceed via the exchange of massive 
Majorana neutrinos.

SP, CERN Courier, Jul 2016

● The effective Majorana mass parameter:

The half-life time depends on 
neutrino properties

Mixing angles (known) CPV phases (unknown)
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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).

✲

✲ ❤

❤

❄✻✟✟✟✯

❍❍❍❥

❍❍❥

✟✟✯

n

n
ν e−

p

e−

p

(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.

n p

p
W
W

Neutrinoless double beta decay, Figure 1

e

e-
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Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay
Modes of —— decay:

(Z , A) æ (Z + 2, A) + 2e≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e≠ (0‹——)

Total decay rate of 0‹——:
�0‹/ ln 2 = (T 0‹

1/2)
≠1 = |Mee |2

---M0‹
---
2
G0‹(Q, Z )

Mee =
q

i
U2

ei mi

M0‹ : nuclear matrix element
G0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e≠
L

e≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

Neutrinoless double beta 
decay is a very rare 
process: T1/2 >1026yrs. 
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen, PRL 117 (2016)
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with NaI, for example, will become possible. This 

future upgrade is called as KamLAND2-Zen, and 

initially KamLAND2-Zen is planned to contain 1,000 

kg of enriched 136Xe which will be dissolved in the LS 

at 80% higher concentration by pressurizing Xenon 

up to 1.8 bar (balances with 10 m LS depth). The 

expected sensitivity is about 20 meV, covering the 

inverted hierarchy.
 Some challenging developments are also going 

on. Scintillating film, for example, will be effective 

to improve the BiPo tagging efficiency in the mini-

balloon, and an imaging device will be useful to 

distinguish multi-vertexes events such as 10C and 

multi-compton gamma rays. Employing these 

technologies, it may be possible to access the normal 

hierarchy. Among these future plans, pressurizing 

Xenon is cost effective and an intermediate phase 

with 800 kg of Xenon before KamLAND2-Zen 

is considered. Currently, 450 kg of Xenon is in 

hand and additional procurement is going on. The 

estimated sensitivity with this phase is about 30 – 

40 meV, in the middle of the inverted hierarchy.

Rapid growth in neutrino research has created a 

very special observational environment. The ultra-

low radioactivity environment established at a huge 

underground cavity, with ultra clean materials, are 

developing a new research field of rare phenomena 

search. The target mass of the double beta decay 

study has already exceeded 300 kg; it was only up 

to 10 kg just a few years ago. By using an existing 

apparatus, the project can keep costs down and 

have very high scalability. The start-up time can be 

also reduced. For a detailed study, measurements 

with various nuclei and of angular distribution are 

necessary. But such high technology apparatuses 

often become expensive and single purpose. For the 

continuous growth of research, a strategy of starting 

and finding with a general-purpose detector at first 

and then deepening the research with a dedicated 

detector seems to be beneficial.

Figure 5.  Schematic of the KamLAND2-Zen detector (left) 
and photomultipliers with light concentrators 
(right).
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● Absolute mass scale.

31

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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p

(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.

n p

p
W
W

Neutrinoless double beta decay, Figure 1
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Measuring neutrino masses
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●  Mass ordering via neutrino oscillation in matter or in 
vacuum (JUNO).  Discovery expected within 10 years 
thanks to relatively large       .
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Atm neutrinos

JUNO uses a 20kton LSc 
detector to detect reactor 
nus at a baseline of ~60 km. 
Excellent energy resolution is 
needed. Due to start in 2023.

JUNO Coll., 2104.02565
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JUNO

Exploit matter 
effects in large 
detectors.

Long baseline neutrino 
oscillation experiments
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Credit: 
Symmetry 
magazine

Long baseline oscillations: mass ordering and CPV

Long baseline neutrino oscillation experiments (T2K, 
NOvA, DUNE, T2HK) study the subdominant channels 
muon to electron (anti)neutrino.

Muon neutrinos are produced in pion decays at 
accelerator complexes (JPARC, Fermilab) and then travel 
100s Km to highly capable very large neutrino detectors.



34

Matter (e, p, n)

●  When neutrinos travel through a medium, e.g. Earth, 
they interact with the background of e, p and n.

via SM processes:
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Matter (e, p, n)

At the neutrino energy of beta 
decays, the average distance 
before an interaction (mean free 
path) in water (1 g/cm^3) is
d= 200 lightyears!

Inelastic scattering in which the neutrino changes 
direction/energy or converts into a charged lepton is very 
very very rare. 

ESO
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Matter (e, p, n)

Forward elastic scattering gives neutrinos a flavour-diagonal 
effective mass and affects oscillations. 

●  The background is CP and CPT violating, e.g. the Earth 
contains only particle and not antiparticles, and the 
resulting oscillations are CP and CPT violating (therefore, 
neutrinos and antineutrinos are affected differently).
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●  Matter effects are described by a potential V in the 
effective Hamiltonian which determines the time 
evolution.
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and

P. Coloma and SP,  World Scientific

●  The oscillations can be enhanced or suppressed 
(depending on the sign of          = mass ordering).�m2
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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M. Shiozawa, for 
T2HK coll., NuPhys 

2014

T2HK: 295 km off-
axis

~1 Mton WC 
detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

DUNE: 1300 
km on-axis

(20)-40 kton 
LAr detector

NOvA: 810 km off-axis
~14 kton plastic scintillator 

detector
T2K: 295 km off-axis

~22.5 kton WC detector

Present/Future LBL exp

ESSnuSB: 300-500 km
~0.5 Mton WC detector

second oscillation maximum

The neutron program must not be affected 
modifications. 
Linac: double the pulse rate (14 Hz→ 28 Hz), 
from 4% duty cycle to 8%. 
Accumulator (C~400 m) needed to compress 
to few μs the 2.86 ms proton pulses, affordable 
by the  magnetic horn (350 kA) 

H- source (instead of protons), 
space charge problems in the 
accumulator ring  to be solved. 

Target station (studied in EUROν). 
Underground detector (WC à la Hyper-K 
studied in LAGUNA). 
Short pulses (~μs) will also allow DAR 
experiments  (as those proposed for SNS) using 
the neutron target. 

How to add a neutrino beam line to ESS: ESSnuSB 
ESSnuSB Design Study funded by H2020: 23 sites, 15 European countries 

M. Dracos, Poster # 39 



● By comparing neutrino and antineutrino oscillations one 
can deduce the presence of leptonic CPV.
● One needs to disentangle true CPV from matter effects.
● CPV effects are more pronounced at low energy.

41

CP-violation in LBL experiments

In presence of CP violation (complex mixing matrix U), 
neutrinos and antineutrinos behave differently.
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and

P. Coloma and SP,  World Scientific
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Mass ordering and CPV sensitivity

KM3Net, ORCA Coll., 2004.05004

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m2

31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰2

values will appear due to statistical fluctuations. It is usually assumed that the �‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰2 that
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 values in 7-10 years (staged)

●The mass ordering will be discovered 
by the end of the decade by DUNE, 
with strong indications by ~2025 by 
JUNO, KM3Net, Atm neutrino exp.
●If CPV is ~ maximal, we will know it 
in the next ~10-15 years.
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Beyond 3-neutrino 
mixing?



LSND reported the 
appearance of electron 
anti-neutrinos (inverse 
beta decay) at short 
distance (~30 m) from 
muon decays (DAR). A 
3.8 sigma effect, not 
c o n fi r m e d b y 
KARMEN.
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3 – Neutrino oscillations

• Appearance experiments and LSND
The LSND exp took data from 1993 to 1998. Accelerator neutrinos, νµ, νe

and ν̄µ, were produced in π+ and µ+ decays. The LSND detector was
located at a distance of 30 m. ν̄e were reveled.

[LSND Coll., PRL 81 (1998) 1774]

The KARMEN experiment found no positive result. MiniBooNE is testing the
LSND result and is expected to present their data soon.
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or in detection could produce a positive signal in this
search. Lepton number violation in muon decay µ+ →
e+ + ν̄e + νµ is a good example.

The accelerator and water target produced pions co-
piously. Most of the positive pions came to rest, and
decayed through the sequence

π+ → µ+ + νµ ,

µ+ → e+ + νe + ν̄µ

supplying ν̄µ with a maximum energy of 52.8 MeV. The
energy dependence of the ν̄µ flux from decay at rest is
very well known, and the absolute value is known to 7%
[4]. The open space around the target was short com-
pared to the pion decay length, so only a small fraction
of the pions (3.4%) decayed in flight through the first
reaction. A much smaller fraction (approximately 1%)
of the muons decayed in flight, due to the difference in
lifetimes.

The chain starting with π− produced only a small num-
ber of ν̄e, because most negative pions and muons are ab-
sorbed. In the LAMPF proton beam, and with a water
target, positive pion production exceeded that of neg-
ative pions by a factor of about eight. Negative pions
which came to rest in the beam stop and shielding were
captured before decay occurred, so only the pions which
decayed in flight contributed to a ν̄e background. Virtu-
ally all of the negative muons that arose from pion decay
in flight came to rest in the beam stop before decaying.
Most were captured from atomic orbit, a process which
yields νµ; the remaining 12% decayed and produced ν̄e.
The relative yield, compared to the positive channel, was
estimated to be ∼ (1/8) ∗ 0.034 ∗ 0.12 ≈ 5 × 10−4. As is
discussed below, a detailed simulation was used to pre-
dict neutrino fluxes.

Charged current reactions in the detector were domi-
nated by νe on 12C. Electrons from this reaction have
energies below 36 MeV because of the mass difference of
12C and 12N . LSND detected ν̄e through the reaction

ν̄e + p → e+ + n ,

a process with a well-known cross section [5], followed by
the neutron-capture reaction

n + p → d + γ (2.2 MeV)

The detection signature consisted of an electron-like sig-
nal, followed by a 2.2 MeV photon correlated with the
first signal in both position and time. Although it was not
possible to distinguish an e− from an e+, reactions due to
background νe could not produce such a correlated pho-
ton for events with electron energy above 20 MeV. This
value was because of the energy required to eject a neu-
tron in a charged current reaction. The requirement of an
e± energy above 36 MeV eliminated most of the νe back-
ground due to an accidental coincidence with a uncorre-
lated γ signal. For the decay in flight search electrons

above 60 MeV are identified from νe
12C → e−X and

ν̄e
12C → e+X. The electron energy spectrum from DIF

is expected to be broader than from DAR but the back-
ground from conventional neutrino events is expected to
be much less.
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FIG. 1. Detector enclosure and target area configuration,
elevation view

The detector was located about 30 m from the neu-
trino source and was shielded by the equivalent of 9 m
of steel. A schematic of the layout is shown in Fig. 1.
The detector was under ∼ 2 kg/ cm2 of overburden re-
ducing the cosmic ray flux significantly from that at the
surface. A liquid scintillator veto shield surrounded the
detector on all sides except on the bottom. The detec-
tor was a tank filled with 167 metric tons of mineral
oil (CH2), with a small admixture (0.031 g/l) of butyl
PBD scintillant. This dilute mixture allowed the detec-
tion of both Čerenkov light and isotropic scintillation
light. This resulted in robust particle identification for
e±, location of the event vertex in space, and a measure-
ment of the e± direction. The light was detected by 1220
8′′ PMTs, covering ∼ 25% of the surface inside the tank
wall. Each channel was digitized for pulse height and
time. The electronics and data acquisition systems were
designed explicitly to detect and correlate events sepa-
rated in time. This was necessary both for many neu-
trino induced reactions and for cosmic ray backgrounds.
The behavior of the detector was calibrated using a large
sample of “Michel” e± from the decays of stopped cosmic
ray muons. These e± were in just the right energy range
for the ν̄µ → ν̄e search.

Even with this shielding, there remained a large back-
ground to the oscillation search due to cosmic rays, which
needed to be suppressed by about nine orders of magni-
tude to reach a sensitivity limited by the neutrino source.
The cosmic ray muon rate through the tank was ∼ 4 kHz,
of which ∼ 10% stopped and decayed in the scintillator.
Details of the suppression of this background in the DAR
search will be discussed in reference [6]. Finally, any re-
maining cosmic ray background was very well measured
because about 13 to 14 times as much data were collected
when the beam was off as on. The result of these pro-
cedures was to reduce the cosmic ray background below
the level of sensitivity required for the decay at rest os-
cillation search; similar techniques were found useful for
the DIF oscillation search.

2

There are hints beyond standard 3 neutrino mixing. 

or in detection could produce a positive signal in this
search. Lepton number violation in muon decay µ+ →
e+ + ν̄e + νµ is a good example.

The accelerator and water target produced pions co-
piously. Most of the positive pions came to rest, and
decayed through the sequence

π+ → µ+ + νµ ,

µ+ → e+ + νe + ν̄µ

supplying ν̄µ with a maximum energy of 52.8 MeV. The
energy dependence of the ν̄µ flux from decay at rest is
very well known, and the absolute value is known to 7%
[4]. The open space around the target was short com-
pared to the pion decay length, so only a small fraction
of the pions (3.4%) decayed in flight through the first
reaction. A much smaller fraction (approximately 1%)
of the muons decayed in flight, due to the difference in
lifetimes.

The chain starting with π− produced only a small num-
ber of ν̄e, because most negative pions and muons are ab-
sorbed. In the LAMPF proton beam, and with a water
target, positive pion production exceeded that of neg-
ative pions by a factor of about eight. Negative pions
which came to rest in the beam stop and shielding were
captured before decay occurred, so only the pions which
decayed in flight contributed to a ν̄e background. Virtu-
ally all of the negative muons that arose from pion decay
in flight came to rest in the beam stop before decaying.
Most were captured from atomic orbit, a process which
yields νµ; the remaining 12% decayed and produced ν̄e.
The relative yield, compared to the positive channel, was
estimated to be ∼ (1/8) ∗ 0.034 ∗ 0.12 ≈ 5 × 10−4. As is
discussed below, a detailed simulation was used to pre-
dict neutrino fluxes.

Charged current reactions in the detector were domi-
nated by νe on 12C. Electrons from this reaction have
energies below 36 MeV because of the mass difference of
12C and 12N . LSND detected ν̄e through the reaction

ν̄e + p → e+ + n ,

a process with a well-known cross section [5], followed by
the neutron-capture reaction

n + p → d + γ (2.2 MeV)

The detection signature consisted of an electron-like sig-
nal, followed by a 2.2 MeV photon correlated with the
first signal in both position and time. Although it was not
possible to distinguish an e− from an e+, reactions due to
background νe could not produce such a correlated pho-
ton for events with electron energy above 20 MeV. This
value was because of the energy required to eject a neu-
tron in a charged current reaction. The requirement of an
e± energy above 36 MeV eliminated most of the νe back-
ground due to an accidental coincidence with a uncorre-
lated γ signal. For the decay in flight search electrons

above 60 MeV are identified from νe
12C → e−X and

ν̄e
12C → e+X. The electron energy spectrum from DIF

is expected to be broader than from DAR but the back-
ground from conventional neutrino events is expected to
be much less.
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FIG. 1. Detector enclosure and target area configuration,
elevation view

The detector was located about 30 m from the neu-
trino source and was shielded by the equivalent of 9 m
of steel. A schematic of the layout is shown in Fig. 1.
The detector was under ∼ 2 kg/ cm2 of overburden re-
ducing the cosmic ray flux significantly from that at the
surface. A liquid scintillator veto shield surrounded the
detector on all sides except on the bottom. The detec-
tor was a tank filled with 167 metric tons of mineral
oil (CH2), with a small admixture (0.031 g/l) of butyl
PBD scintillant. This dilute mixture allowed the detec-
tion of both Čerenkov light and isotropic scintillation
light. This resulted in robust particle identification for
e±, location of the event vertex in space, and a measure-
ment of the e± direction. The light was detected by 1220
8′′ PMTs, covering ∼ 25% of the surface inside the tank
wall. Each channel was digitized for pulse height and
time. The electronics and data acquisition systems were
designed explicitly to detect and correlate events sepa-
rated in time. This was necessary both for many neu-
trino induced reactions and for cosmic ray backgrounds.
The behavior of the detector was calibrated using a large
sample of “Michel” e± from the decays of stopped cosmic
ray muons. These e± were in just the right energy range
for the ν̄µ → ν̄e search.

Even with this shielding, there remained a large back-
ground to the oscillation search due to cosmic rays, which
needed to be suppressed by about nine orders of magni-
tude to reach a sensitivity limited by the neutrino source.
The cosmic ray muon rate through the tank was ∼ 4 kHz,
of which ∼ 10% stopped and decayed in the scintillator.
Details of the suppression of this background in the DAR
search will be discussed in reference [6]. Finally, any re-
maining cosmic ray background was very well measured
because about 13 to 14 times as much data were collected
when the beam was off as on. The result of these pro-
cedures was to reduce the cosmic ray background below
the level of sensitivity required for the decay at rest os-
cillation search; similar techniques were found useful for
the DIF oscillation search.
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Anomalies in the neutrino sector

⌫̄e
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MiniBooNE was designed to test the LSND results. 
<E>~700 MeV and L~500 m.
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ

CCQE prediction as a function of EQE
⌫ . This matrix in-

cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �

2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m

2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the E

QE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e

CCQE event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of E

QE
⌫ in both neutrino mode and antineutrino

mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m

2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m

2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed E

QE
⌫ event distributions for muonlike and

electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < E

QE
⌫ <

3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��

2 = �

2(point) � �

2(best), as a func-
tion of oscillation parameters, �m

2 and sin2 2✓, is de-

MiniBooNE Coll., PRL 121 (2018)

MiniBooNE reports a low-E excess which has increased 
in significance over time (3.6σ -> 4.7σ -> 4.8σ) with 

more data and sophisticated analysis.



R e a c t o r a n o m a l y : A 
recomputation of the reactor 
fluxes seems to indicate 
neutr ino d i sappearance , 
compatible with oscillations 
into sterile neutrinos with 
large masses. Recent results 
have reduced the significance 
of these results.

G a l l i u m a n o m a l y : T h e 
measurement of the fluxes of 
electron neutrinos in Gallium 
Radioactive sources reports a 
value 2.9 sigma away from 
what expected.
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Reactor Electron Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006]

[update in White Paper, arXiv:1204.5379]

new reactor ν̄e fluxes
[Mueller et al, PRC 83 (2011) 054615]

[Huber, PRC 84 (2011) 024617]

∼ 2.8σ anomaly

[see also:
Sinev, arXiv:1103.2452;
Ciuffoli, Evslin, Li, JHEP 12 (2012) 110;
Zhang, Qian, Vogel, PRD 87 (2013) 073018;
Ivanov et al, arXiv:1306.1995]
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C. Giunti − Beyond 3 Neutrino Mixing − UK HEP Forum 2013 − 14 November 2013 − 9/35

Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: νe + 71Ga → 71Ge + e−

νe Sources: e− + 51Cr → 51V + νe e− + 37Ar → 37Cl + νe

Anomaly supported by new 71Ga(3He, 3H)71Ge cross section measurement
[Frekers et al., PLB 706 (2011) 134]
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R = 0.84 ± 0.05

E ∼ 0.7MeV

⟨L⟩GALLEX = 1.9m

⟨L⟩SAGE = 0.6m

∼ 2.9σ anomaly

[SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807]

[Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344; MPLA
22 (2007) 2499; PRD 78 (2008) 073009; PRC 83 (2011)

065504; PRD 86 (2012) 113014]

[Mention et al, PRD 83 (2011) 073006]

C. Giunti − Beyond 3 Neutrino Mixing − UK HEP Forum 2013 − 14 November 2013 − 10/35Frekers et al., PLB 706 2011. See also SAGE 2006, 2009; 
Laveder et al., NPPS 2007, MPLA 2007, PRD 2008, PRC 2011, PRD 2012.

Mention et al., 2011. See also Muller et al., PRC 
832011; Huber et al, PRC84 2011.  And Sinev, 1103.2452; Ciuffoli 
et al., JHEP 12 2012; Zhang et al., PRD87 2013; Ivanov et al., 
1306.1995.



L = · · ·+ ¯̀
LU`4�µ⌫4,LW

µ +NC+ h.c.

Sterile neutrinos: hypothetical neutral fermionic 
singlets of the Standard Model. 
Generically they mix with the light neutrinos:
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Flavour state Massive state
Nearly-sterile neutrino, 
commonly called sterile 
neutrino

Sterile neutrinos as an explanation?



Adding sterile neutrinos to the Standard 
Model is the simplest possible extension BSM. 

- Theory remains anomaly free.

- Can give origin to neutrino masses and explain their 
smallness (at least in some cases).

- GUT theories embedding L-R symmetries, e.g. SU(4), 
SO(10),... predict their existence.

- A part from GUT theories, there is no strong motivation 
for choosing one mass scale instead of another (except 
for a naturalness principle: setting their mass to zero 
restores the lepton number symmetry).
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for 4 massive nus. 
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Light (nearly-)sterile neutrinos
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Fractional flavour content of massive neutrinos
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Appearance oscillation probability at short baselines:

P (⌫↵ ! ⌫�) = 4|U↵4|2|U�4|2 sin2
�m2

41L

4E
Oscillation disappearance probability:

P (⌫↵ ! ⌫↵) = 1� 4|U↵4|2(1� |U↵4|2) sin2
�m2

41L

4E
Light sterile neutrino oscillations can explain the 
appearance data.



50

Electron neutrino disappearance
Experiments with very short baselines have been designed 
to test these anomalies in controlled conditions.

DANSS 
C o l l . , 
1911.1
0140

DANSS 

15 

2500 polystyrene-based extruded scintillator strips + 
Gd-containing surface coating, 1m3 

@10.7, 11.7 and 12.7 m from reactor core of 3.1 
GW Kalinin Nuclear Power Plant (LEU) in Russia 

I. Alekseev et al. JINST 11 (2016) P11011 
I. Alekseev et al. Physics Letters B 787 (2018) 56 

Preliminary results in  
M. Danilov et al. arXiv:1911.10140v1 
Sensitivity of the experiment improved by a factor 1.4 

Obtained excluded area in the Δm2
14; sin22θ14 plane 

+ initial expectations based on GA and RAA. Results 
exclude a large part of the sterile neutrino parameter 
space. 

See talk in this session 

R E N O
+NEOS

PROSPECT

STEREO 

Neutrino4

B E S T , 
2109.11482
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But there is a tension 
with muon neutrino 
disappearance data.

P (⌫µ ! ⌫e) = 4|Ue4|2|Uµ4|2 sin2
�m2

41L

4E
<latexit sha1_base64="iq/d8LIxhvf8wiOs0553Fk4CvuQ="></latexit><latexit sha1_base64="iq/d8LIxhvf8wiOs0553Fk4CvuQ="></latexit><latexit sha1_base64="iq/d8LIxhvf8wiOs0553Fk4CvuQ="></latexit><latexit sha1_base64="iq/d8LIxhvf8wiOs0553Fk4CvuQ="></latexit>

sin2 2✓
<latexit sha1_base64="Ca1AQFqN+kvPpOWlZLwdG15rlww=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2EmCLoMunEZwXwgGUNP503SpKdn6H4jhJAjeAK3egJ34tZDeADvYSeZhUkseFBUvUc9KkikMOi6305uY3Nreye/W9jbPzgslo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGtzO/9QTaiFg94DgBP2IDJULBGVqpVyp2jVCPVVqlXRwCsl6p7FbcOeg68TJSJhnqvdJPtx/zNAKFXDJjOp6boD9hGgWXMC10UwMJ4yM2gI6likVg/Mn88Sk9t0qfhrG2o5DO1b8XExYZM44CuxkxHJpVbyb+53VSDK/9iVBJiqD4IihMJcWYzlqgfaGBoxxbwrgW9lfKh0wzjrarpZQQxipKprYXb7WFddKsVjy34t1flms3WUN5ckrOyAXxyBWpkTtSJw3CSUpeyCt5c56dd+fD+Vys5pzs5oQswfn6BX7Pmsk=</latexit><latexit sha1_base64="Ca1AQFqN+kvPpOWlZLwdG15rlww=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2EmCLoMunEZwXwgGUNP503SpKdn6H4jhJAjeAK3egJ34tZDeADvYSeZhUkseFBUvUc9KkikMOi6305uY3Nreye/W9jbPzgslo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGtzO/9QTaiFg94DgBP2IDJULBGVqpVyp2jVCPVVqlXRwCsl6p7FbcOeg68TJSJhnqvdJPtx/zNAKFXDJjOp6boD9hGgWXMC10UwMJ4yM2gI6likVg/Mn88Sk9t0qfhrG2o5DO1b8XExYZM44CuxkxHJpVbyb+53VSDK/9iVBJiqD4IihMJcWYzlqgfaGBoxxbwrgW9lfKh0wzjrarpZQQxipKprYXb7WFddKsVjy34t1flms3WUN5ckrOyAXxyBWpkTtSJw3CSUpeyCt5c56dd+fD+Vys5pzs5oQswfn6BX7Pmsk=</latexit><latexit sha1_base64="Ca1AQFqN+kvPpOWlZLwdG15rlww=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2EmCLoMunEZwXwgGUNP503SpKdn6H4jhJAjeAK3egJ34tZDeADvYSeZhUkseFBUvUc9KkikMOi6305uY3Nreye/W9jbPzgslo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGtzO/9QTaiFg94DgBP2IDJULBGVqpVyp2jVCPVVqlXRwCsl6p7FbcOeg68TJSJhnqvdJPtx/zNAKFXDJjOp6boD9hGgWXMC10UwMJ4yM2gI6likVg/Mn88Sk9t0qfhrG2o5DO1b8XExYZM44CuxkxHJpVbyb+53VSDK/9iVBJiqD4IihMJcWYzlqgfaGBoxxbwrgW9lfKh0wzjrarpZQQxipKprYXb7WFddKsVjy34t1flms3WUN5ckrOyAXxyBWpkTtSJw3CSUpeyCt5c56dd+fD+Vys5pzs5oQswfn6BX7Pmsk=</latexit><latexit sha1_base64="Ca1AQFqN+kvPpOWlZLwdG15rlww=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2EmCLoMunEZwXwgGUNP503SpKdn6H4jhJAjeAK3egJ34tZDeADvYSeZhUkseFBUvUc9KkikMOi6305uY3Nreye/W9jbPzgslo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGtzO/9QTaiFg94DgBP2IDJULBGVqpVyp2jVCPVVqlXRwCsl6p7FbcOeg68TJSJhnqvdJPtx/zNAKFXDJjOp6boD9hGgWXMC10UwMJ4yM2gI6likVg/Mn88Sk9t0qfhrG2o5DO1b8XExYZM44CuxkxHJpVbyb+53VSDK/9iVBJiqD4IihMJcWYzlqgfaGBoxxbwrgW9lfKh0wzjrarpZQQxipKprYXb7WFddKsVjy34t1flms3WUN5ckrOyAXxyBWpkTtSJw3CSUpeyCt5c56dd+fD+Vys5pzs5oQswfn6BX7Pmsk=</latexit>

A. Dentler et al., 
1803.10661

My take: The situation is still rather uncertain. Probably 
the appearance results are not due to oscillations. 
Major tension with cosmology.

Gariazzo et al., in preparation, 
TAUP 2021
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MicroBooNE 
and SBN at 
Fermilab

They use accelerator 
neutrino experiments 
with L~100-600m and 
E~700-800 MeV.

MicroBooNE detector

MicroBooNE event: 
m u o n n e u t r i n o 
scattering in LAr

https://www.bo.infn.it/gruppo2/sbn-it/
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Accelerator neutrino experiments should provide the 
definitive answer and can check both the appearance 
and disappearance channels.

MicroBooNE Coll., 1903.04608 MicroBooNE Coll., 2110.14054

MicroBooNE first results disfavour a neutrino 
oscillation explanation, as well as some not understood 
background (Delta single photons).
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BSM explanations for MB LEE

Due to the WC nature of MB, single electrons can be 
mimicked by photons and by electron-positron pairs (if 
overlapping or asymmetric).

M. Ross-Lonergan’s talk at Fermilab, 04/10/2021
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A viable explanation of the MiniBooNE low-E excess is 
provided by the up-scattering of an HNL N in the 
detector and its decay into ee nu.
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MiniBooNE by S. Gnineko, PRL 103 
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same time but with light Z’ by E. Bertuzzo 

et al., PRL 121 (2018).
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This type of models require a low energy extension of 
the SM (dark sector) with new gauge or scalar 
interactions (for the scattering) and new fermions (which 
need to decay fast).

These models have a distinct phenomenology and could 
also explain other anomalies, specifically the muon (g-2).

P. Fayet, PRD75 (2007), M. Pospelov, PRD80 (2009)

Low Energy Anomalies with Dark Sector HNLs
A. Abdullahi, M. Hostert, S. Pascoli

Institute for Particle Physics Phenomenology (IPPP), Durham University

Abstract

We propose an anomaly-free model of neutrino masses
that simultaneously explains the MiniBooNe low-
energy excess, the anomalous magnetic moment of
the muon, �aµ, and the excess of K0

L æ fi0‹‹̄ de-
cays observed at KOTO. We also show that the model
is compatible with the electron-like excesses reported
by experiments PS-191 and E816. Furthermore, we
find that the model is in agreement with the number
of events seen in the mono-photon searches at BaBar.

Model
We introduce a hidden gauge symmetry, U(1)X,
broken by the VEV of a scalar � and mediated by
the dark photon Xµ. In addition to the SM, there are
three generations of sterile neutrinos, Ni=(1,2,3), and a
pair of vector-like fermions, ‹DL

and ‹DR
, which are

charged under the new force.

SU(2) U(1)Y U(1)X

Ni 1 0 0
‹DL

1 0 QX

‹DR
1 0 QX

� 1 0 QX

Our hidden sector couples to the SM through portal
couplings.

Neutrino Portal Mixing between the hidden
sector neutrinos and the active states occurs through
the terms

L ∏ (L Á

H)Y Nc + NYN‹c
D� , (1)

allowing for oscillation between light and heavy mass
eigenstates.

Vector Portal Mixing between SM hypercharge and
dark photon leads to the new gauge boson Z Õ,

L ∏ ≠sin ‰

2 Xµ‹B
µ‹ . (2)

Higgs Portal Mixing between the SM Higgs and our
dark scalar is also permissible through the term,

L ∏ ≠⁄�H |H|2 |�|2 . (3)

MiniBooNe Low-Energy Excess

Figure 1:Incoherent upscattering through Z Õ, possible signal at
MiniBooNe.

We explain the excess of low-energy electron-like
events at MiniBooNe [1] with active neutrinos upscat-
tering incoherently (coherently) o� nucleons (nuclei)
to new heavier states, ‹h, which decay within cm to
lighter, long-lived states ‹hÕ through emission of a Z Õ,
which further decays to e+e≠ pairs. If these pairs
have small angular separation, or are highly asymmet-
ric in energy, they may constitute a signal. We take
mZ Õ = 1.25 GeV in the plots below.

Figure 2:Model prediction for ‹µ upscattering to ‹6 æ ‹4e+e≠

(pink) and ‹5 æ ‹4e+e≠ (blue).

Anomalous Muon (g ≠ 2)µ

Figure 3:Z Õ contribution to muon magnetic moment.

It is widely accepted that the dark photon explanation
to �aµ is ruled out by searches for visibly decaying
dark photons in Z Õ æ l+l≠, and by searches for invis-
ibly decaying dark photons in e+e≠ æ “Z Õ. The con-
straints posed by the above searches are significantly
weakened in the scenario of a semi-visibly decaying Z Õ,
as in our model. By keeping the branching ratio to in-
visibles (i.e. to long-lived states, ‹hÕ) small, we can
escape these bounds.

KOTO Anomaly
The KOTO experiment which searches for the rare SM
decay K0

L æ fi0‹‹̄ has reported 3 (+ 1 background)
events giving a branching ratio roughly 70 times the
SM rate [2]. We explain this excess with K0

L æ fi0„,
where „ decays invisibly - „ æ ‹hÕ‹hÕ.

Figure 4:„ production and subsequent decay at KOTO.

PS-191/E816 Excess

An explanation of the excess of e-like events at PS-191
[3] and E816 [4] requires a heavy neutrino produced
in upscattering from ‹µ and decaying within mm to a
lighter state and an e+e≠ pair. In our spectrum, this
is achieved by a third heavier neutrino ‹H æ ‹he+e≠,
with a mass that could range from 160 MeV and 400
MeV.

Mono-photon Searches @ BaBar

Figure 5:Model signature mimicking mono-photon event

Our model predicts signatures that could imitate
mono-photon production at BaBar [5]. We have heavy
neutrinos produced in e+e≠ collisions via a Z Õ, where
one of the heavy neutrinos is long-lived and escapes
the detector, and the other decays in the ECAL to a
lighter state and e+e≠ pair which are mis-identified as
a single photon.

Figure 6:BaBar monophoton data at high missing mass M 2
miss =

s ≠ 2Eú
“

Ô
s.
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FIG. 2: Current limits on the dark photon semi-visible decay parameter space with benchmark parameters � = 0.4 m�1 ,
mA0 = 3 m�1 and ↵D = 0.1. On the left panel we place constraints on the ✏ vs mA0 parameter space. On the right panel we
include projections for a BELLE II monophoton search as well as a BABAR displaced track re-analysis. We also color the various
experimental constraints in grey for clarity and to bring attention to our region of parameter space. See text for details on the
various bounds and projections.

from the SLAC E137 experiment [18] assuming up/down-
scattering of �

1,2

with SM particles in the detector. The
yellow shaded bound is a recast of the E137 result ac-
counting for long-lived �

2

particles traveling to and de-
caying inside the detector. The black line represents the
thermal relic abundance of �

1

requiring ⌦
�1h

2 ⇠ 0.12
[48]. For larger values of m

�1 we take into account coan-
nihilation to SM hadronic final states, hence the spikes
in the higher mass region (please see Refs.[32, 33, 49] for
more detailed information).
The red shaded region represents the BABAR monophoton
bound on our parameter space. In this region �

2

is long-
lived and decays outside the detector or maybe short-
lived, but its decay products are below the BABAR thresh-
olds, resembling a monophoton and missing energy signa-
ture. The decay width of �

2

scales with � as �
�2 ⇠ �5.

For our parameter choices the region m
A

0 & 100 MeV
corresponds to large values of �, increasing the proba-
bility that �

2

will decay inside the detector. Hence the
BABAR monophoton limit is weakened in this region, open-
ing up the 2� favored explanation for g

µ

� 2. For clarity
of our results, we represent all the bounds from the left
panel, as the solid grey region in the right panel and
include projections in our region of interest. A particu-
larly striking indication of the semi-visible decay mode
would be a monophoton + displaced track + missing en-
ergy signature which could be uncovered by a future re-
analysis of the BABAR data. This is illustrated as the re-
gion bounded by the green dot-dashed lines and marked
by the green arrows. Interestingly, both the g

µ

� 2 and
thermal relic lines fall within the region projected to be
uncovered by the displaced track search. Finally, the

darker red dashed bound is the projection for the BELLE

II experiment, the arrow indicates the region of param-
eter space BELLE II is expected to cover.

In Fig. 3 we set ✏ as the central value required to ex-
plain the g

µ

� 2 anomaly (i.e. the central red line in
Fig. 2). On the left panel we plot the dark sector cou-
pling ↵

D

as a function of m
A

0 , with m
A

0 = 3 m
�1 and

� = 0.4 m
�1 . The white region indicates the parameter

space available, while the color shaded regions are ex-
cluded by the various experimental contraints as in Fig 2.
For the parameter choices in this discussion, it is interest-
ing to see that the iDM model can simultaneously explain
the DM thermal relic abundance and g

µ

� 2 anomaly for
300 MeV . m

A

0 . 1 GeV. A BABAR displaced re-analysis
would uncover most of this parameter space, up to large
values of ↵

D

where we start reaching perturbativity lim-
its.
On the right panel of Fig. 3 we plot the ratio of mass
splitting � to the DM mass m

�1 as a function of m
�1 ,

with ↵
D

= 0.5. Here the lighter grey region bounded by
the horizontal dotted line at �/m

�1 ⇠ 1 is a kinematic
limit in which m

�1 + m
�2 > m

A

0 i.e. A0 is produced
o↵-shell. The unshaded area corresponds to the param-
eter space available for explaining the g

µ

� 2 anomaly.
Also shown is the relic abundance line corresponding to
a thermal relic �

1

. The projected sensitivity of BELLE

II in the parameter regions of Fig. 3 (with our choices of
parameters) is nearly the same as the BABAR region and
thus we do not include it. We see that for larger mass
splittings and choices of ↵

D

, we are able to explain DM
and g

µ

�2 simultaneously. We also show that part of the
available thermal relic space would be uncovered with a

G. Mohlabeng, PRD99 (2019)

as far as Z’ decays mainly semi-
visibly (Z’->N N and N decay 
fast).

A. Abdullahi, M. Hostert, SP, 2007.11813
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The dark or hidden sector indicate extensions of the SM 
that are below the electroweak scale.

Neutrinos and Dark sectors?

Dark sectors can account for neutrino masses, the baryon 
asymmetry, dark matter.

This would be a major departure from “traditional” BSM 
thinking and open a very exciting experimental landscape.

Neutrinos as a window to Dark sectors???

SM NR
Dark  
sector

⌫↵
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<latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit>

ND
<latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit>
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The dark or hidden sector indicate extensions of the SM 
that are below the electroweak scale.

Neutrinos and Dark sectors?

Dark sectors can account for neutrino masses, the baryon 
asymmetry, dark matter.

This would be a major departure from “traditional” BSM 
thinking and open a very exciting experimental landscape.

Neutrinos as a window to Dark sectors???

SM NR
Dark  
sector

⌫↵
<latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit>

H
<latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit>

S
<latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit>

A0
<latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit>

a
<latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit>

DM
<latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit>

ND
<latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit>Surprise??????

We do not know yet but it would be 
really a big surprise.



Neutrinos are the most elusive and mysterious of the 
known particles. Neutrino masses only particle 
physics evidence BSM. 

Current status: precise knowledge of most of neutrino 
properties. Key questions open (nature, CPV, neutrino 
masses) due to be answered in the next decade. Thriving 
experimental programme. 

Surprises in store? MiniBooNE LEE remains a puzzle. New 
MicroBooNE results point away from sterile neutrinos. 
Neutrino4 and BEST anomalies?

Are neutrinos pointing towards a new understanding of 
particles and interactions:  dark sector?
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Neutrinoscope

Neutrinoscope 
is a free App 
for iPhone and 
iPad developed 
by Cambridge 
Consultants 
and Durham 
University. It 
allows to 
visualise the 
neutrinos as 
they are 
around us.


