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Introduction

Neutrino 2020: The XXIX International Conference on Neutrino
Physics and Astrophysics,
Fermilab conference entirely online, Zoom webinar
On Monday through Thursday from June 22 - July 2, 2020
All sessions plenary
Communication on Slack
Virtual poster sessions
3469 unique visitors attented the talks

Also: results from recent ( end of July 2020 ) combined analysis of
oscillation data (with included results from Neutrino 2020)
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Sessions

List of sessions
Direct Neutrino Mass Measurements
Neutrino Interactions
Solar Neutrinos
Theory of neutrino mass, mixing, leptogenesis, and BSM
Neutrino Cosmology
Reactor and Geo Neutrinos
Long baseline experiments and beams
Probing the universe: neutrino astronomy
Neutrinoless double beta decay and underground facilities
Accelerator sterile neutrino searches
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Sessions

(Not complete) list of challenging problems
Determination of the neutrino mass scale
KATRIN: mν < 1.1 eV (90%C.L.)
Determination of mass hierarchy (ordering)
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(NOvA+T2K, JUNO, PINGU, ORCA, DUNE)
Quest to find CP violation in the leptonic sector
(T2K, NOvA, DUNE, T2HK)
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Sessions

(Not complete) list of challenging problems
Are there sterile neutrinos ?
(Reactor experiments, accelerator experiments, KATRIN,
IceCube, cosmology . . . )
Dirac or Majorana ?
Neutrinoless double beta decay experiments.
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Sessions

New important results
Neutrino Interactions
Great progress in understanding how neutrinos interact with
matter (T2K, Minerva, NOvA, MicroBooNE . . . )
Solar Neutrinos
Borexino: First observation of neutrinos from CNO cycle
Theory of neutrino mass, mixing, leptogenesis, and BSM
Neutrino Cosmology
Probing the universe: neutrino astronomy
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Solar neutrinos
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Solar neutrinos

Borexino observes solar neutrinos from CNO cycle

pp chain, > 99% of the energy in the Sun

CNO cycle, remaining
1% of the energy ?
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Borexino observes solar neutrinos from CNO cycle
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Borexino observes solar neutrinos from CNO cycle
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Borexino observes solar neutrinos from CNO cycle
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Borexino observes solar neutrinos from CNO cycle

Two sources of 210Po:
210PoS from 210Pb in the liquid
scintillator
210PoV from 210Pb on the
inner surfaces of the vessel

210PoV may detach and move into
the scintillator (diffusion or
convective currents)
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Borexino observes solar neutrinos from CNO cycle
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Borexino observes solar neutrinos from CNO cycle
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Borexino observes solar neutrinos from CNO cycle

210Bi upper limit from 210Po data

LPoF (Low Polonium Field):
region with minimum 210Po
rate
R(210Pomin) =
R(210Bi) + R(210PoV )

LPOF – black grid, FV – white grid
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Borexino observes solar neutrinos from CNO cycle

TFC = Three-Fold Coincidence (µ, n and β+) to reduce background from 11C isotope.
11C from muon-initiated spallation on 12C.
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Borexino observes solar neutrinos from CNO cycle

Results

The CNO solar neutrino rate:
7.2+3.0
−1.7 counts per day (cpd)/100 tons, 60% C.L.

Corresponding flux of ν on Earth:
7.0+3.0
−2.0 × 108 cm−2s−1

Absence of CNO signal disfavoured at 5.0σ
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Neutrino oscillations (3ν and 4ν)

K.Grzelak 18 / 56



Neutrino oscillations

Probability of να → να disappearance in
model with two neutrinos

Pνα→να = 1− sin2 2θ sin2
(

∆m2L
4E

)
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Neutrino oscillation matrix in the three-flavour model

|νj〉 =
∑

α=e,µ,τ

Uαj |να〉.

U =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 .

|Uαj |2 describe the neutrino flavour-α fraction of νj
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Neutrino oscillation matrix

Extended oscillation matrix:

U =


Ue1 Ue2 Ue3 Ue4 . . .
Uµ1 Uµ2 Uµ3 Uµ4 . . .
Uτ1 Uτ2 Uτ3 Uτ4 . . .
Us1 Us2 Us3 Us4 . . .

...
...

...
...

. . .

 .

Active-sterile mixing must be small:

|Uαi |2 � 1 (α = e, µ, τ ; i = 4, . . . ,N).
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Mixing angles in 3+1 model

Mixing matrix U can be parameterized by the mixing
angles θ34, θ24, θ14, phases δ2 and δ3 in addition to θ23,
θ13 and θ12 and δ1,

|Ue4|2 = sin2 θ14,

|Uµ4|2 = cos2 θ14 sin
2 θ24,

|Uτ4|2 = cos2 θ14 cos
2 θ24 sin

2 θ34.

For small angles |Ue4|2 = sin2 θ14, |Uµ4|2 ' sin2 θ24 and
|Uτ4|2 = sin2 θ34.
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Potential of neutrino experiments to study U

type of measurement sensitive to
νe or νe disappearance |Uei |
νµ or νµ disappearance |Uµi |
να → νβ appearance |Uαi | and |Uβi |
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Long-baseline experiments, three-flavour
oscillations
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Long baseline experiments

Final 3ν oscillation results from MINOS/MINOS+

Pνµ→νµ ≈ 1−sin2 2θ23 sin2

(
∆m2

32L
4E

)
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Long baseline experiments

Final 3ν oscillation results from MINOS/MINOS+

Beam and atmospheric data

Combined analysis
(Similar constraints on ∆m2

32 from Daya
Bay !)
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Long baseline experiments

Mass ordering (hierarchy) and CP violation

Study of P(νµ → νe) vs P(νµ → νe)

Before Neutrino 2020: hints for normal
neutrino ordering and CP violation in
neutrino sector
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Long baseline experiments

Status of hints for normal neutrino ordering and CP violation
After Neutrino 2020
Results from global analysis including new data from T2K and NOvA:

1σ and 2σ allowed regions
NuFit 5.0
http://www.nu-fit.org/
arXiv:2007.14792

hints for normal neutrino mass
ordering decreased (currently
at 2.7σ)
CP conserving value δCP = π
within 0.6σ of the global fit
point.
With inverted mass ordering
CP violation is favoured at
∼ 3σ level.
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Reactor experiments
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Reactor antineutrino oscillations

P3ν
(νe→νe) ' 1− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)− cos4 θ13 sin2 2θ12 sin2 ∆21

= 1− sin2 2θ13 sin2 ∆ee − cos4 θ13 sin2 2θ12 sin2 ∆21 ∆ij =
1.27∆m2

ij L
Eν

Daya Bay, RENO,
Double Chooz
far detectors

Daya Bay, RENO, Double Chooz
near detectors

NEOS II JUNO TAO

Neutrino-4, 
PROSPECT,
STEREO,
DANSS

JUNO
KamLand

T.Lasserre
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Reactor experiments – Daya Bay
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Reactor experiments – Daya Bay

K.Grzelak 32 / 56



Reactor experiments – Daya Bay
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Future reactor experiment – JUNO
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Future reactor experiment – JUNO
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Future reactor experiment – JUNO
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Future reactor experiment – JUNO
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Future reactor experiment – JUNO
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Future reactor experiment – JUNO

K.Grzelak 39 / 56



Very short baseline reactor experiments – Motivation
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Very short baseline reactor experiments

PROSPECT - Oak Ridge, US, baseline 6.7-9.2 m
STEREO - Grenoble, France, baseline 9-11 m
Neutrino-4 - Dimitrovgrad, Russia, baseline 6-12 m
Future: NEOS-II (Korea, 23.7 m), JUNO-TAO (Korea, 30-35 m)
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Very short baseline reactor experiments

Flux measurements
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Very short baseline reactor experiments

Limits from STEREO and PROSPECT
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Very short baseline reactor experiment – Neutrino-4
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Very short baseline reactor experiment – Neutrino-4
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Accelerator experiments in sterile neutrino
searches
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Accelerator sterile neutrino searches - MiniBooNE

K.Grzelak 47 / 56



Accelerator sterile neutrino searches - MiniBooNE
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Accelerator sterile neutrino searches - MiniBooNE
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Accelerator sterile neutrino searches - MiniBooNE
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Accelerator sterile neutrino searches – tests of LSND
and MiniBooNE excess

MiniBooNE stopped data-taking
Waiting for results of MicroBooNE (LAr) tests of MiniBooNE low
energy excess (photon vs electron)
Fermilab Short Baseline Neutrino Program (SBN) (also JSNS2 in
J-PARC in Materials and Life Science).
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Accelerator sterile neutrino searches -
MINOS/MINOS+
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Accelerator sterile neutrino searches -
MINOS/MINOS+
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Accelerator sterile neutrino searches -
MINOS/MINOS+
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Accelerator sterile neutrino searches -
MINOS/MINOS+
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Summary

Neutrino 2020 virtual conference was a success
Many interesting new results
If you are interested in details: not only slides, but also video
recordings are available on the conference web page:
https://conferences.fnal.gov/nu2020/
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