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The “Standard Model”

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new particles discovered has led to the

Standard Model of Particle Physics.
The new (final?) “Periodic Table” of fundamental elements:

Neutrinos are leptons that do not
feel the strong force (no color) or
the electromagnetic force (no

Fermions Bosons

g I charge). They interact only weakly.
O 3 :
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- (left-handed) (right-handed)
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] o In the Standard Model they are

= ?| massless, move with the speed of

light and neutrinos are always left
handed (opposite for ant-neutrinos)




Neutrinos

* Neutrinos are fundamental particles
* Neutrino are ghostly particles

 Trillions (10%2) of neutrinos pass per
second through you for every second of
your Ilfel They come from the sSun FACT: about 65 million neutrinos pass

through your thumbnail every second.

* Neutrinos need a light year of lead a

R 100 trillion neutrinos pass through

(=10 km) be stopped with 50% chance = - .. " yourbodyeverysecona

* There are a billion neutrinos for each
atom in the Universe. There are ~3.108 | @
neutrinos per cubic meter- relic neutrinos'—

* Their sheer number must mean they are

important (sz
Neutrinos have a fixed chirality ->
left-handed right-han

An (American) billion = 10° = 1000000000 neutrino heutrino




Neutrinos

Neutrinos are still mysterious particles
« Have only (left handed) weak interactions
* Are mass-less in the (minimal) Standard Model
* Are the only neutral fermions in the SM
* Could be Majorana or Dirac fermions

* Neutrinos come from everywhere
— Solar neutrinos
— Atmospheric neutrinos
— Relic/supernova neutrinos
— Nuclear reactor created neutrinos
— Accelerator created neutrinos
— Geoneutrinos, radioactive decay, even from your body




Neutrinos are Ever

from Big Bang 300 nus / cm3
2 or mere v/c <<|

Supep;j}élgvae | Sun’ S'T’
w2 10°58 e |0"38 nu/se;;
> aya Bay

s 3.x 107A2] nu/sec =

Linickerided

Neéitrinos are Forever !!!
7[ ~ (except for the highest energy neutrino’s)

therefore in the Universe: 8&-’/ > 0




Neutrinos are know to us since 193-

If the process is A -> B + electron, the energy
B decay - of the electron should be at a fixed value.

€ .
///' This Is not the case! Energy-momentum not

W conserved in Beta-decays?
. \
ot A ol

ey

o

W. Pauli | st

-NEUTRINO- = =

“linvented a new Pgilicle, Pauli proposed instead the process:

which
Will never be

s pt e

Seen! “ y
...At least in (controversial) theory




Neutrinos are know to us since 19

Physikalisches Institut

der Eidg. Technischen Hochschule Zdrich, lj, Des. 1930
Zrich

Cloriastrasse
ILiebe Radiocaktive Damen und Herren,

Wie der Uebarbringer dieser Zeilen, den ich mmldvollst
ansuhBren bitte, Ihnen des nfheren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinmuierlichen beta-Spektrums auf oinen versweifelten iumweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
su retten. MNhimlich die Moglichkeit, es kbnnten elekiriech neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
m von derselben Oroesenordmng wie die Elektronermasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimiierliche
:m wire dann verstandlich unter der Amsahme, dass beim
bota-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Pauli did not believe energy-momentum conservation was violated

He proposed a desperate way out: a new ‘invisible’ particle
He called it the neutron.

L He also stayed away from the conference because of a ball in Zurich..




Neutrinos are know to us since 1934{

1934

Enrico Fermi, father of the world’s first
nuclear reactor, coined the term “neutrino”
which is Italian for “little neutral”

The name neutron had meanwhile been
claimed for the discovered nucleon partner
of the proton

He proposed a theory for Beta-decay
including the neutrino, a first formulation
of the weak force...

Funny enough his paper got refused by
Nature magazine
(criticism: nothing practical in this paper)




The Discovery of the Neutrin

4

It took 26 years to detect this particle.
Cowan and Reines put a detector
close to the reactor in South Carolina
T and observed the inverse beta decay
om & process (few events/hour)

<544 Reactors give 10! neutrinos/sec

»’
S

1956: discovery of the neutrino

The neutrino really exists!

] b
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The Discovery of the Neutrino .

This was however not the first idea
of Cowan and Reines.

They had originally proposed (and
got approved for) putting an
experiment close to an even more
Intense source of neutrinos nml
100m distance from an atomic blast!

They abandoned that idea when the
realized there were certain

‘practical problems’ for the
detector... (to survive)




The Discovery of the

1956: the first experimental evidence from project “Poltergeist”,
informing Wolfgang Pauli..
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More Neutrino Personalities .

1937: Ettore Majorana

He postulated that neutrinos could be their
own antiparticles. This special class of particles
came to bear his name: Majorana particles

Majorana disappeared in 1938 on a boat trip from Sicily

1957: Bruno Pontecorvo

He hypothesized that neutrinos may oscillate, or
change from one type to another and would go on to
develop that theory over the years as more flavors
were discovered.

He also predicted that supernovae, the giant explosion
of a dying star, would release an enormous amount

of energy in the form of neutrinos

Pontecorvo disappeared ... to the east block in 1950
m



Neutrinos in the 1960s

1962: Lederman, Schwartz and Steinberger
discovered the existence of second type of neutrino
at the AGS in Brookhaven: the muon neutrino

1968: Davis and Bahcall and the solar
neutrino problem. Only 1/3 of the
expected (electron) neutrino rate
was observed. What was wrong?




Neutrinos Iin the 1970s

o

Shower of
particles due to
bremstrahlung

1973: Discovery of the “neutral currents” as predicted from the
Electroweak Theory: neutrino + proton -> neutrino +X
A triumph for the emerging Standard Model




Neutrinos in the 1980s I

ll 1987: A supernova, a dying star, exploded in the

| Large Magellanic Cloud. Most of the energy is
released as neutrinos. The Kamiokande and IMB
experiments —both large experiments conceived
Bl to detect proton decays— saw a dozen of neutrino
events during the burst of O(10) seconds.

The neutrinos arrive at the earth before the light
does (and could trigger an SN observation)

1987: Kamiokande (Japan) and IMB
(US) detect atmospheric neutrinos.
Echoing the solar neutrino problem:
the experiment found a smaller ratio
of muon neutrinos to electron
neutrinos than expected. This became
the atmospheric neutrino anomaly




Atmospheric‘

Expected rate of muon
neutrinos over electron
neutrinos ~ 2

Atmospheric neutrino source

nt—uts Yy
|—>e+ +V, + \7!1
K —» I.LL; + Vu
Underground 6 +V,+V,
Ve' Ve' Vl-l' Vl-l

detector



Neutrinos in the 1990s
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1998: The Super-Kamiokande experiment in Japan (10 x Kamiokande) used a

massive underground detector filled with ultrapure water.

They announced first evidence of neutrino oscillations which must mean that
ﬂtleast some of the flavors have non-zero mass. The experiment showed that

muon neutrinos disappear as they travel through the earth to the detector



Super-Kamiokande
Kamioka-cho, Hida City, Gifu Pref. Japan

1,000m

S olloNEoND Ultra-pure water
> 2D D i A 50,000 tons

Gh o n

g Super-Kamiokande experiment

Neutrino N\ Neutrino
2l . ~ \
Wy LY
: \ Cherenkov light
Neutrino 4 / Cherenkov light &

N

Cherenkov light Neutrino hits an electron
in water molecule making
the electron recoil away

Neutrino collides with proton and
neutron to create an electron or
a muon

The Sun in Neutrinos

50,000 tons of ultra-pure
water, watched by
13,000 photomuiltipliers

Super-K,
1500 days



Neutrinos in 2000+

2002: The Sudbury Neutrino Observatory
(SNO) used heavy water in a detector
deep underground in Canada, announced
i conclusive evidence on solar neutrino
oot oscillations. This was the final answer to
A Ray Davis’ solar neutrino problem:

LT A Neutrinos from the sun transformed
from the electron variety onto other
flavors as they travelled to earth

1000 tons of heavy water in a 6m radius
vessel, viewed by 9600 photomultiplier
tubes




Neutrinos Oscillations!

Atmospheric and solar neutrinos oscillate!!




NOBEL 2015

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass™

’ | ey 1
i.v'.ur Water Cherenkoy datectorn

goted at 1000m underground

L

SuperKamiokaNDE g4 SNO

“for the discovery of neutrino flavor transformations,
which shows that neutrinos have mass”™

3 More Nobel prizes for Neutrinos since 1988
-1988: R. Davis and M. Koshiba
-1995: F. Reines

-1988: L. Lederman, M. Schwartz and J. Steinberger



Neutrino Oscillation

« Important discovery in 1998: neutrino oscillations

* Neutrino oscillation is a quantum mechanical phenomenon
whereby a neutrino created with a specific lepton flavour
(electron, muon, or tau) can later be measured to have a
different flavour. The probability of measuring a particular
flavour for a neutrino varies between 3 known states as it
propagates through space

* Neutrino oscillations only possible if neutrinos have a non-
Zero mass

T e

i hundreds afkr!amerfrs

Near Detector

Far Detector



Neutrino Oscillatic#

V‘H or V.

V.
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* Measure prob.
— Survival
— Appearance
* Result
- Mixing angle
— Mass differences
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Neutrino Osci

Pontecorvo-Maki-Nakagawa-Sakata Matrix (analogous to the CKM)

unitary matrix 0

Ve / Ueir Ues Ues 13!
v, = Up, 1 U” 2 Uﬂg 12D
Vr \ U‘r 1 U‘r 2 U‘r 3 Vs

) 5 , In total 6 parameters
by defn |Ue1|® > |Uez|® > |Ues|

to determine
UpMmnNs = Uj3(023,0) Uy3(013,0) Uy2(612,0) - -3 angles
1 €13 s13e” ¥ C12 812 '2 Mass dlffel‘ences
= Co3 823 1 —813 €12 . .
1 -1 CP violation phase

5
—8zet? Ci3

—8323 Cag

. . -] - 03]
sij = sinfyj, ¢i; = cos by x diag(1, €2, 2)

€13€12 €13512 s13e” "
5 ;5
—C23812 — S135823C12€" C23C12 — 513523512€" €13523

id id
$23512 — S513C23C12€ —523C12 — 513C23512€ C13C23

Oscillation L Am’L
. - ‘I 1E in? 28 sin’/ —4—
pFObablllty ﬂ__“,‘ Z'U"UHU-U#E = 51N -Jﬂ' smc 4E )



Neutrino




Neutrino Oscill

* Since 20 years an active field of study and
data from many experiments collected:

— Long baseline accelerator experiments (LBL)
— Short baseline reactor experiments

— Atmospheric neutrinos

— Solar Neutrinos

— Neutrinoless double beta decay experiments

LBL experiments in the US and Japan




Short Baseline Experiments

T i O

Measuring the mixing angle 913

Daya Bay (China)
Eight anti-neutrino detectors A
(liquid scintillator based) R S)
within 2 km of 6 reactors —~<IE

v. @ Reactor
O Detector

RENO (South Korea)

Two anti-neutrino detectors
(liquid scintillator based)
~up to 1.5 km of 6 reactors

Double Chooz (France) i ,;
Two anti-neutrino detectors
(liquid scintillator based)

within 0.4-1 km of the reactors

--------




The NOVA LBL Experime
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NOVA Far Detector (Ash-River MN
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The T2K LBL Experi

Super-Kamiokande
(ICRR, Univ. Toky@)

* Neutrino Beam from j-parc
- Beam power 50 - 450 kW
* Far Detector
- SuperKamiokande
- 40 kton water Cherenkov




Neutrino Oscillat

Most recent results present at the Neutrino2018 conference
in Heidelberg June 2018

Super-K atmospheric (Y. Hayato) T2K (M. Wascko) NOvVA (M. Sanchez)

~ B e Rt I - NOVAFFD  8.85x10™ POT eguiv v + 6.9:10° POT ¥
><2 Inverted hierarchy - W Inverted 3 - 1 _._NHLoweroctant :%
= 43_ — NH Uppar octant —i
) C ,-I'hVEI-tEd‘ === IH Lower octant ] 5y
- % L+ " — |H Upper octant _E @
‘- A3
=2 &
= =

m -

Normal > 3 -

0 3 )
Ocp

. S Summary report of T. Kajita
Already some interesting indications:

=» NO favored by these 3 experiments at ~(1 ~ 2) sigma level each.
=» These experiments give some favored ., region(s).




Neutrino Oscill

Results from the measurement : global fits

NuFIT 3.2 (2018)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 4.14)

Any Ordering

bfp 1o 30 range bfp +1o 30 range 30 range

sin? 612 0.30770013 0.272 — 0.346 0.307+0013 0.272 — 0.346 0.272 — 0.346
612/° 33.62170-7% 31.42 — 36.05 33.62170-7% 31.43 — 36.06 31.42 — 36.05
sin® 623 0.53870-0%3 0.418 — 0.613 0.55470-023 0.435 — 0.616 0.418 — 0.613
B23/° 47.21%3 40.3 — 51.5 481715 41.3 — 51.7 40.3 — 51.5
sin? 6,3 0.0220619:99075  0.01981 — 0.02436 | 0.0222719:9907%  0.02006 — 0.02452 | 0.01981 — 0.02436
015/° 8.5470-13 8.09 — 8.98 8.5870 11 8.14 — 9.01 8.09 — 8.98
Scp /° 2347113 144 — 374 278126 192 — 354 144 — 374

Am%l +0.21 +0.21
05 o7 7.40170-20 6.80 — 8.02 7401020 6.80 — 8.02 6.80 — 8.02

Am3, +0.033 +0.032 +2.399 — +2.593
Tos o7 | T2A9INE 42399 - 42503 | 246510055 —2.562 > —2.369 | | T T

http://www.nu-fit.org/?q=node/12




Neutrinos Have

Neutrinos have mass

But they are very light! See-saw mechanism? — Heavy ;
(possibly GUT-scale) RH neutrinos alongside light LH neutrinos: e

i . o
m%ﬂf (102 GBV)z IF ........... L N
MmauT 1015 GeV 10 F
~ 1071 Gev N

+ Would imply that the physics of neutrino mass is 10k
connected to extremely high energy scales (or at -
least new physics of some kind). i
107"
Potential new physics signatures in oscillation expts: 10" r

non-unitarity, non-standard interactions, =3 neutrinos, large
extra dimensions, effective CPTv, decoherence, neutrino decay, ..

Now textbook material, the see-saw mechanism goes back to P. Minkowski (1977);
M. Gell-Mann, P Ramond and R_ Slansky (1979); and T. Yanagida (1979)

Ryan Patterson 3



Neutrino Oscill

Y

Neutrino Flavor or Interaction States:

W+ 5 etv, W+ — uty, W+ = o

Ve Vp Vr
provided L /E < 0.5 km/MeV = 500 km /GeV !l

~ 1 picosecond in Neutrino rest frame !l

1 picosecond= 10-12 seconds



Neutrino Oscill

Neutrino Mass EigenStates or Propagation States: ¢

2
—; (mL)

Tk

Propagator v; = v, = dj, €

7)) V3

least v,

v. = @ v-@ -

Solar Exp, SNO SuperK, K2K,T2K Unitarity
KamiLAND MINOS, NOvA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?




Neutrino Oscill

Interactions:

simple complicated

V, '

'V

""VT _ LV

unitary matrix ?
complicated simple

_ masses ?
Propagation:




Open Questions: The M

Presently we determine the absolute difference in mass, not the sign of it

v3, V1/vy Mass Ordering:

—atmospheric mass ordering

Iy

41

|Am2,| = |m2 —m? =25x10"%ev?  L/E =0.5km/MeV =500 km/GeV

Unknown: NOvA, JUNO, ICECUBE, DUNE, T2HKK....




Open Questions: CP Vi

Do neutrinos and anti-neutrinos oscillate differently ?

(P violation

New source of CP violation required to explain
baryon asymmetry of universe

part-per-billion level of matter/antimatter
asymmetry in early universe

Neutrino CPv allowed in vSM, but not yet observed -,
...due so far to the experimental challenge, not physics!

Leptogenesis! is a workable solution for the baryon
asymmetry, but need to first find any leptonic (neutrino) CPv

7‘2{ smd #0?

Leptonic CP violation?

I M. Fukugita and T. Yanagida (1986); rich lustory since then.




Open Questions: Ne

Why is Neutrino mixing so different from quark mixing?
What does that tell us?

CKM Matrix
Ul 70 |Up3| = Ul ?

(recent discovery) (“maximal mixing”) e
quark mixing

I
V3

approx. 1:1:1 ratio

v/

(mass)®

v
Y




Precision Neutri

We are entering the era of precision neutrino physics !!

Stress Test
Neutrino paradigm
search for new physics

Determine flavor
fractions of neutrino
mass states

Precision
Neutrino
Measurements:

Connection to
Leptogenesis
Understanding Universe

Test Theoretical
Neutrino Models



The Future




Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question




DUNE

Deep Underground S
Eelltl’in{) Experiment .liliEAHCH FACILITY

1300 km baseline

A next generation experiment for
neutrino science, nucleon decay,
and supernova physics

Ningis

Sanford

Underground
Hesearch
Facility

Farmilab

"
R
-




Long Baseline Neutrino Facility (LBNF)

* DUNE: The international scientific collaboration
= LBNF: DOE/Fermilab-hosted facilities project, with international participation
* Horn-focused beamline similar to NuMI beamline

* 60— 120 GeV protons from Fermilab’s Main Injector

» 200 m decay pipe at -5.8° pitch, angled at South Dakota (SURF)

* Initial power 1.1 MW, upgradable to 2.4 MW

Apex of Embankment
May. Height = &l +

Elevation B0+ MI-10 Podnt of Extraction —
Near Detector Absorber Hall Target Hall Complex )
Service Building Service Building (LBNF-20) Primary Beam

Service Building
LEMF-30
[LENF-40) ( ] {LBNF-5)
i




DUNE Far Detector

= 40-kt (fiducial) LAr TPC

» Installed as four 10-kt modules
at 4850’ level of SURF

Sanford Underground
/ Research Facility (SURF)

1.5 km underground

. First module will be a
kRl Boe e ol single phase LAr TPC

= Modules 1nstalled in stages.
Not necessarily 1dentical




The ProtoDUNEs at CERN

Next step : ~800 ton LAr prototypes

External NPO4

cryogenics SPS : new EHN1-1 experimental area proximity
cryogenics




The ‘electronic’ bubble chamber for neutrino experiments




DUNE Prosp

Mass Ordering CP Violation
10¢
DUNE Sensitivity B 7 years (staged) :i’:s‘w:: [ 7years (staged)
Normal Ordering I 10 years (staged) 9 Sin2 = 0.085 4 0.003 [ 10 years (staged)
sin“26,, = 0.085 + 0.003 '26,,=0085 +0.003 ainfe. = 0.441 + 0.042
B,.: NuFit 2016 (0% C.L. range) +---- sin‘f,, = 0.441 + 0,042 8 6,.: NuFit 2016 (80% C.L. range) ', = 0.441 +
7
o, 6
a2 \>ﬂ 5
= --
© 4
3 .................................
2
| of |
00580604020 02040608 1 -1-08-06-04-0.2, “Pm 02 04 06 0.5 1
Opp/T c

Width of band indicates Width of band indicates
variation in possible central variation in possible central
values of 6,, values of 6,

Also: Proton decay, Solar & atmospheric neutrinos, Supernova ...




v'Gigantic neutrino and nucleon decay detector
v'186 kton fiducial mass : ~10 x Super-K
v'x 2 higher photon sensitivity than Super-K Sub-GeV v beam

v'Superb detector capability, technology still evolving
v'2Md pscillation maximum by 2n tank in Korea under study

v'"MW-class world-leading v-beam by upgraded J-PARC

v'Project now is a priority project by MEXT’s Roadmap
v Aiming to start construction in FY2019, operation in FY2026



The JUNO Experimen

The Jiangmen Underground Neutrino
Observatory (JUNO) is a 20 kton multi-
purpose liquid scintillator detector (~20
times the size of present detectors,
including 18000 20" PMTs) being built in a
dedicated underground laboratory (700 m
underground) in China and expected to
start data taking in 2021.

Its main physics goal is the determination ~ The JUNO Collaboration has
of the neutrino mass ordering using ~several hundred physicists
electron anti-neutrinos from two nuclear
power plants at a baseline of about 53
km. With an unprecedented energy
resolution of 3% at 1 MeV, JUNO will be
able to determine the mass ordering with
a significance of 3-4 sigma within six
years of running. — ey

10 15 20 25 30
L/E (km/MeV)

06 :— ------- Non oscillation

- ; . —— 6, oscillation

0.5 Normal hierarchy
- f i Inverted hierarchy

Arbitrary unit

0.4




Katrin Experiment: the Mas

Tritium source Transport section

The KArlsruhe TRItium Neutrino experiment
(KATRIN) is designed to improve the current
direct limit on this mass scale by an order of
magnitude, with a projected sensitivity of 0.2eV
To achieve this, KATRIN will perform high-
precision spectroscopy of the endpoint region of
the tritium beta-decay spectrum, using a high-
intensity, windowless gaseous tritium source and
a high-resolution electrostatic spectrometer.

Data taking starting in 2018



Neutrino Astronomy. -

Build Gigantic detectors 1 km3 of size and beyond...
Use the resources of planet Earth

| Y The IceCube Experiment
Q;& -> In the ice of Antartica

a7 e 7).
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The KM3NET Experiment
-> In the Mediterranian sea
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Neutrinos In




Most Energetic Neutrino Interactions

2012: Extra-galactic neutrinos with Energies around 1-2 PeV observed

in the IceCube detector (1 PeV = 10° GeV)
They were dubbed “"Bert” and “Ernie
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Are there more than 3

 Is there is a 4t (5%...) neutrino then it has to be quasi-
sterile, ie should not couple significantly to other fermions
and bosons, as we know from measurements at LEP

e Could mix with the known neutrinos

« Some indication since more than 10 years (LSND, reactor
anomalies, Gallium anomalies)

» The interpretation is still controversial/unclear..

electron muon tau
frino neutrino neutrino




MiniBooNE May 201

MiniBooNE Search for el_ectron neutrino
_ appearance in short baseline
orotons fB . ~f’y"" . | accelerator experiment.
Booster T v, | ' | 6.3 sigma excess reported
utrino Bt L Bt ¥ . . .
e | ' combining the data with LSND
) ) . Decay region Dirt ~500m
(antineutrino mode) T ~50m e —
_ 3 f arXiv:1805.12028
Excess of events over expectation e e :
% 18E L L L '__ :95;: h
: F e v, 1284x10° POT - 10} — 99% -
g 10 eV, 1127x10° POT - : =3 =
g 14F —— (1.,0.04 eV?) best fit 5 ]
R — (0.01,0.4 eV?) R Y & ]
osf- Conform with LSND it Preferred
BT excess 10 years ago : A region
jL g ; E i
N AR
02 04 06 08 1 12 14 EfE(GeS)D
(sin“20, An)__ = (0.9584,0.041 eV*
Caused by a new sterile neutrino? ‘ . 1
The jury is still out.. )T 10 3 ,




New Short Baseline Experiments will che.

Experiments at reactors, eg the SoLid Detp—e +n
experiment @BR2 reactor in Belgium

) Wavelength
i °L|FZnS(Ag) 250 um Shlﬂlng fibre

Ve 3mmx 3 mm
. section
@& )
5 r .l
S

Lo ) P __— PVT Scintillator
¥ - 5cmx5cmx5cm

A -

~

5cm

Also: Prospect, STEREO, DANSS, NEOS

-

FNAL Short-Baseline Neutrino
programme:Neutrino beam from Booster
Start ~2019




Collider Probes of the origin of neutrino mass

neutrino oscillation experiments
mass differences, mixings...
... hierarchy, CP violation... ™ % CMB and LSS :
'- absolute neutrino mass

...light sterile neutrinos?
CMB and BBN :

absolute neutrino
mass searches light sterile neutrinos?
(KATRIN ect.)
IceCube
pesyidron “neutrino astronomy”

neutrinoless
Beyond the Standard Mode
double B decay: ? &
D e e -g Cosmic Neutrino
O Background

Dirac or Majorana?

Origin of Universe

Unification of Forces

=
-
%
Leptogenesis?

fixed target &,@
' The C°
Sterile Neutrino

Dark Matter?

(SHiP, NAe62, ...)
B ——

experiments




 Neutrinos were first detected in 1956
 Neutrino oscillations established since 1998

* Neutrino are unique: they are the only neutral fermions
we know of.

« Majorana? High energy right-handed partners? Strong
CP violation? More than 3 neutrinos?...

« The history of neutrino research has been full of
surprises. What surprise is waiting for us next??

* Next comes the age of neutrino precision physics and
neutrino astronomy, and...

Note: Town Meeting of the European neutrino community planned for
22-24 October @ CERN
https://indico.cern.ch/event/740296




KM3NeT

’ Neutrino Astronomy!!

KM3NeT-HQ

Facilities of the

KM3NeT Researc h Infrastructure
KM3NeT

The several cubic kilometer neutrino
telescope KM3NeT of is under construction
in the deepest seas of the mediterranian.
KM3NeT scientists will search for neutrinos
from distant astrophysical sources such as
supernovae, gamma ray bursts or colliding
stars

4 2 ~
kmanei.;r“g.
@km3net e

The ORCA telescope is the instrument for
KM3NeT scientists studying neutrino
properties exploiting neutrinos generated in
the Earth's atmosphere. Arrays of thousands
of optical sensors will detect the faint light
in the deep sea from charged particles
originating from collisions of the neutrinos
and the Earth.




lceCube

Neutrino Astronomy!!

High energy neutrino telescopes lceCube
such as IceCube can measure
flavor oscillations using large
atmospheric neutrino data sets.
These observations are highly
complementary to accelerator
and reactor neutrino
measurements, as they probe
higher neutrino energies and a
wide range of baselines. This
enables probes of the unitarity of
the PMNS matrix and searches
for new physics, including sterile
neutrinos and NSI, in addition to

measurements of the
atmosbheric mixina narametercs







CERN and Neutrino

Workshop on statistical issues in modern neutrino physics

PHYSTAT - V

22-

25 January 2019
CERN

-

-

Topics Include:
» Model selection and

parameter estimation
# Limit setting, discovery
= Systematic uncertainties
» Unfolding
= Machine learning

https-ifindico_cern.chievent735431
PhyStat-Nu-CERN@cem.ch
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Viewpoint

A golden age for neutrinos

20 years since the discovery of neutrino oscillations, a complete understanding is within our grasp.

Inside a prototype detector
okl

o the imtermarional
DUNE experiment, which

wias built at CERN and is
aboui o be flled with lguld
argon before medergedng fis
Jirss teste with Beaw.

By Albert De Aneck

O3 July 15948, researchers working on the
Super-Kamiokande experineent in Japan anncunced
the fisst evidence for atmospheric-neuiring flavour
oscillaiions. Since nevirinos can omby ascillaie
among different Aavours if af keast some of them
have anonszero mass, the resull proved that
menirinos are massive, &l beit with very small mass
values. This is not expected im the Standard Model.
Meuiring physics was already an active Geld, bt
the 1598 observation sent it intooverdrive. The rich
scientific programme and record aitendance of the
Hewtrino X8 conference in Heidelberg lasi month

(seepiT)is o our continued fascination
with ueul.nnou. Mug.' open peimﬂu:ulu. what
of the known

Mnﬂu&nrmuﬂ:nq‘?nm&um
than ke thres Enowm neuiring Ravours, sech s
additional sterile or right-handed versions? Is there
CPviolation in the newining sector and, if so, how
large isit? In addition, there are solar neutrinos,
atmospheric nesiring, cosmic'supernova newirinos,
relic neuirines, geo-Reutrinos, Feactor Reutrinos
and accelerator-produced neutrines - slbowing for a
plethom of experimenial and iheoretical aciiviy.
Mamy of these questions are expeciedio be
amswered in the next decade thanks so vigorous
experimental efforis. Concerning neutrineflavour
oscillations, new resulis are anticipated in the short
ltrrnfmuthe accelerator-based T2K and MOwA

im Japan and the US, respectively.
Tbueﬂp-mnlu pmbeﬁeCP-rnLlllugphm
inihe nevtrino-fAavour mixing mairioc and the
ardering of the neuirine mass siafes; evidence
forlarge CF viclation could be estahlished,

im pasticular thanks o ike planned ND2IS0
near-detecior upgrade of T2ZK.

The nexi generation of accelerator-based
experiments is alresdy under way. The Desp
Underground Neutrino Experiment (CUNE) in
Soruith Dakodn, US, which will use & neuirine beans
sent From Fermilah, is takimg shape and too large
protoiypes of the DUNE far detecior ane scon to
be tested at CER M, In Japan, plans are shaping up
fior Hyper- Kamiokande, a large detectar with a
fiducial valume arousd 10iimes larger than thei of
Seper-Kamickande, and this «ffort is complemented
with ot her sesitivity improvensests and a
possible second deiecionin Korea for analysing 2
neuirine besm sent from J-PARC in Japan. These
experiments, which are planmed tocome online
im 20026, will allow precision neutninc-oscillsion

ide decizive sint "

P

e neuining mass hierarchy and CPoviolaiing phase.

Imporiant insights are also expecied from reacior
somrces. [n China, the JUNO experiment should
stari in 2021 and could seiile the mass: hierarchy
questionand defermine complementary oscillaiion
parameters. Meanwhile, very-short-haseline reactor
experiments =such as FROSPECT, STERED,
SoLid, NECS and DA NSS = are soom to join the
hulllnt!lerllenwmm'lhqﬂbernihdum
wi the shori=baseline nestrino b
(SBND, h.ﬁemBn-nNE.l.dlCARUS'l.lh:un&w
‘years should see conclusive resulis on the existence
of sierile nevirinos. In paricular, the recenthy
reported update om the imriguing excess seem by the
KfiniBoot Eexperiment will be scrutinised.

Together with the everincreasing sessitivities

hicved by domble-betn-d s, which
test whether meutrines hmaMlJmnlmltnn.
e SHIF experiment is tosearch for
right-handed neutrinos, while EATRIN in Germamy
has just started its canpaign to messure the mass
of the electron antineuining with sube eV precision.
Thee it withh sstrogomy and logy, using
deteciors such as [eeCUBE and KM3INET, which
survey atmospheric neutrinos, farther underines the
vibrancy aned bresdth of modern nestrino physics.
Also, the European Spallation Source, under
construction in Sweden, is vesiigating the possibality
of a pre ci s ReSirino-Messy FEment Programme.

Heutrino experinenis are spread around the ghobe,
bt Enrope is a sirong player. A discession forum
on newtring plysics for the update of the European
sirategy for particle physics will be bosted by
ERN on22=24 Octaber. Clearly, newtrino science
promises many exciting resulis inthe near fulene.




