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OUTLINE

d Neutrino oscillations

- running accelerator and reactor experiments
- future projects

d Light sterile neutrinos

- anomalies
- new experimental tests
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@9 v oscillations and mixing

Standard Model: neutrinos are particles

U parameterization:
three mixing angles
CP violating phase

1 cosd, sing, 0\ v,
0 cosf,, siné, -sinéd,, cosé, 0| v,
0 -sind,; cosd,, 0 0 1)\v,
SuperkK, K2K, T2K Daya Bay, RENO Solar experiments, SuperkK
MINGOS, T2K MINOS Double Chooz KamLAND
0,3~45° 015~ 9 01,~34°

| Amg, | =] Amg, |=

|AMZ,_ |~ 2.4x107°eV?

atm

2 ~75%x10eV?
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AmZ +AmZ, +Am: =0
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neutrinos quarks

- CP violation in lepton sector 0.80.5 02 1 02’
Vuns ~ 04 06 OT Verm ~ | 0.2 1 [l,ﬂl]
0.40.60.7 o 1

Strength of CP violation in neutrino oscillations

Jep = Im(U61Uu2U*62U*u1) = |m(Ue2Uu3U*e3U*u2) Quark sector Jgp = 3x10°
= co0s9,,sind,,c0s2%0,.sinH,,c050,.5iNHO,.SiNS
= = = = = = - Lepton sector J-p ~ 0.02xSindqp

First indication from T2K: §qp = -n/2
_____________________ Confirmed by NOVA

Normal hierarchy Inverted hierarchy

V3
- Neutrino mass hierarchy (NH) ‘ Am?,

- Sterile neutrinos
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Current experiments
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T2K experiment
Data taking since 2010

Neutrino monitor
INGRID
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Far neutrino detector
SuperKamiokande

Far Detector
(SK)

295 km

Off-axis
near neutrino detector



T2K results (I)

Neutrino mode (14.7x102° POT)  Antineutrino mode (7.6x10%° POT)

Neutrino mode
Vy Disappearance V., Appearance

T2K Runl-8 Preliminary
T T T T [ B
| i,

B NC "
T— V-mode | v intrinsic
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-like
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Antineutrino mode

i TIK rR!'lr.'] I-H_ Preliminary

T2K Runl-8 Preliminary
f f X ve—v,

v, v,

V-mode mmhc ©
D ninsiq Observed events

E’ = || ke v, il11Iil18ic_

£
~

b :
bn B lm

RN LR R LR EL RLLRI EEEE) EELE

[0 vV, intrinsic
v, Intrinsie
v, infrinsic

L

Number of Events
Number of Events

]
L

n b

v-mode 240

1 1 I + : ree .
1.5 2 25 3 ) ; 0.6 0.8 [ 1.2
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)
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T2K results (I1)
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- CP-conservation hypothesis (sind-p = 0, ) excluded at 2c level
- Confidence intervals, rad (90% CL): -[2.98 - 0.60] (NH) -[1.54 -1.19] (IH)
T2K data favour &.p ~-n/2 and normal hierarchy

I”K Runl 8 Prehmmax)

s ,_4 T T T T
- With 8,3 constraint from reactors

oy Best fit
\20cL | Scp = -1.83 rad

Interval

for NH
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Future plans

T2K expected to accumulate 7.8x102 POT around 2021
(now 3x10% POT)
Upgrade of near detectors to improve systematic uncertainties
18% (2011) —» 9% (2014) — 6% (2016) — goal 4% (2020)
Plan to increase the beam intensity up to 1 MW in 2021
Beam power up to 1.3 MW in ~2026
T2K-I11: proposed extension up to 2026 for 20x10%1 POT
3o sensitivity to CP violation for &-p ~ -m/2
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(0}

NO?/;X Far Detec‘t

) \
* on-axis .&;Mllwaukee

| \_\

SR

Fefmilab
2 ‘ \ A

Chicaao

Yu.Kudenko

Neutrino beam from FNAL to Ash River

Baseline 810 km

Neutrino beam 14 mrad off-axis

Far detector : 14 kt fine-grained calorimeter
65% active mass

Near Detector: 0.3 kt fine-grained calorimeter

NOvVA detectors A NOVA cell
To APD

Extruded PVC cells filled with
11M liters of scintillator
instrumented with
A-shifting fiber and APDs

=
I O
2
§ O
k2]
3

Far detector:
14-kton, fine-grained,
low-Z, highly-active
tracking calorimeter

32-pixel APD e — 344,000 channels

Near detector: ,
0.3-kton version of A eonist it
the same

— 20,000 channels

Fiber pairs
from 32 cells
—_—

Taking data since Summer 2014
Study of v, —»v, and v —v, oscillations
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NOVA result (I)

NOVA Preliminary

POT-equiv.
NOvA Normal Hierarchy, 90% C.L.

_ = Joint Analysis, 8.85x10%° POT-equiv.
All Quantiles

=== v,Analysis, PRL.118.151802

)

—4— Data
Background
iction
HEEE Unoscilated pred:

r
[22]

=
[0}
o
—
O
—
(2]
-—
c
@
=
L

AmZ, (107 eV?)

N
'

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

Upper octant (#23 > 7/
2 093=0.47510-27% Lower octant (6

12 _0.044 23 <
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NOvVA result (II)

NOvVA FD — NH Upper octant
==:-NH Lower octant

—IH Upper octant
=='|H Lower octant”

—_
L
)
O
-
4y
O
=
-
R
)

Best Fit: 0cp = 1.217m, Upper Octant, Normal Hierarchy.
Upper octant is prefered at 0.20.

Exclude dcp = 7/2 region in the TH at > 3o.
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Prospects for NOvA

NOVA runs with anti-v, beam since February 2017

Normal §_,=3n/2, sin’8,,=0.500
Am3,=2.45x107eV?, sin“26,.=0.082

NOVA joint vig+v,

-§---- Hierar;‘chy

(3]

ra

- i i

T 1 All projected beammtensny

and analysis improvemenhts
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OPERA: final result

v,—V, appearance

PRL 120 (2018) 211801

10 v, events observed for 18x10%° POT
Expected 6.4 events for Am?,; = 2.5 x103 eV?, sin?20,; = 1.0
Expected background 2.0+0.4 events

20 30
Visible energy (GeV'

Significance of v_appearance 6.1c

OPERA: Am?,;=(2.7 + 0.7 - 0.6) x103 eV?, assuming sin?20,;=1.0
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PRL 120 (2018) 071801

Neutrinos have the first E— —
maximum of disappearance N T
at about 25 GeV | Av, CC Mo,

1900F ] E [ Be.CC | data
Energy threshold 1
of Deep Core =5 GeV

Number of Events

Data taking for 3 years

IceCube Lab

:g —Wﬂ&ﬁfé‘@ﬂfﬂ!{{
0 1 2 3

logof Lyeeol B oo km/GeV])

IceTop

= _— 81 Stations

324 optical sensors
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IceCube Array

86 strings including ~_
8 DeepCore strings : —

5160 optical sensors f t t
1C2017 [NO] (this work) == SK IV 2015 [NO]
MINOS w/atm [NO] e NORA ZOTTINGTT

DeepCore aol== T2K 2017 [NOI
8 strings-spacing optimized —

for lower energies

480 optical sensors

Eiffel Tower
324m

S4s-Clheontours
L

0.5
sin® -:_'9;4']

Am?;, = (2.31 +011-0.13)x103 eV2  sin?0,; = 0.51 +0.07 -0.09 for NH
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Reactor experiments
Measurement of 0,5

Daya Bay, China

/ - ¥ - ¥
cos” 6,,sin° 26,, sin’

Ling Ao Il NPP
22.9GW,,

}.ﬁ_‘?‘fg_m?l_lmd% Small-amplitude oscillation due
17.4 GW oscillaton dueto O, ¢, 0,5 integrated over E

Among the top 5 most powerful reactor complexes in the world,
6 cores produce 17.4 GW= power, 35 x 102 neutrinos per second

ﬁ

— Double Chooz, France

detector :
: X 1 10
~ - Near Detector —jwif - Far Detector . - near
8 [l L=400m [l L=1050m =
Chooz Reactors & 10m?® target & | | 10m’ target Aatartmt: =
4.27GW,, x 2 cores &1 120mwee. = 1| 300m.w.e. '-1':1 rector Base‘]me
L S | | 2013~ S | | April 2011 ~
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Oscillation results

Reactor and accelerator
2
0,5 and Am=,,

V.Vorobel, HEP2018

Experiment Value

Daya Bay 0.0841£0.0033

RENO 0.0824+0.010
— Best fit D-CHO( 0.11140.018

4

T2K

MINOS =

—_———
0 0.05 0.1 0.15 0.2

0.2 0.4 0.6 . sin? 20,3

Leff / (E\'> [km/MeV] Experiment NH

Daya Bay
T2K

MINOS
NOvA

= [2.50 4 0.06(stat.) + 0.06(syst.)] x 10~3eV? Super-K

IceCube

sin? 20,5 = 0.0841 + 0.0027(stat.) = 0.0019(syst.)

RENO

* Combined fit results for 2s
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Future LBL Projects

- Reactor experiment JUNO
- Accelerator LBL experiment DUNE
- HyperKamiokande and T2HK



Reactor experiment JUNO
China

5 B A POIAL "t WY
2 - f % Yol

WS DS AT s
Overburden ~ 700 m

o Yl ,%w 66 institutions

> 400 collaborators

‘ iy . ’ 2o53o Hui Luf
j o \3 - L2 ‘ «:".'-5{ Zgl;hou N’;;ng JB
W F ;i 1 Q:iw.m Kopg
= @dng Kong
B 2 0 ¢ Main target:
e Startdata taking in 2020 Measurement of
- neutrino mass hierarchy

* 700 m deep underground
* 36 GW reactor power
* 53 km baseline -> oscillation

maximum 0,,
* 20 kton LS detector
™ 30, energy resolution at 1MeV
* <1% energy scale uncertainty

Yu.Kudenko INR RAS, Moscow
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JUNO goals

Main goal: determination of
neutrino mass hierarchy

Non oscillation
—— 6, oscillation

Normal hierarchy

Inverted hierarchy

Arbitrary unit

Normal Inverted
solar: 7.5x107 eVv?
atomospheric:

-3 2
2.4x107 eV
atomospheric:

2.4x107 ev?
solar: 7.5x107 ev?

oo
-~

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

FRD 88, 013008(2013) Hierarchy With info on ﬂmm(

discrimination power from LBL expts

Statisticsonly 40 50

Realistic case 30 40

Supernova neutrino

Oscillation Parameter Current accuracy Dominant JUNO 4+ Geoneutrinos

( global 16 ) ™" experiment(s) Potentiality .
. : : Solar neutrinos
AmZ, 2.3% KamLAND 0.59%

Am?%= |m§—% (m% +m%)| 1.6% MINQS, T2K 0.44%

sin?(04;) ~4-6% SNO 0.67%

Yu.Kudenko INR RAS, Moscow




e

Calibration
Top Tracker

Central detector
Acrylic sphere+ "
20kt Liquid Scin+
~17000 20’ PMT+
~36000 3"" PMT

4
Lo
“w

Water Cherenkov
~2000 20" PMT |

l_ : A‘
C— |_

Requirements:
- PMT coverage
75% of total surface

Detector JUNO

e BN T A T A WV A

— e |
T '

¢ T
~—
N v A
e 4
L/ T .
| ' Y'?'l
. .\ A 4
bl .-‘..'_.\
Al i o
€ s Vv !
d=43.5m
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LBNF/DUNE Project | |
Flagship FNAL project

30 countries
161 institutions
~1000 collaborators

- discovery of CP violation in leptonic sector
- neutrino mass hierarchy at >5c level
- neutrino astronomy

- proton decay search

Main goals:

E, = 60-120 GeV
Beam power 1.2 -> 2.4 MW

Apex of Embankment ~ 60’

MI-10 Point of Extraction

Near Detector
Service Building
(LBNF-40)

.

and
Dual
phase
detectors

Absorber Hall
Service Building
(LBNF-30)
Absorber Hall
and Muon Alcove

Yu.Kudenko

Target Hall Complex

LArTPC

On axis neutrino beam
(LBNF-20) By Ser\;{(BeNBFl{isl\)ﬁﬂg EV ~ l_ 6 GeV
sam| L=1300 km from FNAL to

il SURF S.Dakota

Target (MCZero)

Main Injector

SenS|t|V|ty to CP violation

CP Violation Sensitivity DUNE CDR

2
DUNE Sensit )
Normat i “’ CDR Reference Design ID‘::E:‘ p '¥| —— GDR Reference Design
300 M- yen 00 MWy

'z, 2=0088 "z 0“5: Inverted Hlerarchy

o Loas Normal H|erarchy
n N
3k l \
\/ 1 1 1 \/ 1 1 1
1 -08-06-04-02_0 02 0.4 0608 1
8ep/m

Lioaliailoil T |
-1 -08-06-04-02 0 02 04 06 08 1
Bep/m

2021 — installation of 1st far detector
2024 — 2 modules operational
2026 — deliver neutrino beam

INR RAS, Moscow




HyperKamiokande |12 countres
70 Institutes

Japan ~300 members
Expected data taking start 2026

.| - Upgrade of JPARC to
1.3 MW beam power
e - New/upgrade of near
..... i ~ RS CRaSSS neutrino detectors
B — ) o B

A

- o — —
-

-
”' X

————

~ Main goals:
- Search for CP violation
- Proton decay
- Neutrino astrophysics

_ T CP

60 m(H)x74m(D) 10 years of running: |

Total volume 260 kt =86 for S.. = - /2 i .
cp = 0

Fiducial volume 190 kt - 80% coverage of

~10xSuperK -

8cp parameter space with >3c
PMT coverage 40% : SFf)’ gl >10I25 ¥ o
40000 PMTs

Yu.Kudenko INR RAS, Moscow



Expected sensitivity to CP

Significance for 6-p = - n/2

HK

2tas

DUNE

(Based on DUNE CDR,

arxiv:1601.05471 Table 2.1,

“optimized” beam design)

2022 2026 2030 2034 2038

Yu.Kudenko INR RAS, Moscow
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Light sterile neutrinos



LSND

® Beam Excess
PV, —V..€)n

2 pfe)n

anti-v, — anti-v,
87.9%22.4%6.0 events
Excess 3.80

1 1.2 1.4
L/E, (meters/MeV)

JEN2 (90% CL)

— sin® (20) sin® (

1.27 L A
E

LSND (90% CL) 0.245 4+ 0.067 = 0.045 %

LSND (99% CL)

-

. 2
sin“ 219
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MiniBooNe

vV, Ve
anti-v, — anti-v,
L= 540 m Ev=0.2-3 GeV

Neutrino e Daa
[ v fromp
|:|‘~'Efl‘0r'l"l K* E|||||| v TTIT T T T TTTT T T TTTTT

v_ from K” :

LEND signal . !'Eg L i : [ Lsnooos oo
—* -|:| mﬁ'd ' I % [ LsND gges oL
| ;”.T ¥ o ---- KARMENZ 90% GL |
I other ; P - e
—— Total Background = B0
—o5%
—

Events / MeV

Antineutrino

= Data (stal err.) b - v T ICARUS 90%:
Qg R [ v from p™ r . )
LEND signal . from K"
 E— ¥y from K"
[ = misid
A — My
=1 dirt
[ other
—— Conslr. Syst. Error

: Neutrino;_""

T I
103 10%
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Gallium anomaly

*ICr (27.7 days) $TAr (35.4 days)
GALLEX : y SAGE

427 keV v (9.0%)

0,
132 keV v (09%),/ / 147 KeV v (B1.6%)

752keV v (8.5%) 813 keV v (9.8%)
811 keV v (90.2%)

320 keV y
*V/ (stable) ¥C (stable)

- GALLEX SAGE
m(Ga)=30t m(Ga)=13t

Intensity (Mci) 1.714 1.868 0.517 0.409
R = (Pexo/Piteory) 0.95+ 0.11/0.81 +0.11/0.95 + 0.12| 0.79+0.10

58 = 008 0% = 008

GAILLEX Crl SAGE Cr

GALLEX Cr2



Reactor anomaly

anti-v, — anti-v,

i’
Cistance to Reactor (m)

S.Gariazzo et al
arxiv:1703.08860

Gl ge D aya B ay
[ Model Unc. - and
=\

Distance (m)

Yu.Kudenko INR RAS, Moscow
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Sterile neutrino?

\U =

‘UT_, sin” H .COS" 'H,L1 cos” H

R/ — Ve ~ ] — )‘(f—_l:‘ (l_‘(r—L‘

Prposv 22 1= 20U (1 = [Upa*)

I

Prsorve = 2|Ueca|Upa?

Yu.Kudenko INR RAS, Moscow
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v, and anti-v, disappearance

arXiv:1512.02202

Global fit of reactor and Gallium data

Am?2 ~ 2 eV?

sin220 ~ 0.1

* | v, Disappearance (Giunti), 20 CL
SBL Reactor + Gallium Anomaly (LSN), 95% CL
SBL Reactor Anomaly (Kopp), 95% CL
All v, Disappearance Expts (Kopp), 95% CL
Gallium Anomaly (Kopp), 95% CL

Yu.Kudenko INR RAS, Moscow



@9 Sterile v's: Daya Bay + MINOS+ Bugey-3

I IIIIIII| I IIIIIIII | IIIIIII L LB RLL IIIIIII LILIBLBLILL
.
-~

» Daya Bay data - 90% C.L. Allowed
+ Constrains Amj,(mainly 10 to - CJLSND
1071 eV?2) and sin 20, 4 — MiniBooNE
— MiniBooNE (V mode)
* Bugey-3 data

* constrains ﬂm;‘f,_l (mainly 107 to
10 eV?) and sin® 26, ,

* MINOS data

* Constrains Amﬁlr (mainly 103 to
10% eV?) and sin® 0.,

1 IIIIIIII
L1 111IH

1 IIIIIII|
1 /11 J|||

* Combined all three 90% C.L. (CL.) Excluded

* Constrains Amj, and =" — NOMAD

. 2 290 ein2 .- KARMEN2
S1n ZQHE = Sin® 2674 - sin” O — MINOS and Daya Bay/Bugey-3

10—4 1 IIIIIII| 1 IIIIIIII 1 IIIIIIII 1 IIIIIII| 1 IIIIIIII |

10°  10° 10* 10° 107 107"

—

e 2
sin“20,, = 4IU_,FIU,,F
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Sterile v's: IceCube

Ev =320 GeV - 20 TeV

sterile neutrinos produce
distortions of vu + anti-vu
flux (energy and angle) in
the range

0.01 < AM? <10 eV?

- 1 year of data
- statistics limited

e + Data(IC86) |
1 MC no-steriles |4

| —— IceCube 90% CL

90% CL sensitivity
(68% and 95%)

Kopp et al. (2013)
mmmm Collin et al. (2016)

102

Result compatible with no-sterile hypothesis

Yu.Kudenko INR RAS, Moscow




Korea, Reactor 2.8 GW PRL 118 (2017) 121802
Core: 33.1m h=3.8m

Detector 1t LS + Gd, 24 m from reactor core
S/IN ~ 22

5 8 3
" Prompt Energy [Mev]
R -

=]

" Excluded
NEOS 90% CL

J —+— Data signal (ON-OFF) -
=+ Data background (OFF)
<= MC 3 (H-M-V)
—— MC 3v (Daya Bay)

Events /day100 keV

%)
[=]

— — Bugey-3 90% CL
Daya Bay 90% CL5

Data/Predictiog

(b) —4— NEOS/H-M-V

Systematic total H+ ++
+ ++

c
o
8
b4

£
&

]
8

global reacior best fit ——

- ‘ T NEOS+DB best fit — — —

T (¢ ——NEosmayaBay NEOS data —»—
Systematic total

L i " I b 4 5 6 7
' H++++H+ Bhn LA T Prompt Energy [MeV]

— {1.73 V2, 0.050)
- (2.32€V°,0.142)

Data/Prediction

4 5
Prompt Energy [MeV]

No evidence for sterile neutrino with mass ~ 1 eV

Yu.Kudenko INR RAS, Moscow 35



DANSS experiment

arXiv:1804.0404

Detector configuration

3.1 GW,, Kalinin Power Plant

- 2500 scintillator strips with Gd
containing coating for neutron capture

» Central fiber read out with individual
SiPM

« Side fibers from 50 strips make a bunch
of 100 on a PMT cathode = Module

e
|

Distance from the
reactor core 10.7-12.7 m

35 40 45 50
Time, us

Yu.Kudenko INR RAS, Moscow 36



DANSS result

arXiv:1804.0404

Result is based on 663x10°3 events

—
oo

=

=

=

No oscillations

=
=
iy

Ratio Bottom/Top
iy
]

=
=

sin?20,,=0.14 sin?20,, = 0.05
Am? ,=2.3eV? Am?2 ,=1.4eV?

hH 5] 7
Positron energy, MeV

The Reactor Anomaly best fit point
(sin?20,, = 0.14 Am?,,=2.3 eV?)is excluded at >5c CL

Yu.Kudenko INR RAS, Moscow



STEREO experiment

- Detector 6 identical cells

- Gd loaded (0.2% in mass)

- Vit = 2.2x0.9%0.9 m3

- 15 mwe overburden

- Neutrino rate 396/day

-First result based on 65.8 days
of data taking

ILL, Grenoble, France,
58.3 MW,
compact core &40x80 cm

best fit of the Reactor Antineutrino Anomaly at 98.8% C.L.

Preliminary result
Is compatible with no

oscillation.

The best fit of the
Reactor Anomaly is
rejected at 98.8%.

%: RAA oscillation best fit rejected at 98.8% C.L.

—— RAA95% C.L.

_1 0
sin?(20)

Yu.Kudenko INR RAS, Moscow 38



Daya Bay: anti-neutrino flux

PRL 118 (2017) 251801

This discrepancy gives
an overestimation of
predicted antineutrino
A Daya Day flux by 7.8%.

—e— Huber model w/ 68% C.L.

U-235 is a possible source
of the Reactor Anomaly?

—
=
o
v

2
Y
~

-
o

—

X
e

’ (10.1+1.0)x 10 ¥

3 0 2= (6.04 £ 0.60] x 107+

B2 5.6 6.0 6.4 6.8 7.2
7935 [107% cm? / fission]

Short baseline experiments at U-enriched reactors are needed

Yu.Kudenko INR RAS, Moscow 39



SterileVv's: « +» and «-»

LSND/MinBooNe
Reactor anomaly
Ga anomaly

MINOS Disappearance

MINOS/Daya Bay/Bugey combined result
IceCube

NEOS

DANSS

STEREO

‘ NEW results: next week at NEUTRINO 2018

Yu.Kudenko INR RAS, Moscow
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FNAL: Short Baseline Neutrino program

arXiv:1503.01520

Detector Distance from BNB Target| LAr Total Mass|LAr Active Mass

LATL-ND

T S N T

TE00, 6.6e+20 POT (600m)
MicroEooNE, 1.32e+21 POT (470m)
LAr1=ND, 6.6e+20 POT (100m}

v mode, CC Events
Reconstructed Energy

&0% v, Efficlency

Stat., X-Sec., Flux, Cosmics, Dirt
v, Only Fit

— 8% GL
—3a CL
---5a CL

[ LSND 80% CL
[ LSND 89%, CL
% LSND Best Fit

= Global Best Fib (arkiv:1 303 3041)

Yu.Kudenko INR RAS, Moscow 41



Hunting for light sterile neutrinos

Accelerator

MINOS
SBN at FNAL

Reactor (running or under construction)
Daya Bay

DANSS

Neutrino-4

NEOS

STEREO

Solid
PROSPECT
NulLat

Neutrino sources

BEST

Atmospheric neutrinos

SuperKamiokande
IceCube

Yu.Kudenko INR RAS, Moscow
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Conclusion

Current LBL experiments T2K + NOVA
main goals: CP violation (3c), Mass Hierarchy, 0,,

Next generation experiments: discovery/measurement of CP
violation, determination of Mass Hierarchy

JUNO (MH) under construction

DUNE (CP, MH) approved

HyperK and T2ZHK (CP) approval In progress

Light sterile neutrinos:
- no positive signal from running experiments
- crucial tests In progress

Yu.Kudenko INR RAS, Moscow
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Single-phase LAr TPC

1t 10 kt module of DUNE - single-phase TPC
6m X 2.3 m anode and cathode planes 3.6 m spacing
Photon detectors — light guides + SiPMs embedded in APAs

430 nm shifted light (in bar)

Yu.Kudenko INR RAS, Moscow
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LAr detectors at CERN Neutrino Platform

Anode OV

N P02 WA:LOS Collection field 5kV/cm

SESSEEENEEEEEEEEEEENEEEEE
1cm GAr Extraction field 2kV/cm

(DP demonstrator + ProtoDUNE DP)
_

Demonstrator: 3x1x1 m3 -5 tons B

D

ProtoDUNE DP:

PMTs (provide t,

6X6X6 M3 e W W T

300 tons active mass

rf_'x

b
M

il
It
I
il
L

Cosmic data taking gas begun Measurements with test beam in 2018
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T2HKK

Second tank in Korea

arXiv:1611.06118

Build second tank in Korea
to enhance mass hierarchy
Kamioka

and. g sensiivides ’A"A“ Neutrino and antineutrino
o 1000 — 1200 km baseline 4 \ .
: spectra in T2HKK

o 1.3% — 3.0° off axis beam

direction cover 18t and 2" oscillation maximum

Beam center

- Acp ~3times larger
in 2" maximum
- Sensitivity to MH

1.5% v flux
— 8p=0° NH
— 85,=90°, NH
— 8,,=180°, NH
— 8,,=270°, NH
d.,=0° IH H :
8.,=90° IH 15K ‘ 8,,=90°, IH
-- 8,,=180° IH - --- dp=180°, IH
Srp=2702 Ik L === 8p=270° IH

E, (GeV)
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Source experiments
BEST J.Phys.Conf.Ser. 798 (2017) 012113

3 MCi ®1Cr source

Two-zone 50t
liquid Ga metal target

Ultra-low radioactive background
» Spatial resolution: 12 cm @ 2 MeV
* Energy resolution: ~3,5% @ 2 MeV

144Ce-244Prv_ source (100-150 kCi) J¢-

| 1i4ce-14pr:3.7PBq |
R<4.25 m (280 tons) B

i

Vertex resolution: 15cm ¥

Source WI” be prOd uced / Energy resolution: 5%
0 : :10000 events/1.5y
at Mayak, Russia | -




