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The conferences
As with all conferences this summer, they were virtual
Large differences however on their organizations/interactions however

Neutrino 2020 (22/06 – 02/07)
plenary + VR posters
no replays
800→ 4k participants
lots of interaction over slack
moderators asked questions

image from CERN Courrier website

ICHEP 2020 (28/07 – 06/08)
plenary + parallel + ‘short talk’ posters
scheduled replays
3k participants
mattermost not very active
questions ‘mode’ depended on track

ICHEP slides in red boxes ,
Neutrino slides in black boxes

I Boxes have links to indico
I For Neutrino talks: video or slides
I For ICHEP talks: only slides
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https://conferences.fnal.gov/nu2020/
http://ichep2020.org/


The Standard Model and Neutrinos

ν properties:

charge = 0

spin = 1/2

only interact weakly
I in SM: νL, but no νR

mass = 0 in SM
I From oscillations, mν > 0
I mν � mu,d,e

3 families:
flavor: νe, νµ, ντ
mass: ν1, ν2, ν3
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Absolute Neutrino Mass: Direct Measurement – KATRIN
3H → 3He + e− + ν̄e

I Measure e− energy close to end-point
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https://indico.fnal.gov/event/43209/timetable/#212-katrin-first-results-and-f


Absolute Neutrino Mass: Direct Measurement – KATRIN

mνe < 1.1 eV (90% CL) – run 1 (stats limited)
2× more events to be unblinded soon; started run 3 with improved detector
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Absolute Neutrino Mass: Cosmology limits
ν play a role in structure formation in the universe

I some model dependency in results
F or we are really getting cosmology wrong. . . and getting good fits while at it

I Measures
∑

mν and Neff
ν

Current limits:
∑

mν < 100 – 252 meV [arXiv:2007.08991]
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https://indico.cern.ch/event/868940/contributions/3905690/
https://indico.fnal.gov/event/43209/timetable/#202-cosmological-probes-of-sta
https://indico.cern.ch/event/868940/contributions/3905690/


Detecting neutrinos

We cannot detect the ν ‘flow’→ detect only neutrinos that interact

νl l

N N’

W

What we can (potentially) measure:
I charge of lepton→ ν vs ν̄
I flavor of lepton→ distinguish between νe, νµ, ντ
I direction of l or l+N’→ neutrino direction
I momentum of l or l+N’→ energy of neutrino
I position of interaction
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Neutrino Charged Current Interaction with matter

νl l

N N’

Quasi-Elastic (QE)

W

νl l

N N’
π

Resonant (RES)

∆

νl l

N

Deep Inelastic (DIS)

hadrons

data from νµ CC cross section (per nucleon)
low interaction probability→ large target mass and neutrino flux
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Neutrino Detectors – examples
non exaustive list of types. . .

NOνA SK
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Neutrino Detectors – examples
non exaustive list of types. . .

NOνA
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However interactions don’t happen on free nuclei. . .
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https://indico.cern.ch/event/868940/contributions/3817078/


However interactions don’t happen on free nuclei. . .

Extensive work from many collaborations to measure cross-section & tune models
I A few experiments dedicated to this purpose!

Different atoms, energies, . . .
Still remains an important systematic to be taken into account!
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https://indico.cern.ch/event/868940/contributions/3817078/
https://indico.fnal.gov/event/43209/timetable/#197-the-neutrinos-view-of-the


Neutrino Oscillation (in vacuum) – overview

νe

ν propagation ν detectionν production

ν1
ν2

|νe〉 =
∑

j U∗ej |νj〉 |νj〉 → e−iEj t |νj〉

37Ar
νe

e−

|νj〉 =
∑
α Uαj |να〉

37Cl

e+

2
1H

2
2He

· · ·

P(νe → νe, t) = ||〈νe|νe, t〉||2

For oscillations to happen {|να〉} and {|νj〉} different
J. P. A. M. de André Status Neutrino 2020 October 12th 2020 14 / 40



Neutrino Oscillations – simplest case
2 flavor case, vacuum

2 ν interaction flavours (νe and νµ)
mass eigenstates {|νj〉} = {|ν1〉 , |ν2〉} 6= {|να〉} flavour eigenstates
mixing matrix U: |να〉 =

∑
j U∗αj |νj〉 with UU† = 1 (ie, U rotation matrix)

U =

(
cos θ sin θ
− sin θ cos θ

)
Propagate through space time as plane waves in mass state:

|νe, t〉 =
∑

j

U∗eje
−iEj t |νj〉 = cos θe−iE1t |ν1〉+ sin θe−iE2t |ν2〉

P(νe → νe, t) = ||〈νe|νe, t〉||2 = 1− sin2(2θ) sin2[(E2 − E1)t/2]

Given mi small: Ei =
√

m2
i + p2 ≈ p + 1

2
m2

i
p and t ≈ L, therefore (E2−E1)t ≈ 1

2
m2

2−m2
1

p L ≈ ∆m2L
2E

⇒ P(νe → νe,L) = 1− sin2(2θ) sin2 (∆m2 L
4E

)
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Neutrino Oscillations
3 flavor case, vacuum

P(να → νβ) =
∑
j,k

UβjU∗αjU
∗
βkUαke−i∆m2

jk
L

2p , ∆m2
jk = m2

j −m2
k

3 known ν interaction flavours : νe, νµ and ντ ⇒ matrix U is 3× 3

U =

“atmospheric sector”︷ ︸︸ ︷ 1 0 0
0 c23 s23
0 −s23 c23

×
“reactor sector”︷ ︸︸ ︷ c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

×
“solar sector”︷ ︸︸ ︷ c12 s12 0
−s12 c12 0

0 0 1


sij = sin θij , cij = cos θij

θ23, θ13, θ12: ν mixing angles

∆m2
32, ∆m2

21: ν mass splitting
I Note: ∆m2

31 = m2
3 −m2

1 = ∆m2
32 + ∆m2

21

δCP : leptonic CP violation phase→ different oscillations for ν and ν̄
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Neutrino Oscillations: Experimental Overview
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Neutrino Oscillations Matter Effects
In vaccum Hamiltonian H0 is

H0 =
1

2E
U diag(m2

1,m
2
2,m

2
3) U†

In matter, Hamiltonian Hm = H0 + Hint , with Hint describing interaction ν – matter
I ν – u and ν – d not interesting as Hu

int ∝ 1 and Hd
int ∝ 1

I ν – e interesting: He
int = diag(V W ,0,0) + V Z1, with V W = ±

√
2GF Ne

F Ne: electron density in medium F + sign for ν and − sign for ν̄

For 2-flavor osc.: θ → θm related to matter mass-eigenstates |νm
i 〉

tan 2θm =
tan 2θ

1∓ Ne/N r
e

; ∆m2
m = ∆m2 cos 2θ

√(
1∓ Ne

N r
e

)2

+ tan2 2θ ; N r
e =

∆m2 cos 2θ
2E
√

2GF

Resonance condition for specific densities if ν and ∆m2 > 0 (or ν̄ and ∆m2 < 0)
Large matter effects in Solar (∆m2

21) & Atmospheric (∆m2
32) ν

As δCP , produce ν – ν̄ asymmetry (size of effect depends on L)
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Neutrino Mass Ordering

Sign of ∆m2
21 determined thanks to

matter effects in sun

Sign of ∆m2
32 yet unknown

This means ν1 (mostly νe) might not be
lightest ν!

I ‘Inverted’ ordering→ IO

NB: You might see ‘hierarchy’ rather
than ‘ordering’ (NO→NH; IO→IH)

Normal (NO) Inverted (IO)
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Updates to solar neutrinos from SK
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https://indico.fnal.gov/event/43209/timetable/#217-recent-results-and-future
https://indico.fnal.gov/event/43209/timetable/#217-recent-results-and-future


Updates to T2K results
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https://indico.fnal.gov/event/43209/timetable/#184-latest-neutrino-oscillatio


Updates to NOνA results
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https://indico.fnal.gov/event/43209/timetable/#194-new-oscillation-results-fr


T2K vs NOνA

T2K sees large νµ → νe vs ν̄µ → ν̄e asymmetry, NOνA doesn’t
However, to complicate things: different baselines⇒ different matter effects
Better agreement between exps for IO, but both prefer NO themselves. . .
T2K and NOνA working on joint analysis
T2K and NOνA are still running. . . (with improvements to come)
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Future Neutrino Oscillations Experiments

Determine the ordering
JUNO: reactor neutrinos
ORCA: atmospheric neutrinos

Poster #480

Determine δCP

HK and DUNE: accelerator neutrinos

Further on the future ESSνSB, THEIA,
T2HK, . . .
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https://nusoft.fnal.gov/nova/nu2020postersession/pdf/posterPDF-480.pdf
https://indico.fnal.gov/event/43209/timetable/#196-hyper-kamiokande


Light Sterile Neutrinos
LSND
Reactor

MiniBooNE

Gallium
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https://indico.fnal.gov/event/43209/timetable/#207-sterile-neutrino-global-pi
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Why ‘sterile’ neutrinos?

LEP measured width of Z 0 boson
I only 3 ν with mν < 45 GeV
I from SM symmetries, and small mν

⇒ only 3 families of particles

However, if ν4 needed
I it doesn’t interact in the SM!
I ‘doesn’t interact’→ ‘sterile’
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Light Sterile Neutrinos – tensions
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https://indico.fnal.gov/event/43209/timetable/#207-sterile-neutrino-global-pi


Light Sterile Neutrinos: Very Short Baseline Reactor

PROSPECT, STEREO, DANSS exclude
reactor anomaly best fit (RAA)

Neutrino 4, rejects RAA, but claims
discovery of ∆m2 = 7 eV2 oscillation

I assumes Wilks theorem valid. . .
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Light Sterile Neutrinos – Neutrino 4 claim
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https://indico.fnal.gov/event/43209/timetable/#232-observation-of-sterile-ant


Light Sterile Neutrinos – on-going work for other anomalies

SBND: under construction
µBooNE: taking data, unblinding soon
ICARUS: starting commissioning
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https://indico.fnal.gov/event/43209/timetable/#175-icarus-and-the-fermilab-sh
https://indico.fnal.gov/event/43209/timetable/#208-jsns2-experiment
https://indico.fnal.gov/event/43209/timetable/#198-searches-for-new-physics-w
https://indico.fnal.gov/event/43209/timetable/#188-sage-and-best


Testing SM – coherent scattering
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https://indico.fnal.gov/event/43209/timetable/#218-results-from-coherent


Testing SM – coherent scattering
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Solar Neutrinos – understanding the sun
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https://indico.fnal.gov/event/43209/timetable/#225-first-detection-of-solar-n


Quest for CNO neutrinos
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Solar Neutrinos – first measurement of CNO neutrinos!

J. P. A. M. de André Status Neutrino 2020 October 12th 2020 37 / 40

https://indico.fnal.gov/event/43209/timetable/#225-first-detection-of-solar-n


Pre-SN ν
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https://indico.fnal.gov/event/43209/timetable/#199-pre-supernova-neutrinos
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HE ν: ντ & glashow resonance candidate events

M. Santander - Recent results in high-energy neutrino astrophysics with IceCube — Neutrino 2020

2 The Neutrino as a Messenger Particle

longer be neglected with respect to its mass, this leads to a suppression
of the cross section and disperses the di↵erence between neutrinos and
antineutrinos [56].

Figure 2.5 also shows the cross section for the scattering of electron
antineutrinos with electrons. As first pointed out by Glashow, this
process has a resonance when the center-of-mass energy of the system
reaches the mass of the mediating boson [57]. For electrons at rest
and the mass of the W± boson mW = 80.4 GeV, the Glashow reso-
nance occurs at a neutrino energy of 6.3 ⇥ 1015 eV. As can be seen
from the figure, the interaction probability for electron antineutrinos
is dramatically enhanced at this energy.
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⌫̄e + e�

⌫ + N

⌫̄ + N

Figure 2.5 — Neutrino Cross Sections at High Energies. Cross section �
for charged-current (blue) and neutral-current (orange) neutrino-nucleon
scattering of neutrinos with energy E. The cross section for the scat-
tering of electron antineutrinos with electrons is shown in purple, this
process is dominant around the so-called Glashow resonance at 6.3 PeV.
Reproduced from [58].

12

Partially-contained cascades

8

L. Mohrmann
e

⌫e

W�

q

q⌫̄e

e� Hadronic cascade

MuonsMesonsE =
M2

W

2me
= 6.3 PeV

New analysis with increased sensitivity to 
multi-PeV hadronic cascades

First Glashow candidate event ~6 PeV

Paper coming soon
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And much more. . .
Neutrinoless 2β decay – ν Majorana particles?
Short Baseline Reactor neutrino oscillations
Atmospheric neutrino oscillations
keV sterile neutrino searches
BSM theory
Neutrinos for non-proliferation
Diffuse SN ν background
ν Dark Matter or searches for Dark Matter with ν
Multi messenger astronomy
. . .

Improvements in facilities
For several areas I didn’t show all people working on them. . .
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Backup slides
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Light Sterile Neutrinos – Neutrino 4 claim
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