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Almost 10 years ago



The Experimental Discovery 
of Neutrino Oscillations
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«for the discovery of neutrino oscillations, 
which shows that neutrinos have mass».

Nobel Prize 2015
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Evidence for oscillation of atmospheric neutrinos

«for the discovery of neutrino oscillations, 
which shows that neutrinos have mass».

Nobel Prize 2015
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Evidence for oscillation of Solar neutrinos

«for the discovery of neutrino oscillations, 
which shows that neutrinos have mass».

Nobel Prize 2015
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More experimental results to neutrino oscillations

Nobel Prize 2015 and Breakthrough 2016

«The 2016 Breakthrough Prize in Fundamental 
Physics Awarded to 7 Leaders and 1370 Members of 

5 Experiments Investigating Neutrino Oscillation: 
Daya Bay (China); KamLAND (Japan); K2K / T2K 

(Japan); Sudbury Neutrino Observatory (Canada); and 
Super-Kamiokande (Japan)».
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And a short neutrino history
Nobel Prize 2015 and Breakthrough 2016

• NOBELS
➡ 1988, Leon Lederman, Melvin 

Schwartz, Jack Steinberger — for 
the neutrino beam method and the 
demonstration of the doublet 
structure of the leptons through 
the discovery of the muon neutrino

➡ 1995, Frederick Reines — for the 
detection of the neutrino

➡ 2002, Raymond Davis and 
Masatoshi Koshiba — for 
pioneering contributions to 
astrophysics, in particular for the 
detection of cosmic neutrinos

➡ 2015, Takaaki Kajita and Arthur B. 
McDonald — for the discovery of 
neutrino oscillations, which shows 
that neutrinos have mass

• SHORT NEUTRINO HISTORY
➡ 1914, James Chadwick discovered 

continuous β-spectrum
➡ 1930, Wolfgang Pauli proposed a light 

neutral particle of spin 1/2 emitted 
alongside the electron.

➡ 1934, Enrico Fermi published his 
theory of β-decay.

➡ 1956, Fred Reines and Clyde L. Cowan 
detected reactor (anti)neutrino.

➡ 1957, Bruno Pontecorvo proposed 
neutrino-antineutrino oscillations.

➡ 1958, Maurice Goldhaber, Lee Grodzins 
and Andrew Sunyar found that 
neutrinos are left handed.

➡ 1962, Leon Lederman, Melvin Schwartz, 
Jack Steinberger discovered muon nu.

➡ 1962, Ziro Maki, Masami Nakagawa and Shoichi 
Sakata introduce neutrino flavor mixing and 
flavor oscillations.

➡ 1968, Raymond Davis got first radiochemical 
solar neutrino.

➡ 1987, Kamiokande, IMB and Baksan detectors 
detect burst of antineutrinos from SN1987A in 
Large Magellanic Cloud (51.474 kpc). 

➡ 1989, LEP experiments determine only 3 light 
neutrinos (via Z-decay).

➡ 1998, Super-Kamiokande found muon neutrino 
oscillations in atmospheric neutrinos.

➡ 2000, DONUT observed ντ.
➡ 2001, SNO announced observation of neutral 

currents from solar neutrinos.
➡ 2002, KamLAND announces detection of a 

deficit of electron antineutrinos from reactors at 
a mean distance of 175 km.

➡ 2005, KamLAND announced first detection of 
neutrino flux from the Earth.

➡ 2010, OPERA announced observation of the first 
ντ from νμ beam.

➡ 2011, Borexino presented a high precision 
measurement of solar neutrino (Be).

➡ 2011, T2K announces first evidence for a 
nonzero mixing between the 1st and 3rd 
neutrino generations.

➡ 2012, Daya Bay announced a precision results 
on measuring θ13 with significance 5.2σ.



Neutrino Oscillations and 
Mixing
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Neutrino oscillations
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Neutrino mixing
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❖ Neutrinos mix, just like quarks?

❖ PMNS matrix like CKM matrix?

❖ Unlike the quarks, neutrino mixing are large
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Neutrino mixing

❖ Neutrinos mix, just like quarks?

❖ PMNS matrix like CKM matrix?

❖ Unlike the quarks, neutrino mixing are large

❖ Open neutrino questions:

• Dirac or Majorana? • Absolute masses • Mass ordering 
• CP-violation • Random mixing parameters or patterns? 
• Just 3 neutrino types?
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Mass Hierarchy
❖ Is the most electron-like state 

lightest?

❖ i.e. Does the pattern of the masses 
match the charged leptons?

❖ Are neutrinos Majorana particles 
( 𝝂 = 𝝂 )?

❖ Observation of 0𝝂𝛽𝛽 would be 
proof they are

❖ Impact of IH determination: lack 
of 0𝝂𝛽𝛽 implies Dirac nature
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CP-violation
❖ Does e.g. P(𝝂𝜇→𝝂e) = P(𝝂𝜇→𝝂e)?

❖ Insight into fundamental symmetries of the lepton sector

❖ Why is the universe not equal parts matter and antimatter?

❖ Sakharov conditions: Baryon number violation • Out of thermal 
equilibrium • C and CP violation

❖ CPV in the Standard Model, e.g. for K and B mesons, but too small

❖ “Leptogenesis”: generate asymmetry in neutrinos, transfer to 
baryons

❖ Require neutrino appearance experiment to discover
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Mixing pattern
❖ Only a small fraction of 𝝂e in |𝝂3〉 (the famous Sin22𝜃13)

❖ The remainder is split about 50/50 𝝂𝜇/𝝂𝜏 (Sin2𝜃23)

❖ Accident? Or a sign of underlying structure?
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Mixing pattern
❖ Only a small fraction of 𝝂e in |𝝂3〉 (the famous Sin22𝜃13)

❖ The remainder is split about 50/50 𝝂𝜇/𝝂𝜏 (Sin2𝜃23)

❖ Accident? Or a sign of underlying structure?

❖ Is 𝜃23 exactly 45°?

❖ If not, it is
➡ < 45° |𝝂3〉more 𝝂𝜏, like in quarks

➡ > 45° |𝝂3〉more 𝝂𝜇, unlike quarks
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Neutrino oscillations
Theory of neutrino oscillations
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𝜃23 ～ 45˚ 𝜃12 ～ 30˚𝜃13 ～ 8.5˚
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Accelerator-based Neutrino 
Experiments
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Why accelerators?

1. pA ! p,⇡±,K±,↵, ...

2. ⇡±,K± ! `±⌫(⌫̄)

3. ⌧⇡ = 2.6 · 10�8 s ⌧ ⌧µ = 2 · 10�6 s
– decay tunnel

4. they can be focused and charge
selected by means of magnetic horns

Conventional neutrino beam
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First muon neutrino beam with accelerator in Brookhaven
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The third neutrino - ⌫⌧

2000
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Facts of life for the neutrino experimenter...
Numerical example for typical accelerator-based experiment

work at high energies if you can

push this as high as you can

need detector masses of 106 kg = 1 kton to get in the game

typical “super-
beam” flux at 

1000 km

typical accelerator 
up time in one 

year

Challenge to the experimentalist: maximize 
efficiency and detector mass while 
minimizing cost
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• In charged-current (CC) events outgoing 
lepton tags incoming neutrino flavor.
‣ In the case of ντ, the presence of a τ must 

be deduced from the τ decay products

• In CC events nearly all the neutrino energy 
is deposited in the detector

• In neutral-current events, only hadrons are 
present and no information about the 
incident neutrino flavor is available

• CC rates are affected by oscillations

• NC rates are not affected by oscillations
‣ In only a few analyses are NC events 

considered to be signal. In most cases NC 
events are backgrounds to the CC 
processes

Neutrino detection channels

17%

17%
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l = e me = 0.511 MeV Pthresh = 0.511 MeV
l = µ mµ = 106 MeV Pthresh = 112 MeV
l = � m� = 1.78 GeV Pthresh = 3.47 GeV

Production thresholds
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n

p

�
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Sources for neutrino detectors

nuclear reactors

double-beta decay

super-novas

1 keV

1 M
eV

1 G
eV

1 TeV

1 PeV

neutrino factories?

beta beams?

310 410 510 610 710 810 910 1010 1110 1210 1310 1410 1510
Energy [eV]

the sun particle accelerators

atmospheric neutrinos

extra galactic sources?

primarily νe or anti-νe

primarily νμ or anti-νμ
mixed νe + νμ

duty cycle ≈ 1
duty cycle << 1}at source

e
μ τ
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First generation accelerator-based long baseline 
experiments: K2K and MINOS

❖ Beam generated at KEK 

❖ Neutrinos detected at Super-
Kamiokande (Water Cherenkov 
Detector)

❖ Baseline of 250 km

❖ Operated 1999-2004

❖ Beam generated at Fermilab

❖ Neutrinos detected at magnetized 
steel far detector (5.4 kilo-ton) in 
Soudan mine

❖ Baseline of 735 km

❖ Operated 2005-2012(2016)

K2K & MINOS

15

• Beam generated at KEK


• Neutrinos detected at Super-Kamiokande


• Baseline of 250 km


• Operated 1999-2004

First generation accelerator based long baseline experiments:

• Beam generated at Fermilab


• Neutrinos detected at magnetized steel 
far detector (5.4 kilo-ton) in Soudan mine


• Baseline of 735 km


• Operated 2005-2012(2016)
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First generation accelerator-based long baseline 
experiments: K2K and MINOS

❖ The experiments were able to measure |∆m232|

❖ Important for building the current generation of neutrino experiments (L/E)

K2K & MINOS Results

16

Phys.Rev.D74:072003,2006 Phys.Rev.Lett. 101 (2008) 131802 

K2K MINOS data in 
2008 

• K2K and MINOS were able to successively pin down 
the value of |Δm232|


• Important for building the current generation of 
neutrino experiments (choosing L/E)
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K2K MINOS data in 
2008 

• K2K and MINOS were able to successively pin down 
the value of |Δm232|


• Important for building the current generation of 
neutrino experiments (choosing L/E)
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T2K & NOvA Experiments

17

Beam from J-PARC (Tokai) 
to Super-Kamiokande 
(Kamioka)

Operating since 2009

Beam from Fermilab (Batavia, IL) 
to far detector in Ash River, MN

Segmented liquid scintillator 
detector

Operating since 2014

Current generation accelerator-based long baseline 
experiments: T2K and NOvA

❖ Beam from J-PARC (Tokai) 

❖ Neutrinos detected at Super-
Kamiokande

❖ Baseline of 295 km

❖ Operating since 2009

❖ Beam generated at Fermilab

❖ Neutrinos detected at 
segmented liquid scintillator 
detector in Ash River

❖ Baseline of 810 km

❖ Operating since 2014

T2K & NOvA Experiments

17

Beam from J-PARC (Tokai) 
to Super-Kamiokande 
(Kamioka)

Operating since 2009

Beam from Fermilab (Batavia, IL) 
to far detector in Ash River, MN

Segmented liquid scintillator 
detector

Operating since 2014
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The NOvA Experiment



The NOvA Experiment
❖ NOvA experiment goals:

➡ Using electron neutrino and antineutrino 
appearance mode

‣ neutrino mass hierarchy
‣ CP violating phase

➡ Using muon neutrino and antineutrino 
disappearance mode

‣ mixing angle θ23 octant
‣ precision measurement ∆m232

➡ Other tasks: search for sterile neutrinos 
via NC channel, neutrino cross-sections 
in the near detector, supernova, 
monopeles, dark matter, cosmic rays, etc.
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Fermilab accelerator complex
❖ Neutrinos produced at Main Injector (NuMI)
➡ Linac 750 keV
➡ Booster 400 MeV
➡ Recycler 8 GeV
➡ NuMI 120 GeV
➡ to Carbon target

Line to High Energy Neutrino Experiments
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Neutrino flux

❖ 120 GeV protons on a carbon target, produce mesons 
which yield neutrinos.

❖ NOvA is designed for the 700 kW NuMI beam, with 
6 × 1020 POT/year. (POT = Proton On Target).

❖ Neutrinos produced every 1.3 sec in a spill with 6 
doubled batches 10 𝜇s time window.

33 Baikal School 2020, October 24Oleg Samoylov – Accelerator Neutrinos



NuMI off-axis beam
❖ NOvA detectors are sited 

14 mrad off the NuMI beam axis

❖ With the medium-energy NuMI 
tune, yields a narrow 2-GeV 
spectrum at the both NOvA 
detectors

❖ Reduces NC and 𝝂e CC 
backgrounds in the oscillation 
analysis while maintaining high 
𝝂𝜇 flux at 2 GeV
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Two detector scheme

❖ Near detector
➡ 1 km after target, weight 300 t
➡ measure flux composition 

before oscillations
➡ ND data used for prediction in 

FD (extrapolation procedure)

❖ Far detector
➡ 810 km after target, weight 14 kt 
➡ measure neutrino flux after 

oscillations 
➡ extrapolation systematics
➡ FD identical to ND



The NOvA Detectors
❖ PVC extrusion + Liquid Scintillator
➡ mineral oil + 5% pseudocumene

❖ Read out via WLS fiber to APD
➡ FD has ~344,000 channels
➡ muon crossing far end ~40 PE

❖ Layered planes of orthogonal views
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FD Beam Peak
❖ Trigger structure: 550 μs window, NuMI neutrinos arrive for 10 μs 

starting at 218 μs
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550 𝜇s exposure of the Far Detector 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 13 



Time-zoom on 10 𝜇s interval during NuMI beam pulse 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 14 



Close-up of neutrino interaction in the Far Detector 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 15 



Near Detector: 10 𝜇s of readout during NuMI beam pulse 
(color ⇒ time of hit) 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 16 



Main changes in 2017 analysis

U All of the above improved the agreement between data and MC.
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Simulation: Locations of neutrino interactions 
that produce activity in the Near Detector

X 
(m

)

(linear scale)

viewed from above

Simulations
❖ Beam hadron production, 

propagation, neutrino flux: 
GEANT4/External Data

❖ Cosmic ray flux: Data 
Triggers

❖ Neutrino Interactions and 
FSI modeling: GENIE v2.12.2

❖ Detector Simulation: 
GEANT4

❖ Readout electronics and 
DAQ: Custom simulation 
routines
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Event selectorMain changes in 2017 analysis: ⌫e and ⌫µ selection

⌫e event ⌫µ event

U “Convolutional Visual Network” (CVN) - particle identification technique based on
ideas from computer vision and deep learning.

U Previously it was used only for the ⌫e analysis.
U Now ⌫µ analysis also features the same event selection technique.

L. Kolupaeva NOvA results 21 February 2018 13 / 35
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Extrapolation to the Far Detector
Extrapolation to Far Detector

U Estimate true energy distribution of selected ND events.
U Multiply by expected Far/Near event ratio and oscillation probability as a

function of true energy.
U Convert FD true energy distribution into predicted FD reco energy

distribution.
U Systematic uncertainties assessed by varying all MC-based steps.

L. Kolupaeva NOvA results 21 February 2018 18 / 35

45 Baikal School 2020, October 24Oleg Samoylov – Accelerator Neutrinos



𝝂𝜇 Far Detector spectrum
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𝝂e Far Detector spectrum 23
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Total	Bkgd. 14.0 13-15

>4σ	evidence	of ν̅e appearance
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Precision	measurements	of	
Δm232 (3%)	and	sin2θ23 (6%).

Best Fit
Normal	hierarchy
Δm232 =	(2.41±0.07)×10-3 eV2
sin2θ23 =	0.57+0.04-0.03

Prefer	non-maximal	mixing	by	1.1σ.
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T2K and NOvA latest results

15

лиза [73] составляет значение �CP = 0.82⇡. Таким образом, эксперименты плохо
согласуются друг с другом, предпочитая различные значения �CP в нормальной
иерархии.
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Рис. 10. Сравнение найденных чисел событий ⌫µ ! ⌫e и ⌫̄µ ! ⌫̄e в экспериментах NOvA и
T2K.

Актуальные на данный момент измерения представлены на Рисунке 9. Глобаль-
ный анализ данных NuFIT 5.0 отдает предпочтение �CP около ⇡.

Результаты по измерению иерархии масс нейтрино

Как уже отмечалось выше, современные нейтринные эксперименты, к сожале-
нию, не обладают достаточной чувствительностью к знаку разницы квадратов масс
�m2

32. То есть, иерархия (порядок) масс нейтрино до сих пор остается неизвестным.
На момент проведения конференции Нейтрино в 2020 году были получены сле-

дующие результаты (Рисунок 11). Ускорительные нейтринные эксперименты пред-
почитают нормальную иерархию с невысоким уровнем значимости: NOvA [73] на
уровне порядка 1�, T2K [66] � 1.6�, MINOS/MINOS+ [71] � 0.45�. Атмосферный
эксперимент Super-Kamiokande отвергает обратную иерархию на уровне примерно
1.8� [40].

Согласно результатам глобального анализа от NuFIT общее предпочтение нор-
мальной иерархии в современных осцилляционных данных, представленных на кон-
ференции Нейтрино в 2020 году, сократилось. Совместная подгонка T2K+NOvA,
выполненная группой NuFIT, вообще, предпочитает обратную иерархию масс и
�CP = 3⇡/2, что, по-видимому, является следствием плохого согласия результатов
T2K и NOvA в определении параметра �CP и вырождения "�CP - иерархия". Са-
ми эксперименты NOvA и T2K готовятся сделать полноценный совместный анализ
данных [78], что тоже может привести к интересным результатам.

Проверка унитарности матрицы смешивания

Excitement at Neutrino-2020 !
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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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T2K and NOvA latest results

❖ Quantifying consistency requires a joint fit of the data from the two experiments
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T2K and NOvA future
❖ T2K : operation to 2026

❖ NOvA : operation to 2025

❖ T2K may reach 3σ CP 
violation sensitivity if CPV is 
near maximal

❖ NOvA will have ~2σ 
sensitivity under similar 
assumptions

❖ NOvAcan reach 3σ hierarchy 
sensitivity for 30-50% of δ 
values, with the full dataset 
and an upgraded beam

NOvA

T2K & NOvA Future
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• T2K: operation to 2026 with near detector and beam power upgrade 

• NOvA: operation to 2024

• T2K may reach 3σ CP violation sensitivity if 
CPV is near maximal


• NOvA will have ~2σ sensitivity under similar 
assumptionsT2K

NOvA
• For favorable values of the CP phase and mass 

ordering, NOvA may achieve 3σ significance for 
the mass ordering determination



Next generation experiments: T2HK and DUNE

❖ Hyper-K

❖ Natural evolution of Super-K and 
T2K

❖ Water Cherenkov detector

❖ 8x larger fiducial mass

❖ 2.5 times more beam power

❖ DUNE

❖ More dramatic change from 
current experiments

❖ Broad band on-axis beam

❖ 1300 km baseline

❖ Liquid Ar detector

❖ Located in Homestake mine

Next Generation Experiments

24

• Hyper-K 
• Natural evolution of Super-K 

and T2K

• Water Cherenkov detector

• 8x larger fiducial mass

• 2.5 times more beam power

• DUNE 
• More dramatic change from 

current experiments

• Broad band on-axis beam

• 1300 km baseline

• Liquid Ar detector

• Located in Homestake mine

Hyper-Kamiokande
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Next generation experiments: T2HK and DUNE
❖ Hyper-K and DUNE have broad physics programs beyond long baseline neutrino oscillations

Broad Physics Programs

25

• Hyper-K and DUNE have broad physics programs beyond long baseline 
neutrino oscillations
Atmospheric neutrinos Nucleon decay

Supernova relic neutrinos

Solar neutrinos Supernova burst



Next generation experiments 19

Рис. 13. Нынешние и будущие эксперименты, которые имеют чувствительность к измере-
нию иерархии масс нейтрино [73, 81–86].

жутках между старыми гирляндами. Расстояние между гирляндами сократится до
25 м, расстояние между модулями на новых гирляндах составляет величину 3 м. Все
эти работы � это подготовительный этап для оптической части IceCube-Gen2 [88].
Детектор PINGU [89] � потенциально часть этого детектора как расширенная в
два раза часть DeepCore. В результате модификаций ожидается увеличение чув-
ствительности к иерархии масс и атмосферным осцилляционным параметрам, но
главной задачей IceCube Upgrade и IceCube-Gen2 остается измерение астрофизи-
ческих нейтрино. Детектор на стадии IceCube-Gen2 будет иметь объем 8 км3, из
120 дополнительных гирлянд с расстоянием между ними 240 м. IceCube Upgrade и
IceCube-Gen2 � это уже одобренные проекты, статус PINGU неизвестен.

Эксперимент KM3NeT [90] имеет схожие задачи с экспериментом IceCube. Он
расположен в Средиземном море у берегов Франции и Италии и таким образом яв-
ляется дополняющим для астрофизической программы IceCube, как и русский ней-
тринный телескоп Baikal-GVD [91]. Он состоит из двух частей � ARCA и ORCA.
Детектор ARCA предназначен для регистрации астрофизических нейтрино, он бу-
дет состоять из 115 гирлянд с оптическими модулями, установка первых 24 гирлянд
была начата в 2015 году. В планах расширить детектор до 230 гирлянд, что соста-
вит 1 км3. Детектор ORCA предназначен для регистрации атмосферных нейтрино
и будет состоять из 115 гирлянд, но с более плотной расстановкой. Первые 6 гир-
лянд уже были установлены, в планах разместить оставшиеся гирлянды и запустить
работу в 2024 году. Ожидаемая чувствительность к иерархии масс нейтрино > 5�.

В Индии планируется возведение подземной нейтринной обсерватории INO [86]
и размещение в ней детектора ICAL. Это 50 кт калориметр, состоящий из намаг-
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Historical remark from 10 years ago

❖ The next generation of Hyper-K and DUNE will determine the 
mass ordering and make more sensitive searches for CP violation

US Superbeam Strategy: Young-Kee Kim, Oct. 1-3, 2009

NSF’s proposed
Underground Lab.

DUSEL

1300 km

Project X: ~2 MW

700kW
15kt Liquid Scintillator

Under construction

NOvA

~50 kton Liquid Ar TPC
~300 kton

Water Cerenkov

MiniBooNE
SciBooNE

MINOS
NOvA

MINERvA
MicroBooNE

735 km
2.5 msec810 km

Combination of WC and LAr

FNAL possibilities

Okinoshima

658km
0.8deg. Off-axis

KamiokaKorea

1000km
1deg. Off-axis

295km
2.5deg. Off-axis

Possible scenarios in Japan
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Summary
❖ The discovery of neutrino oscillations shows that neutrinos have mass and the 

presence of physics beyond the Standard Model.

❖ With the discovery of a non-zero θ13 mixing angle the neutrino physics has entered a 
new era of tackling the problems of neutrino mass hierarchy and lepton CP violation.

❖ Both questions can be addressed in accelerator-type long baseline experiments 
through the measurement of matter effects in atmospheric-regime neutrino 
oscillations.

❖ The current generation of accelerator based experiments, NOvA and T2K, along with 
atmospheric neutrino experiments, IceCube and Super-K, and reactor neutrino 
experiments are making precise measurements of neutrino oscillation parameters.

❖ The next generation of long baseline neutrino experiments, DUNE and Hyper-K, will 
make even more precise measurements of neutrino oscillation parameters that probe 
the origin of flavor, aim for unprecedented sensitivity to CP violation, and search for 
new physics beyond the 3-neutrino mixing paradigm.
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