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Neutrinos: from past surprises to 
current puzzles
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Neutrinos are all around and through us.

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments
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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.
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Why are neutrinos interesting?
● Neutrino masses imply new physics BSM. Their 
origin is a necessary ingredient for the newSM.

● The least know of all SM fermions (a window on 
the BSM?): portal to dark sectors.

● Their nature (and the mass) is related to the 
fundamental symmetries of nature (lepton 
number?, link with proton decay).

● The most abundant of all fermions in the 
Universe with strong impact of its evolution.

● Neutrino mass models can explain the baryon 
asymmetry of the Universe.4
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Neutrinos in the SM
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Neutrinos are the lightest and most elusive of all 
the known elementary particles. 

?

● Neutrinos in the 
SM are described 
by Weyl spinors 
with left chirality 
(PL=1-  5/2).

● They come in 
doublets with the 
charged leptons.

�
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They have charge current (CC) and neutral current 
(NC) interactions

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 come in 3 flavours, corresponding to 
each of the charged leptons. 

● They carry lepton number, U(1)lepton

W electron antineutrino

electron

7

` ! ei↵` ⌫L ! ei↵⌫L
<latexit sha1_base64="lzpGCG9/37DBOSIvdNvR9YoAL5k="></latexit><latexit sha1_base64="lzpGCG9/37DBOSIvdNvR9YoAL5k="></latexit><latexit sha1_base64="lzpGCG9/37DBOSIvdNvR9YoAL5k="></latexit><latexit sha1_base64="lzpGCG9/37DBOSIvdNvR9YoAL5k="></latexit>

U(1)
lepton
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lepton
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Neutrino 
oscillations:  
a quantum 
mechanical 

phenomenon



Astrophysical neutrinos, produced in the Sun, 
Supernova and in the atmosphere, were studied and 
presented anomalies.

The 
Homes
take 
experi
ment.

Nobel 
prize 
in 
2002

9

R. Davis Jr. 

Kamiokande
M. Koshiba

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

Super-Kamiokande Nobel Prize in 
Physics 2015

T. Kajita
A. McDonald
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In a SM interaction a 
neutrino of one 
t y p e ( e l e c t ro n , 
muon or tau) is 
produced. Whi le 
travelling it changes 
its “flavour” and 
can even become 
another type of 
neutrino.

electron

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

What was going on?
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-
Nakagawa-Sakata matrix:

This implies that with an electron a superposition of 
different neutrino mass eigenstates is involved.

Flavour field

Mass field

W
electron neutrino

Positron

=
X

i

Uei⌫i

which enters in the CC interactions
|⇥�⇤ =

�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)
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⌫↵ =
X

i

U↵i⌫i
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For antineutrinos, U � U�

U is real� � = 0, ⇥CP-conservation requires

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

with ↵ = e, µ, ⌧ and i = 1, 2, 323. From here it plays a role in neutrino oscillations as we will discuss
later.

In general, a 3⇥ 3 unitary matrix can be parameterized in terms of 3 angles and 6 phases. Several
of the phases are unphysical. In fact, we have the freedom to phase-rotate the fields as  ! ei� .
If we do so for the charged leptons, we can eliminate three phases from the PMNS matrix and these
disappear from the Lagrangian as they do not affect the kinetic terms, the NC one and the mass term for
the leptons as far as both left and right-handed component undergo the same rephasing. If neutrinos are
Dirac particles, as the charged leptons, the same rephasing can be applied to them as well, eliminating
two further phases. There remains only one physical phase, called the Dirac phase, as in the Cabibbo-
Kobayashi-Maskawa mixing matrix in the quark sector. If neutrinos are Majorana, such rephasing does
not eliminate two phases which will reappear in the Majorana condition and in the Majorana mass term.
Therefore, for Majorana neutrinos, there are three physical phases, two of which enter only in lepton
number violating processes. Since for antineutrinos we need to use the conjugate of U , any physical
phase represents a violation of the CP symmetry and will be called a CP violating (CPV) phase.

The PMNS matrix can be parameterized as [41, 42]

U↵i =

0

BB@

c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCA · P , (6)

where we define cij ⌘ cos ✓ij and sij ⌘ sin ✓ij , with ✓ij 2 [0, 90�]. In this notation, � is the Dirac CPV
phase � 2 [0, 360�] and P is a diagonal phase matrix P ⌘ diag(1, ei

↵21
2 , ei

↵31
2 ) which embeds the two

Majorana CPV phases ↵21, ↵31.
It is interesting to express the CP-violating effects due to the Dirac phase in a rephasing-invariant

manner. This can be done using the Jarlskog invariant [43]

J ⌘ =[Uµ3Ue2U
⇤
µ2U

⇤
e3] =

1

8
sin 2✓12 sin 2✓23 sin 2✓13 cos ✓13 sin � . (7)

This formulation makes apparent that Dirac CP violation is a genuine 3-neutrino mixing effect whose
physical impact depends on all of the three mixing angles, including the relatively small ✓13.

3 Neutrino oscillations
In presence of leptonic mixing and non-degenerate neutrino masses, the phenomenon of neutrino oscil-
lations takes place. This is a beautiful manifestation of quantum mechanics on macroscopic distances.
The basic picture is the following. In production and detection neutrinos are described by flavour states.
Let’s assume that a muon neutrino is produced. This is a coherent superposition of massive states which
have slightly different masses. The coherence is a key condition which needs to be satisfied to have
neutrino oscillations. It is satisfied thanks to the uncertainty in the neutrino momentum at production4.
The massive components of the initial state propagate over long distances with slightly different phases.
This amounts to a change in the state over distance. It is then possible that at detection, when projecting
the flavour components out, a different flavour is found compared to the initial one. In order for the
oscillatory behaviour to hold, coherence is needed also during propagation and this is possible because
of the very weakly interacting nature of neutrinos5.

2Unless otherwise indicated, we will use Greek indexes for flavour fields/states and Roman ones for mass fields/states.
3The flavour states are related to mass states as |⌫↵i = P

i U
⇤
↵i|⌫ii.

4If the momentum uncertainty is small compared to the mass differences, for instance if there exists a very heavy nearly-
sterile neutrino, such coherence is lost and oscillations do not develop. At production in a specific event either the light states
will be produced coherently or the heavy one.

5Over astronomical distances the massive components of neutrinos can separate in the wave function due to the slightly
different velocities, effectively destroying coherence.
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It is useful to express the CP violating effects in a 
rephrasing invariant manner (Jarlskog invariant):



A flavour neutrino is a superposition of different 
mass states. If their mass is different, then they will 
evolve in time differently and later their 
combination can correspond to a different type of 
neutrino.
This is an eminently quantomechanical effect, 
similar to other observed ones, such as spin 
precession. It has an oscillatory behaviour.

13

⌫1

Light orange
= 

muon 
neutrino

Dark orange
= 

tau neutrino⌫2

⌫1 ⌫1

⌫2 ⌫2

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments

B Y  E L I Z A B E T H  G I B N E Y
G R A P H I C  B Y  N I G E L  H AW T I N

1 4 8  |  N A T U R E  |  V O L  5 2 4  |  1 3  A U G U S T  2 0 1 5 1 3  A U G U S T  2 0 1 5  |  V O L  5 2 4  |  N A T U R E  |  1 4 9
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In the same-momentum approximation:

E1 =
�

p2 + m2
1 E2 =

�
p2 + m2

2 E3 =
�

p2 + m2
3

Let’s assume that at t=0 a muon neutrino is 
produced

The time-evolution is given by the solution of the 
Schroedinger equation with free Hamiltonian:

|�, t� =
�

i

Uµie
�iEit|�i�

Note: other derivations are also valid (same E formalism, etc).

|�, t = 0� = |�µ� =
�

i

Uµi|�i�⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>
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At detection one projects over the flavour state as 
these are the states which are involved in the 
interactions. The probability of oscillation is

P (�µ � �⇥ ) = |⇥�⇥ |�, t⇤|2
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Typically, neutrinos are very relativistic: 

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>
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The oscillation probability implies that

● neutrinos have mass (as the different 
components of the initial state need to propagate 
with different phases)

● neutrinos mix (as U needs not be the identity. 
If they do not mix the flavour eigenstates are also 
eigenstates of the propagation Hamiltonian and 
they do not evolve)
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Implications of the existence of neutrino oscillations
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Current knowledge 
of neutrino 
properties
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In CC (NC) SU(2) interactions, the W boson (Z 
boson) are exchanged leading to the production 
and detection of neutrinos.

electron 
antinu

electronW

n (d quark)
p (u quark)

Beta decay.

pion
W

muon
muon  
antinuDecay into electrons is suppressed.

Pion decay

Neutrinos oscillations in experiments

electron 
antinu positron

n

p n
Inverse Beta decay.
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Credit: Super-Kamiokande

Super-Kamiokande

IceCube

KamLAND
SNO

DayaBay, RENO, 
DoubleCHOOZKamLAND

MINOS
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Neutrino experiments 

Solar neutrinos: 
E~0.1-10 MeV
matter effects

LBL Reactor  
neutrinos exp:  
E~3 MeV, 
L~100 Km

Y. Nakajima, for 
Super-Kamiokande, 
Neutrino 2020

Oscillation Parameter Extraction

• Oscillation parameters extracted by 
combining all SK data, as well as SNO and 
KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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Neutrino experiments 

SBL Reactor  
neutrino exp: 
E~3 MeV, 
L~1 Km

Atmospheric neutrinos: 
E~100 MeV-100GeV, 
L~10-10000 Km

Accelerator neutrinos:  
E~500 MeV-few GeV, 
L~295-1300 Km Days Bay coll., 

PRL 121 (2018)

Oscillation Results from nGd

XXIX Neutrino Conference

𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟖𝟓𝟔 ± 𝟎. 𝟎𝟎𝟐𝟗
∆𝒎𝒆𝒆

𝟐 = 𝟐. 𝟓𝟐 ± 𝟎. 𝟎𝟕 × 𝟏𝟎−𝟑 eV2

∆𝑚32
2 = 2.47 ± 0.07 × 10−3 eV2 (NO)

∆𝑚32
2 = −2.58 ± 0.07 × 10−3 eV2 (IO) 

PRL 121 241805 (2018) 

Jiajie Ling (SYSU) 8

O. Dalager’s Poster #531

1958 days 

Y. Nakajima, for 
Super-
Kamiokande, 
Neutrino 2020

23θ 2sin
0.3 0.4 0.5 0.6 0.7

]2
 [e

V
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Δ 

0.002

0.0025

0.003

0.0035 Normal Hierarchy, 90% C.L.
Super-K 2020 (Preliminary) 
Super-K 2018
T2K 2019
NOvA 2019
IceCube 2018
MINOS

Δm232 vs sin2θ23 constraints

28

Preliminary
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Current status of neutrino parameters

M. C. Gonzalez-Garcia et al., 2007.14792



23 M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties after July 2019

http://www.nu-fit.org/
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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/

NO
IO
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Neutrino properties as of October 2021

http://www.nu-fit.org/
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Current Hints for CP violation?

P. Dunne, for 
T2K, Neutrino 
2020

M. C. Gonzalez-
Garcia et al., NuFit, 
2007.14792

A . H imme l , fo r 
NOvA, Neutrino 
2020
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.
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• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry
• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	

δCP vs θ13

• We produce results with T2K 
data alone and using PDG2019 
constraint on θ13 from reactor 
experiments
• T2K only intervals are 

compatible with PDG2019 θ13
values at better than 1σ
• Results from here on are with 

reactor constraint

Patrick Dunne (p.dunne12@imperial.ac.uk) 25
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(right) edge of 90% interval to move by 0.073 (0.080)
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Current Hints for CP violation?

Some mild preference for CP-violation, mainly due 
to combining  T2K (NOvA) with reactor neutrino 
data. Significance for NO decreased to about 1.6 
sigma (2.7 sigma with inclusion of SK atm data).

M. C. Gonzalez-Garcia et 
al., NuFit, 2007.14792

NOvA coll., 2108.08219
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NuFIT 1.0 (2012)

Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2
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for NO and �m2
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for IO.
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NuFIT 5.0 (2020)

Comparison to T2K

• Clear	tension	with	T2K’s	preferred	region.
• Quantifying	consistency	requires	a	joint	iit	of	the	data	from	
the	two	experiments,	which	is	already	in	the	works.
– Semi-annual	workshops,	regular	joint	group	meetings,	and	a	
signed	joint	agreement.
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A implies at least 3 massive neutrinos. 
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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?

•

•

•

•

•

28

What do we still need to know?
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⌫ = C⌫̄T

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

30

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



● The effective Majorana mass parameter:

●                    are the nuclear matrix elements

Neutrinoless double beta decay, (A, Z) →  (A, Z+2) + 2e, 
will test the nature of neutrinos. 
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The half-life time depends on 
neutrino properties

Mixing angles (known) CPV phases (unknown)

Neutrinoless double beta decay

(T 1/2
0⌫ )�1 / |MNME |2|m�� |2
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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).
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
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Neutrinoless double beta decay, Figure 1
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SP, CERN Courier, Jul 2016
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Present bounds: 
GERDA-II, CUORE, 
KamLAND-Zen 

Goals of Next 
generation exp: 

LEGEND-1K, CUPID, 
NEXT-HD, nEXO, 
SNO+, PANDAX, 

DARWIN…

Wide experimental program which is ongoing. The 
next generation is well into planning and R&D for future.
A positive signal would indicate L violation!32

The predictions for mbb depend on the neutrino masses:

Predictions for betabeta decay

R&D for future exp 

m�� �
q
|�m2
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Experimental searches of betabeta decay

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 can be tested in nuclei in 
which single beta decay is 
kinematically forbidden (76Ge, 
100Mo, 130Te, 136Xe…).
It is a very rare process:

33
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ton-scale

<1 cts/yr/ton/ROI
<1% at Qbb

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e
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• Ultimate'LXeNbased'dark'matter'detector
• 40't'liquid'Xe TPC'
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• Sensitivity3to30νββ-decay3may3come3for3free
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DARWIN
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Legend

GERDA/MJD

LEGEND-200

LEGEND-1000

*NME'='3.5'N 6.1

LEGEND-200:3
• existing'infrastructure'at'LNGS

• Background'reduced'by'factor'~3'

• Start'2021

LEGEND-1000:
• 1000'kg'of'Ge'(deployed'in'stages)

• BI'~'0.1'cts/(FWHM't'yr)

• T1/2 (3$ DS)3>31028 yr
• m!! <3103- 173meV*
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Susanne'Mertens'(MPP,'TUM)

Legend
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LEGEND-200

LEGEND-1000

*NME'='3.5'N 6.1

LEGEND-200:3
• existing'infrastructure'at'LNGS

• Background'reduced'by'factor'~3'

• Start'2021

LEGEND-1000:
• 1000'kg'of'Ge'(deployed'in'stages)

• BI'~'0.1'cts/(FWHM't'yr)

• T1/2 (3$ DS)3>31028 yr
• m!! <3103- 173meV*

ESPPUNInput'#'45,'69CUPID KamLAND2-Zen

The ultimate goal of next generation is mbb~15-20 meV.

KamLAND-Zen Loaded LSc with 380 kg 136Xe,
T1/2 >1.07x10

26
yrs (90% C.L.), mbb< 61-165 meV

CUORE 130Te, ~206 kg, T1/2 >2.9x10
25

yrs

Also, EXO-200, GERDA, MAJORANA

CUORE Coll., Nature Apr 2022



● Absolute mass scale.
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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-

-

Beta decay 
Cosmology

Neutrinoless dbeta decay

Measuring neutrino masses

X

i

mi

<latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit>

m�� = f(mi,↵21,↵31, �)
<latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit>

J. Lesgourgues, S. Pastor, Phys. Rep. 429

mi=0.046 eV

mi=0.46 eV

m� ⌘
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i

U2
eimi

<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>

Susanne'Mertens'(MPP,'TUM)

KATRIN:*Working*Principle

βNdecay
Integral'beta'decay'spectrum

E-E0

m⌫ = 0
<latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit>

m⌫ = 0.5 eV
<latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit>

Beta-decay spectrum
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<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>
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4.4. Reactor neutrinos

A di↵erent way in which neutrino oscillation experiments can be sensitive
to the neutrino mass ordering is through the observation of the interfer-
ence pattern in the oscillation probabilities between the solar and the at-
mospheric contributions to the oscillation amplitude. For example, the
oscillation probability in the ⌫̄e ! ⌫̄e channel can be written as69
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While the first and second terms correspond to the solar and atmospheric
contributions to the probability, the interference among the two is given by
the last term. Thus, if the three contributions are distinguishable, the mass
ordering can be determined simply by comparing the size of the �m2

31 and
�m2

32 ⌘ �m2
31��m2

21 oscillation frequencies. The two last terms in Eq. 19
can be in principle distinguished by studying the evolution of the oscillation
probability as a function of L/E. However, this requires a detector with an
energy resolution roughly at the �m2

21/�m2
31 ⇠ 3% level. It should also

be noted that the impact of the interference term on the observable event
rates will be suppressed by sin2 2✓13 ⇠ 0.1. The e↵ect of the mass ordering
on the expected number of events at a medium-baseline reactor experiment
is illustrated in Fig. 5. Here, we show the product of the flux, inverse

NO
IO

L = 55 km

2 3 4 5 6 7 8
En HMeVL

f
â
s
â
P e

e
Fig. 5. Normalized distribution of the number of events as a function of the neutrino
energy (in MeV), for a reactor experiment with a baseline L = 55 km.

●  Mass ordering via neutrino oscillation in matter or in 
vacuum (JUNO).  Discovery expected within 10 years 
thanks to relatively large       .

36

Atm neutrinos

Petcov, Piai, hep-ph/0112074

JUNO uses a 20kton LSc 
detector and reactor nus. 
Excellent energy resolution is 
needed. Due to start in 2023.

P. Coloma and SP,  World Scientific
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JUNO

Exploit the matter effects in 
E a r th . Wi thou t de tec tor 
magnetisation, require large 
mass (multi Mton) and excellent 
angular and energy 
resolution 
(ORCA, IceCube
 Gen 2, HK, INO).

Long baseline neutrino 
oscillation experiments

Neutrino mass ordering



Long baseline neutrino oscillation experiments (T2K, 
NOvA, DUNE, T2HK) study the subdominant channels 
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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

rA '
p
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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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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 
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Mass ordering and CPV sensitivity

KM3Net, 
ORCA Coll., 
2004.05004

Systematics are included in
our simulation using the “pull”
method [12, 13]. Table 1 lists
nuisance parameters and oscil-
lation parameters adopted from
NuFit 3.2 [11] and their cor-
responding Gaussian priors (if
any) over which marginalisation
has been done to minimise the
value of �2

NMO/NSI . The individ-
ual contributions from track-like
and shower-like events are added
in quadrature to compute the to-
tal significance.

Table 1: List of systematics.

parameters treatment true values prior
�m2

21/10
�5eV 2 fix 7.40 -

�m2
31/10

�3eV 2 fitted 2.494 free
✓12(�) fix 33.62 -
✓13(�) fitted 8.54 0.15
✓23(�) fitted 47.2 free
�
CP

(�) fitted 234 free
Flux norm. fitted 1 10%
NC scale fitted 1 5%
Energy slope fitted 1 3%
⌫
µ

/⌫
e

skew fitted 0 5%
⌫/⌫̄ skew fitted 0 3%

5 Results

5.1 Neutrino Oscillations

The Asimov NMO sensitivity [14] for three years of KM3NeT-ORCA runtime is shown
in Fig. 5 (left) for a range of possible true ✓23 values . The curves are drawn for both
assumed true orderings and the most favourable and least favourable �

CP

values.

Figure 5: Projected sensitivity to NMO (left) for truth NO (red) and IO (blue)
assumptions. Exclusion plot in ✓23 - �m2

32 plane on the right .

Allowed region of atmospheric oscillation parameters by KM3NeT-ORCA [14]
after three years of running is shown in Fig. 5 (right), overlapped with current
constraints from MINOS [15], NO⌫A [16], Super-K [17] and IceCube-DeepCore [18].
The 90% CL contour is drawn assuming NO (fixed) and �

CP

= 0 (fitted).

5.2 Non-standard Interactions

The 90% C.L. contours in correlated NSI parameter spaces allowed after three years
of data taking of KM3NeT-ORCA are shown for both orderings assumptions. The
NSI parameters not appearing on the plots are fixed at zero.

5

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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Measurement of oscillation parameters

MO

CPV

Also: Tests of standard neutrino paradigm

Reactor 
neutrinos:
JUNO

LBL exp numu
 disapp.:

MINOS, MINOS+ 
T2K, NOvA 

Atmospheric neutrinos
SK (MINOS, IceCube)

�m2
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Beyond 3-neutrino 
mixing?



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:

42
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Flavour state Massive state
Nearly-sterile neutrino, 
commonly called sterile 
neutrino

Sterile neutrinos



Adding sterile neutrinos to the Standard 
Model is a minimal 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.

- There is no unique motivation for choosing one 
mass scale instead of another (except for a 
naturalness principle: setting their mass to zero 
restores the lepton number symmetry).

43
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implies at least 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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implies at least 3 massive neutrinos. 

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
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L S N D r e p o r t e d t h e 
appearance of electron anti-
neutrinos (inverse beta decay) 
at short distance (~30 m) 
from muon decays (DAR). A 
3 . 8 s i g m a e f f e c t , n o t 
confirmed by KARMEN.45

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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4
Neutrino oscillation appearance channel 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.

2

C, in 1994 it was 5904 C, in 1995 4794 C with target in
and 2286 C with target out. Each of these charge accu-
mulations was with the detector in operation and taking
data.

2.4 Decay at Rest Neutrino Flux Calculation and

Measurement

A detailed simulation was used to predict neutrino
fluxes at the detector and is described in [4]. Measure-
ments of pion production fluxes that were taken at a
number of proton energies at LAMPF [7] were used as
input to this simulation. The detailed geometry of the
sources (A1, A2, and A6) described above were included
in the simulation. In addition, the yield of muon decays
was determined in a separate experiment [8] in which
a proton beam of variable energy was introduced into
a composite structure of water and copper to approxi-
mately duplicate the materials in which pion production
occurred in this experiment. The overall number of muon
decays per incident proton was determined in this sub-
sidiary experiment, and the neutrino flux calculation was
renormalized slightly to fit the measured yield in the sep-
arate experiment. It should be noted that this procedure
normalized the neutrino yield from positive pions quite
well, but since the negative pions were almost entirely
absorbed, the measurement was insensitive to the conse-
quences of the negative pion decay rate. The shape of the
neutrino flux from π+ and µ+ DAR is well known and is
shown in Fig. 6, so that only the absolute amplitude was
determined from experiment and simulation.
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FIG. 6. Flux shape of neutrinos from pion and muon decay
at rest

The ν̄µ flux integrated over energy for the configuration
described here was 7.6×10−10 ν̄µ / cm2/proton averaged
over the fiducial volume of the detector. The νe flux is
identical to the ν̄µ flux. The DAR simulation depended
on the geometry at the three target stations in which sub-
stantial beam interacted. Beam loss in the accelerator
and in locations other than target areas was very small
because operational and health considerations made it
imperative to lose very little of the proton beam in other
than specially hardened areas. The targets at A1 and A2
were surrounded by enclosures that were typically 50 cm
in dimension with closely packed steel shielding, apart
from relatively small apertures for beams to emerge. The
distance from A1 to A6 was 107 m and A2 to A6 was 82
m. The calculation of the DAR flux was then relatively
simple, and the DAR spectra at the detector was gov-
erned by solid-angle considerations and the interaction
fraction in the target. Pion DAR was isotropic and muon
decay was effectively isotropic because spin precession
and the varying production angle washed out angular ef-
fects. There was one exception to this, which is discussed
in the next section: that part of pion production that oc-
curred at small angles and thus was able to pass down
the beam pipe for a significant distance. The “in-flight”
decay probability was then much larger than in the tar-
get enclosures, and subsequent muon decay probability
in flight was also enhanced. Detailed simulation gave a
DAR flux at the detector from positive pion and muon
decay that was 0.5% from A1, 1% from A2, and 98.5%
from A6.

An additional corroboration exists from the experi-
ment [9] performed at 90◦ to the same target that mea-
sured neutrino-electron elastic scattering as a test of
Standard Electroweak theory. This cross section of νe

scattering from electrons is now well known and can be
used to estimate the flux in contrast to the procedure
of that previous experiment. This provided an indepen-
dent confirmation of the flux estimate used here with an
uncertainty of 18%.

2.5 Pion Decay in Flight Flux

2.5.1 νµ, ν̄µ Flux calculation

The calculation of the neutrino flux (νµ) from pion DIF
at the A6 beam stop, A1 and A2, proceeded in a similar
way to the calculation of the DAR flux. The same in-
put data were used to calculate pion production normal-
ized in the same way as the data in the previous section.
The overall positive pion DAR flux was known to 7%
as constrained by the simulation experiment described
previously. The negative pion flux lacks this constraint.
However, the same normalization factor was assumed to
apply because it came mainly from the effects of thick
target particle production of π± by protons. It was be-
lieved that the geometry of the decay volumes, including
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MiniBooNE was designed to test the LSND results. 
<E>~700 MeV and L~500 m. It found an excess of 
events at low energy.
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MiniBooNE reports a 
low-E excess which has 
increased in significance 

over time (3.6σ -> 4.7σ -
> 4.8σ).

3

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)
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Muon neutrino disappearance studies have reported no 
hints but only strong bounds: IceCube (possible hint?), 
CDHS, MiniBooNE, SK, DeepCore, NOvA, MINOS/
MINOS+.

48

Muon neutrino disappearance channel 

A. Dentler et al., 1803.10661

IceCube Coll., PRL 2020
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Very short baseline experiments
Reactor anomaly: A deficit of electron antineutrino events. 
Experiments with very short baselines have been designed 
to test these anomalies in controlled conditions.

Neutrino4 Coll., 2005.05301
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1911.10140
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Figure 1. Isocontours of ��2 = 6.18 (left) and 11.83 (right) for reactor experiments and the
solar constraint, corresponding to 2, 3� levels under Wilks’ theorem, respectively. The grey
regions correspond to the combined analysis and the red star is the best-fit point of all data
combined.

the presence of sterile neutrinos from these data, it is essential to study the distribution
of the test statistic numerically.

Next, let us discuss the di↵erences in the allowed confidence regions obtained in
the sin2 2✓-�m2 plane. Figure 1 shows the contours for constant ��2 = 6.18 and 11.83
for the various reactor experiments individually (as well as their combination) together
with the constraint from solar neutrinos (see below), where

��2(sin2 2✓,�m2) = �2(sin2 2✓,�m2)� �2
min . (2.4)

If Wilks’ theorem were valid, then these contours would correspond to 95.45% and
99.73% confidence regions, respectively. However, since Wilks’ theorem cannot be
applied here, the confidence regions should be determined from simulation, according
to the Feldman-Cousins (FC) prescription [52] as follows. For a given pair of assumed
true values of sin2 2✓ and �m2, MC simulations of statistical fluctuations in the data

– 8 –

J. Berryman et al., 2111.12530

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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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.
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Figure 1. Isocontours of ��2 = 6.18 (left) and 11.83 (right) for reactor experiments and the
solar constraint, corresponding to 2, 3� levels under Wilks’ theorem, respectively. The grey
regions correspond to the combined analysis and the red star is the best-fit point of all data
combined.

the presence of sterile neutrinos from these data, it is essential to study the distribution
of the test statistic numerically.

Next, let us discuss the di↵erences in the allowed confidence regions obtained in
the sin2 2✓-�m2 plane. Figure 1 shows the contours for constant ��2 = 6.18 and 11.83
for the various reactor experiments individually (as well as their combination) together
with the constraint from solar neutrinos (see below), where

��2(sin2 2✓,�m2) = �2(sin2 2✓,�m2)� �2
min . (2.4)

If Wilks’ theorem were valid, then these contours would correspond to 95.45% and
99.73% confidence regions, respectively. However, since Wilks’ theorem cannot be
applied here, the confidence regions should be determined from simulation, according
to the Feldman-Cousins (FC) prescription [52] as follows. For a given pair of assumed
true values of sin2 2✓ and �m2, MC simulations of statistical fluctuations in the data

– 8 –



50
BEST, 2201.07364
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �2 construction

– 15 –

J. Berryman et al., 2111.12530

19

FIG. 8. Top: the measured K+L peak rates of the inner tar-
get volume. Middle-top: the production rates of the inner
target volume normalized to the reference time. The com-
bined results for events in the L and K peaks are shown sepa-
rately and compared to the predicted rate. Middle-bottom:
the measured K+L peak rates of the outer target volume.
Bottom: the production rates of the outer target volume
normalized to the reference time. The combined results for
events in the L and K peaks are shown separately and com-
pared to the predicted rate. The blue (red) region represents
the predicted (measured) production rate. The dotted lines
enclose the ±1� uncertainty regions.

uncertainties, they can be added in quadrature as
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FIG. 9. Allowed regions for two BEST results. The best-
fit point is sin22✓ = 0.42+0.15
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�2.3 eV2 and is

indicated by a point.

FIG. 10. Allowed regions for two GALLEX, two SAGE and
two BEST results. The best-fit point is sin22✓ = 0.34+0.14

�0.09,
�m2 = 1.25+1

�0.25 eV2 and is indicated by a point.

�i =
q

�

2
i,others + (0.032⇥Ri)2 , (23)

and the combined result R0 is obtained by the sum
R0 =

P
i(wi · Ri), where wi = (�0/�i)2 and �0 =

1/
pP

i(1/�
2
i ). The result is given as R0 ± �0 = 0.81 ±

0.03. The total uncertainty is 4.0%.
If we consider the correlation between systematic un-

certainties, the average value of R0,Cr is obtained first,
and then combined with the SAGE-Ar experiment after-
ward. The uncertainty from the cross section evaluation
is the only significant contribution to the correlated un-

There are anomalies in the 
electron neutrino sector. A 
coherent picture has not yet 
emerged.

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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E ∼ 0.7MeV

⟨L⟩GALLEX = 1.9m
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∼ 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]
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Frekers et 
al., PLB 706 
2011. See also 
SAGE 2006, 
2009; Laveder et 
al., NPPS 2007, 
MPLA 2007, PRD 
2008, PRC 2011, 
PRD 2012.

Gallium anomaly: 



Appearance experiments require mixing both with 
electron neutrinos and muon neutrinos: Tension.

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

41L

4E

@Silvia Pascoli51

Explained by oscillation disappearance:

P (⌫↵ ! ⌫�) = 4|U↵4|2|U�4|2 sin2
�m2

41L

4E

Gariazzo et al., in preparation, TAUP 2021, 
See also Gariazzo et al., JHEP 1706 (2017)

My take: The situation is still 
rather uncertain. Possibly the 
appearance results are not 
due to oscillations??? Major 
implications for cosmology.
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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: 
muon nu scattering

https://www.bo.infn.it/gruppo2/sbn-it/

Accelerator neutrino experiments should provide the 
definitive answer and can check both the appearance 
and disappearance channels.
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M. Ross-Lonergan’s talk at Fermilab, 04/10/2021

First results from MicroBooNE.
- - Is the MiniBooNE LEE is due to SM photons?
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M. Ross-Lonergan’s talk at Fermilab, 04/10/2021

MicroBooNE Coll., 2110.00409

My take: 
Most likely 
not.

First results from MicroBooNE.
- Is the MiniBooNE LEE is due to SM photons?
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MicroBooNE Coll., 2110.00409

My take: 
Most likely not.

- Is the MiniBooNE LEE is due to electrons?

Electrons would come 
from nu_e scattering, and 
would signal neutrino 
oscillations.

My take: Most likely not.

First results from MicroBooNE.
- Is the MiniBooNE LEE is due to SM photons?
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My interpretation:
- MB LEE is not due to SM Delta photons.
- MicroBooNE results also strongly disfavour a 

neutrino oscillation explanation. This is 
compatible with the BEST and other electron 
neutrino disappearance anomalies.

Then, what is the 
MiniBooNE LEE 

due to?
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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



@Silvia Pascoli58

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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P. Ballett, S. Pascoli, M. Ross-Lonergan, PRD 99 (2019)
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It builds on a decay explanation of 
MiniBooNE by S. Gnineko, PRL 103 

(2009). A similar analysis appeared at 
the same time but with light Z’ by E. 

Bertuzzo et al., PRL 121 (2018).
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FIG. 2. MiniBooNE low energy excess and our model prediction in BP-B for ⌫µ upscattering into N5 ! N4e
+e� (blue) and

N6 ! N4e
+e� (pink) in BP-B. The incoherent (filled) and coherent (hashed) scattering contributions are shown separately.

energies. This leads to good agreement with the 4 to
14 m vertex-shower separation observed, given the typi-
cal N5 energies of 50 GeV. A naive scaling of the cross
sections shows that the normalization is compatible with
the rate at MiniBooNE and PS-191.

IV. DISCUSSION AND CONCLUSIONS

Let us remark that our BPs satisfy all existing experi-
mental constraints, including decay-in-flight bounds from
PS-191 [96, 105]. Searches for peaks in the muon spec-
trum in ⇡+/K+ ! µ+Nj [106, 107] are also satisfied due
to strong vetoes against visible energy in the detector,
as discussed in Ref. [32]. Intriguingly, the latest results
from K+ ! e+Nj searches at NA62 [108] indicate an
excess at mN = 346 MeV, with |Uej |2 ' 1.5 ⇥ 10

�9 at
2.2� (3.6�) global (local) significance. Our model can ac-
commodate this hint by identifying N5 with the required
HNL and switching on the mixing with the electron neu-
trinos. To take into account the visible decays of our
HNL, the required |Uej |2 is enhanced by a factor ⇠ 2 for
⇠ 5 ns lifetimes, as quoted by the experiment. For our
BPs, we also expect to see an excesses in the muon sector,
depending on the K+ ! µ+Nj efficiency at NA62.

There is some freedom in the choice of the HNL pa-
rameters while keeping the same key phenomenological
features, e.g. HNL decay length and Z 0 branching ratios.
For the dark photon parameters, the situation is more
constrained. For instance, lower values of mZ0 , such as
1 GeV with "2

= 3 ⇥ 10

�4 are possible, and decrease
the required ↵D|V3j |2 couplings to explain MiniBooNE,
PS-191, and BaBar by a factor of (1.25)

4 ⇠ 2.5. Going
much below mZ0

= 1 GeV leads to more forward angular
distribution at MiniBooNE and introduces tension with
neutrino-electron scattering constraints [90]. A survey
of existing bounds and additional BPs are provided in
Appendices B and A.

We also want to highlight the left-right symmetry in

BP-A, as in that case the lightest HNL ⌫4 has vanishing
interactions with the Z 0, except for the |V45|2 vertex. In-
cidentally, N4 could lie at the keV scale, and may be a
candidate for non-thermal dark matter [109].

Direct searches for our MiniBooNE explanation can
be performed at the Short-Baseline Neutrino program at
FNAL [110, 111], which comprises three Liquid Argon
detectors: SBND, µBooNE, and ICARUS. Specifically,
for BP-(A,B) we predict that µBooNE [112] would see a
total number of ⇠ 760 neutrino upscattering events into
N5 and (0, 2800) events into N6, before any efficiencies
and for a total NPOT = 13.6 ⇥ 10

20. While the former
would contain a single e+e� pair, the latter events would
constitute double vertex events with & 10 cm separa-
tion. Around 60% of the total number of events are due
to coherent scattering, and leave no visible proton tracks.
Dedicated studies of the e+e� invariant mass, as well as
searches for the double-vertex events would help discrim-
inate our hypothesis from other dilepton MiniBooNE ex-
planations. Other direct searches can be performed at
the NA62 kaon facility [113]. The decays of 75 GeV/c
kaons to K+ ! `+↵Ni followed by Nj ! Nke

+e� would
constitute a background-free signature, similar to the one
proposed in Ref. [32]. The new physics events would ap-
pear as a displaced e+e� vertex with peaked kinematics,
where (pK � p`)

2
= m2

j , (pK � p` � pee)
2

= m2
k, and

p2
ee = (pe� +pe+)

2  (mj �mk)
2. The production rate is

controlled by |Uµj |2, where for BP-(A,B) we predict a to-
tal K+ ! µ+

(N6 ! N5e
+e�) event rate of (1970, 2980)

for NK = 2.14 ⇥ 10

11 fiducial kaon decays and an overall
4% acceptance [114, 115].

The dark photon can be searched for in the ISR events
at BaBar, Belle-II [73, 116], and BESIII [117] by re-
laxing the vetoes on additional e+e� pairs in the de-
tector. The large value of "2 required for the �aµ ex-
planation yields several hundred events at BaBar. Di-
rect NjNk pair production, as well as Higgstrahlung
e+e� ! '0Z 0, would also appear as multiple displaced
e+e� vertices at B-factories, and in the fixed-target ex-

In a dark sector extension 
of the SM (U(1)’ with 
associated dark photon 
and 3 heavy neutrinos (for 
anomaly cancellation) the 
decay HNL decays to ee 
can be very fast explaining 
the data.
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top
right), and |U⌧N |2 (bottom) are presented combining results for channels with good detection
prospects. The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed),
assuming no background. The region excluded by experimental constraints (brown) is obtained by
combining the results from PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],
DELPHI [60], and T2K [73]. The sensitivity for DUNE ND (black) is compared to the predictions
of future experiments, SBN [74] (blue), SHiP [110] (red), and NA62 [106] (green). The shaded
areas corresponds to possible neutrino mass models considered in this article: the simulations of
the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying in
the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

sufficient precision. The neutrino spectrum component coming from the D
s

meson allows
for weaker sensitivity to masses above the neutral kaon mass. We conducted the sensitivity
study for both scenarios, in which either a Majorana or a Dirac neutrino is the decaying
particle.

To appreciate the ND performance, we make a comparison with results of previous ex-
periments, in particular PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],

– 32 –

Bounds change if additional 
interactions are allowed, e.g. 
dark forces (HNL can decay 
invisibly or semivisibly).

Ballett, Boschi, SP, 1905.00284
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There is a longstanding discrepancy between the 
measured value of    and the theoretical prediction, at 
3.8 sigma.

2

dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �

(L eH)Y ⌫̂c

N + ⌫̂NYL⌫̂c
DL

�

+ ⌫̂NYR⌫̂DR�

⇤
+

1

2

⌫̂NMN ⌫̂c
N + ⌫̂DLMX ⌫̂DR + h.c.

#
,

⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘

�
⌫̂c

↵ ⌫̂c
N ⌫̂c

DL
⌫̂DR

�T , the mass matrix reads

L⌫�mass

=

1

2

⌫̂c
f

0

BB@

0 MD 0 0

MT
D MN ⇤L ⇤R

0 ⇤

T
L 0 MX

0 ⇤

T
R MT

X 0

1

CCA ⌫̂f + h.c. , (2)

check the Twhere MD = Y vH/
p

2 and ⇤L,R =

YL,R v�/
p

2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
e" Jµ

EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].

Revisiting the Dark Photon Explanation of the Muon Anomalous Magnetic Moment

Gopolang Mohlabeng⇤

Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

A massive U(1)0 gauge boson known as a “dark photon” or A0, has long been proposed as a
potential explanation for the discrepancy observed between the experimental measurement and the-
oretical determination of the anomalous magnetic moment of the muon (gµ � 2) anomaly. Recently,
experimental results have excluded this possibility for a dark photon exhibiting exclusively visible or
invisible decays. In this work, we revisit this idea and consider a model where A0 couples inelastically
to dark matter and an excited dark sector state, leading to a more exotic decay topology we refer
to as a semi-visible decay. We show that for large mass splittings between the dark sector states
this decay mode is enhanced, weakening the previous invisibly decaying dark photon bounds. As a
consequence, A0 resolves the gµ�2 anomaly in a region of parameter space the thermal dark matter
component of the Universe is readily explained. Interestingly, it is possible that the semi-visible
events we discuss may have been vetoed by experiments searching for invisible dark photon decays.
A re-analysis of the data and future searches may be crucial in uncovering this exotic decay mode
or closing the window on the dark photon explanation of the gµ � 2 anomaly.

INTRODUCTION

The anomalous magnetic moment of the muon a
µ

⌘
(g

µ

�2)/2 remains to this day one of the few outstanding
problems in particle physics. A di↵erence between theory
and experiment of

�a
µ

⌘ aexp
µ

� ath
µ

= (274 ± 73) ⇥ 10�11, (1)

has resulted in a ⇠ 3.7� discrepancy [1, 2] which is
yet to be understood. While impressive agreement has
existed between the Standard Model (SM) prediction
and measurements on the electron’s anomalous magnetic
moment a

e

[3], a recent improvement in the determina-
tion of the fine structure constant ↵ from atomic Cesium
measurements [4] has pushed the discrepancy in �a

e

from ⇠ 1.7� to ⇠ 2.4� with opposite sign to that of the
muon [5–7] 1.

Crucially, in the case of the muon, important progress
from both experiment and theory lies in the near future.
The upcoming Fermilab E989 [11] and J-PARC E34 [12]
experiments will attempt to lower the uncertainty of the
BNL E821 result by a factor of ⇠4. In parallel, progress
on the SM theory side is expected to lower the corre-
sponding theoretical uncertainties [13–15]. Finally, it is
now well known that leptonic moments can be exquisite
probes of beyond the SM (BSM) physics [16]. In this
Letter, we revisit the “dark photon” - a light U(1) vec-
tor boson explanation of the g

µ

� 2 anomaly [8, 9] and

⇤
email:gmohlabeng@bnl.gov

1
We note here that the contribution of the dark photon to lep-

ton magnetic moments is positive [8, 9]. Therefore it cannot

simultaneously explain the negative ge � 2 and positive gµ � 2

anomalies outlined above. For a possible model which allows an

explanation for both anomalies we refer the reader to Ref. [10]

outline a way to test it in the near future. Dark pho-
ton phenomenology has been studied quite extensively in
the literature and constraints from various experimental
programs have been placed on its mass and coupling (✏)
to the SM. Searches for dark photons that can explain
g
µ

� 2 have looked for resonant production and decay of
these. Therefore, one must make an assumption on the
decay modes;

• Visible decays: There has been tremendous inter-
est over the last decade, and two kinds of searches
have been pursued. The first possibility to be stud-
ied was visible decays of the new U(1) boson into
SM leptons. This possibility has been decisively ex-
cluded in the recent past by a host of experiments
[17–22]. The last window for a dark photon expla-
nation was closed by the NA48 experiment via rare
⌘ ! �A0 decays [21].

• Invisible decays: The dark photon could instead de-
cay into invisible states, such as Dark Matter (DM).
Such a possibility is particularly intriguing, as these
models can readily explain the DM’s observed relic
abundance through freeze-out [23, 24]. Here, typ-
ical searches for the dark photon look for missing
energy or missing mass. The last window for a dark
photon explanation to g

µ

� 2 was closed in 2017 by
the NA64 [25], and BABAR [26] experiments.

Here we examine a third possibility, namely the scenario
where there exist dark sector states charged under some
dark symmetry. If the symmetry is spontaneously bro-
ken, these states could have both dark symmetry preserv-
ing and breaking mass terms. In the limit that the sym-
metry breaking mass term is smaller than the preserving
term, the dark sector states could exhibit o↵-diagonal in-

ar
X

iv
:1

90
2.

05
07

5v
2 

 [h
ep

-p
h]

  7
 Ju

n 
20

19

P. Fayet, PRD75 (2007), M. Pospelov, PRD80 (2009)
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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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If this is true, what 
does it imply?

G. de Jode, 1593
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The dark or hidden sector indicate extensions of the SM 
that are below the electroweak scale.

SM Hidden  
sector, DM?

FIPs report, 2102.12143

Neutrinos and Dark sectors?

The dark sector 
interacts with SM 

via so-called  
portals:

Neutrinos as a window to Dark sectors???



The neutrino portal

63

The dark sector can interact with SM via an sterile 
neutrino NR, being neutral, which couples to both:

neutrino portal

L̄ ·HNR (+...NRNS)
<latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit>

SM NR
Hidden  
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>

After EW and U(1)’ breaking, the active, sterile and dark 
neutrinos mix. Neutrinos can interact with the new 

sector (including DM). Neutrino experiments can play a 
key role in its exploration. Major implications for 

cosmology.



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) 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 neutr inos point ing towards a new 
understanding of particles:  dark sector?64

Conclusions


