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OUTLINE

d Neutrino oscillations

- discovery of neutrino oscillations
- 3-neutrino scheme

- running accelerator and reactor experiments
- future projects

d Light sterile neutrinos

- neutrino anomalies
- new experimental tests
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Idea of neutrino oscillations — 1957
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‘ 34 (1957) 247
_....the flux of neutrinos from B® decay Neutrino Experiments and the Problem of
in the sun was equal to or less Conservation of Leptonic Charge
than 2x108 cm2 sec! at the earth,
and that less than 9% of the sun's Sov.Phys.JETP 26 (1968) 984-988, Zh.Eksp.Teor.Fiz.
energy is produced by the 53 (1967) 1717-1725
carbon-nitrogen cycle.
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Exp flux < 3 SNU of elementary particles, Prog.Theor.Phys. 28 (1962) 870
SSM > 7.5+ 3 SNU
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Neutrino oscillations

- one flavor can transform into another
- neutrino should have a non-zero mass and mix
- oscillation probability depends on

®—8 —0 —
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Mass eigenstates

2
3 U — PMNS mixing matrix

® i
®L

Weak eigenstates differ from mass eigenstates
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Mixing in two families

Consider for simplicity two families

Weak eigenstates : v, v, | EGEEES

Mass eigenstates: v, (m;) v, (m,)

Then the mixing matrix depends of a
single parameter, the mixingangle 6 | EEEEEEEEE

Mass states

The weak and mass eigenstates are Secord

connected by a simple two-dimensional >

( Ve\ ( COS 0 Sin ‘9\ ( Vl\ ( Vl\ Weak states

First Second
. !

16th Baksan School Yury Kudenko INR RAS, Moscow 5

LVJ - L—siné’ COSQAVZJ :ULVZJ

= cosB|v,> + sinf|v,>

Ve
\Y -sinO|v;> + cos0|v,>

T



v oscillations in vacuum

2 neutrinos: v, and v, with masses m; and m,
2 oscillation parameters: Am? =m?2,—-m?, and mixing angle 6

v, (t=0) = cosB|v1> + sinB|v2>
v, (t=0) = -sin6|v1> + cosB|v2>
v(x,t) = exp(ip-x — E;t)cosB|v1l> + exp(ip-x — E t)sin|v2>  E,=\sqrt(p? + m?) =~p + m?/2p
v(t) = cosO|vl> + eltsinBv2>
¢ = [(m,? -m,*)/2p]-t
P (ve—v,) = < v, | v(D)>[* = sin?20sin®(nx/L)

Disappearance or
survival

appearance

sin?20sin?[1.27Am? (eV?) L (km) /E, (GeV)

1 - sin?20sin?[1.27Am?(eV?)L (km) /E, (GeV)
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Solar neutrinos

Solar experiments SNO, Canada

Homestake, Sage, Gallex/GNO, SK

v flux (10 cm2 s1)

Ve 1.76(11)

Ve 3.41(66)
5.09(64)
5.05

Flux/S5M

Reactor experiment
KamLand, Japan

0, (107 em?s™)

® KamLAND

10° 10° 10* 10°
Distance to Reactor (m)

obability

L6 2 1
(10 ecm™87)

' Am?Z2 ~ (7-8)x107° ev?
20 30 40 50 60 70 80 90 100 9 ~ 35 d eg

LyE, (k/MeV)
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Atmospheric v

proton

Baselines L & e /8

20 km | Lo & i Neutrino sources
15000 km AN

Neutrino energy E
0.5- 1000 GeV

Ply, —1,) =1 sin” 20 - sin” { ﬂ
: E.

Sensitive to
v ivo~ 1:2

oscillations with
Am?2 ~ 104 =10 eV?

Atm neutrino flux
~ 1 cm?2ct?

~EEER-
~15000 km
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@9 Atmospheric neutrinos

Super-Kamiokande v 0.2 < cosf <1 L = 20-500 km
Japan H -1<co0sf <-0.2 L =500-13000 km

Sub-GeV e-like =00 Sub-GeV p-like rulti-ring
P < 400 Me\ic P <400 MeV/c Sub-GeV p-like

(U/D), = 0.54 +0.04 £0.01

SuUk-GeV e-like Sub-GeV p-like multi-ring
P = 400 MeVic I P =400 MeWic a0 Multi-GeV u-like

E
2

upgoing downgdig

SuperKamiokande: v, oscillation with Am? ~ (2-3)x10-3eV?
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@9 Atmospheric neutrinos

First result was reported at Neutrino98
in Toyama, Japan T.Kajita, talk at Neutrino98

M@ﬂg(e dependence

Zem‘Hx ang dee”denfe (Multi-GeV)

(Sub-Ge V)
Up -{?omg Down -go'mg

Super-Kamiokade 535 days dals
- o

Number of Events

number of events

e »~~~~Q{ ( skape) ‘ @

—22'/40(«:3‘ ‘
13‘?, oy (5.20‘!/

2 ~ (2-3)x10-3eV?
0 ~ 45 deg

number of events
Number of Events

’CUP/Down syst. error for w-like

-Hux caleulation - £ (/4 \
Tkm vock above Sk TR

{ Energr alib, fur 072
Non V Background /

(P'"e)DATA/ (/e)yc

i le\CﬁOVl
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Takaaki Kajita Arthur B. McDonald

Super-Kamiokande Collaboration Sudbury Neutrino Observatory Collaboration
University of Tokyo, Kashiwa, Japan Queen’s University, Kingston, Canada

"for upptéckten av neutrinooscillationer, som visar att neutriner har massa”
“for the discovery of neutrino oscillations, which shows that neutrinos have mass”
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Confirmation of oscillations of atm Vv's

Am? ~ 2-3x10-3 eV?, large mixing 6 ~ 45 deg

Long baseline accelerator experiments

Three main elements: neutrino beam, near detector, far detector

Experimental method

- produce pionsinp +A > n+ X ataccelerator

- n—> u +v, focus pions

- select right E and baseline L to tune to oscillation maximum

- measure neutrino flux, energy, beam contamination before oscillations (near target)
-measure neutrino flux, energy at far detector

-compare predicted spectrum assuming no oscillations with measured spectrum

- extract oscillation parameters
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LBL accelerator experiments

- Test and measurements of atmospheric oscillation parameters
- On-axis neutrino beams

LBL experiment

First LBL experiment
K2K, Japan L= 250 km

Pref,ectl.:r{ L "
i\ . ‘
A
3

MINOS, USA L =735 km

Absorber Muon Monitors
Fae Decay Pipe \

. Target Hall
Soudan @ ‘ —
»> 4 E
‘N
. ————
Michig.

o
Duluth " (@

Madison
o

Pxefectlnel.‘f' 4
R |Am|2=(2.35+0.11-0.08) x 103
sin2(20)>0.91 (90% CL)

Am?2=(2.64+0.28-0.27) x 103
sin2(20)>0.78 (90% CL)

No oscillation
excluded at 4.1c

events/0.2[GeV]

Best fit values
sin220 = 1.00
Am?[eV?] = (2.79 £ 0.36)x103

MINCS PRELIMINARY

Ratio to No Oscillations

w
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2
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—+— MINOS Far Detectar Data
Prediction, Best-Fit Parameters

5 10 20 30 40 50
Reconstructed ¥, Energy (GeV)

—+— MINOS Far Detector Data
Prediction, Am?=2.41x107 eV?

<] 10 15 20 30 50
Reconstructed v, Energy (GeV)
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Mixing matrix U

by 2011
atmospheric solar
0 0 cosd, O sing.e" \cosd, sing, 0\ v,
C0s6,, Sino,, 0 1 0 -sing,, coséd,, 0 | v,
0 -sind,, cosf,, ) -sinde” 0 cosé, 0 0 1)v,
0, ~ 450 0., ~ 340
Am2,, ~ 2.5x10-3 eV? AMZ,, ~ 7.5x10° eV?

0,8 =?
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First clear indication
of electron neutrino
appearance (0,;#0)

16th Baksan School

Reactor experiments 2012
Double Chooz, Daya Bay, RENO

Double Chooz Daya Bay

RPN (LE]  sin 203 = 0.08470 052  sin” ’791,, = 0 101

+0.008(star.)+0.010(syst.)

Measurement of 0,

\ 4
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@’ 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,
fﬂ?ﬁgg 1}522:(( N T2K Daya Bay, RENO Solar experiments, SuperK
; , NOvA Double Chooz KamLAND
0,,~45° 015~ 9° 0,,~349

| Amg, | =] Amg, |=

AM;, =AM’ ~7.5x107°eV?

|AMZ,_ |~ 2.4x107°eV?

atm

AmZ +AmZ, +Am: =0
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- CP violation in lepton sector _—

0.2 1 0.01

Strength of CP violation in neutrino oscillations 0 :; o 1

= |m(Ue1U_u2U*e2U*u1) = !m(Ue2Uu3U*e_3U*u2)_
= €050,,5iN0,,C05%0,53SiN0,,C050,;SIN0,3SINS-p Quark sector Jgp = 3x10°

Lepton sector J-p ~ 0.02xSind:p

Normal hierarchy Inverted hierarchy
Vv,

- Neutrino mass hierarchy o) | Amd,

- 0,5, — maximal? If not, what octant (0,5 > /4 or 0,5 < ©/4)?
Neutrino cross sections

- Sterile neutrinos
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V,—V, in matter

2a
1+ 1252, } 0
[ A2, 18 13
s 2) _\_r:r:f.:%:ﬁgL Gin _\rr . L " - CP-even
|,4 2CoqCOS0 — 519513599 |COS 5 S111
, _\m, Lo L 1 - _\-r'r:.";'..;.L CP-odd
S0 L-11 dsin S11] 111 -
SRR 1B, VAR,
s Amis L
709 512509513 COS( o) IHlIl :JEl' SO|aI’
Matter

S; =SIn g, C; = CO0S 6, alev?]=2v2G,n,E, =7-6x10‘5p[%m3}Ev[GeV]
WY,
change sign for NH —» IH /
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Experimental methods
P(v, >v,;)=6,,—4> Re(U_ U U U;)sin?®; F2> ImU U ;U U )sin 2D,
i>] i>]

]
Do . D i'r.- rrL
f‘].l.: _J.lﬂ ﬂl]‘l “5 I?’ul _I LI T T 17T L |;F;reld=ctliﬂlnl I_

=== No oscillation

B | — sin® 26 sin”

. \
Appearance Disappearance ’

|g|||

Events /0.1 GeV
8

OscillationMo oscillation

Disappearance

Epargy

1 R PRV
Reconstructed Neutrino Energy (GeV)

Search for CP violation in neutrino oscillations Matter effect
P vV, DV, P \7 —>V, L 2 . )

A, = ( )=P( ) o AMpL sin26,, oo o Mass Hierarchy
P(v,>Vv,)+P(, >V, )  4E, sind,
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Current experiments
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T2K experiment
Collect data since 2010

Neutrino monitor
INGRID

Yury Kudenko INR RAS, Moscow

Far neutrino detector
SuperKamiokande

Far Detector
(SK)

295 km

Off-axis
near neutrino detector
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Far detector

Super-Kamiokande

CC quasi elastic scatterings Inelastic scatterings
vy¢tn—=p+p H vptn2ptp+n

‘.rmf] M" ;

11146 20" PMTs;

10)

Bl 8" PMTs Cherenkov cone

Total mass 50 kt
Fiducial mass 22.5 kt

16th Baksan School Yury Kudenko INR RAS, Moscow
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SK events

16th Baksan School

Muon/electron
identification

R

>
wslnBlunnlununluzs o -ssu=lullaliilss.

-
-

Excellent particle identification (p nd e)

e Separate EM-shower type (e-like) and

''''

muon type (u-like) with C ring pattern
e Mis-PID rate below 1% at ~1GeV

Good energy resolution: ~3% at ~1GeV

Yury Kudenko INR RAS, Moscow
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T2K data

v-mode :14.9x1020 POT , v-mode : 16.3x1020 POT

CCQE u-like CCQE e-like CClm e-like

T2 Runl9 Preliminary _T2K Run]-9 Preliminary . . . 2K Runl-§ Preliminary
T T - 3. BT ve—=va

T - —'\" i T F

243 events '“}fm.lc ) 75 events £ 15 even
=, Intrinalc E E

?*Imrinulc_

[ vV, intrinalc
v, Intrinels
|, Intrinsic

Number of Events
Number of Events
Number of Events

==
3

C R b TR B Ea 0 L 151 {E“ .1-: -: : =
1 5 2 23 3 2 1 12 2 . 06 } 12
v Reconstructed Energy (GeV) ] 2y 7 v Reconstmeted Energy (GeV)

MC assumption :
!’SCP = —?T/2
Normal Hierarchy
sin” flp3 = 0.528
sin? 13 = 0.0212

Mumber of Event
Mumber of Event

2 06 3 1 12
v Reconstrueted Energy (GeV) v Reconstrueted Energy (GeV)
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e i

T2K Run 1-9d Preliminary

T2K Runl-9 Prelinunary

04 06 08 1 12
v Reconstructed Energy (GeV)

Sample Predicted

O, = -T2
272.4
139.5
74.4
17.1

7.0

=0 O, =+T1/2

272.0 272.4
139.2 139.5
62.2 50.6
19.4 21.7
6.1 4.9

O, =T
272.8
139.9
62.7
19.3
5.9

v mode p-like
V mode p-like
v mode e-like

VvV mode e-like
VvV mode e-like + 11Tt

16th Baksan School Yury Kudenko

T2K data and expectation

unli-Y Prelinunary

* New Points

04 06 08 1 12 N ) 02

2 04 06 08 1 12
v Reconstructed Energy (GeV)

v Reconstructed Energy (GeV)

Systematic
uncertainty
for prediction

Observed

243

disappearance
140 PP
75
15 appearance
15
INR RAS, Moscow 26
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T2K results

T2K v,/ anti- v,

A 6 ol 0cr ¢ Constraint on &¢cp with T2K data alone
—— Inverted - #DCL
® Tighter constraint with 843 value from reactor

T2K Run 1-9 Preliminary

8p (Radians)

813 from reactord

T2K v,/ anti- v, + reactor 6,5
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T2K: search for CP violation

| T2K Run 1-9 Prelimina |

— Normal

— Inverted

Best fit
6., =-1.885rad for NH
0., =-1.382 rad for IH
t+lo interval
[-2.460, -1.187] for NH
[-1.930, -0.906] for IH

CP-conservation hypothesis (sind-, = 0, ®) excluded at 2o level

- First hint for CP violation in the lepton sector
- T2K data favour o8- ~-n/2 and normal hierarchy

16th Baksan School Yury Kudenko INR RAS, Moscow



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) — 5% (2018) —» goal <49%0 (2021)
» Plan to increase the beam intensity up to 1 MW in 2021
* Beam power up to 1.3 MW in ~2028
« T2K-II: proposed extension up to 2027 for 20x102: POT
3o sensitivity to CP violation for &-p ~ -m/2

A
[

“UPOT wi eff. stat. improvements (no sys. emors)
'POT wi eff. stat. & sys. improvements

-
Th
=
(&
=
o
®
o
=
[
-
©
=)
=
R
>
-

True 5..(°)

16th Baksan School Yury Kudenko INR RAS, Moscow
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@ NOvA

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

NO?/;X Far Detec‘to

NOvVA detectors A NOVA cell
To APD

Extruded PVC cells filled with

) \
* on-axis .&;Mllwaukee

, \ 11M liters of scintillator
VL instrumented with
S L A-shifting fiber and APDs
Fermilab ‘=
- ‘ 3 % \
Chicaao™

wa 09stT

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
the same

— 20,000 channels

Fiber pairs
from 32 cells
——re

Taking data since Summer 2014
Study of v, —»v, and v —v, oscillations
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- Gap between vertex and shower
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NOvVA: v. >V _
K7V

Neutrino beam. 8 9)(1020 POT Neutrino beam NOVA Preliminary
i ] ’ ’ — FD Data
Antineutrino beam: 6.9x102° POT

. — Prediction
All Quartiles
1-o syst. range

Wrong Signv,C
Total bkg.
7] Cosmic bkg.

>

o
G
-
o
S
a
c
2
i

Events in Far Detector

Neutrino beam:

— 7 . Tents
Observe 113 events NOVA Preliminary

—— FD Data
—— Prediction

— Expect 730 +38/-49(syst.) w/o oscillations

. . 1-o syst. range
Antineutrino beam: Wrong Sign,C
Total bkg.

— Observe 65 events [ Cosmic bkg.

— Expect 266 +12/-14(syst.) w/o oscillations

Events / 0.1 GeV

' 2 3 4 5
Reconstructed Neutrino Energy (GeV)
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Ve
58 events observed
15.1 background events expected

i
g
B
§

il |

1 2 3 4 1 2z 3 4
Aaconstrucied Neutring Energy (GaV)

NOvA: v /anti-v,

anti-v,
18 events observed
5.5 background events expected

— N8 Bt PR piadSieh
[T warong S Bac gronsad

Events / 8.9 x 107" POT -aquiv

v, appearance> 4o

16th Baksan School Yury Kudenko INR RAS, Moscow
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NOVA results

NOVAFD  B.85¢10°° POT equiv v + 6.9x10°° POT v 5 NOVAFD  8.85«<10? POT equiv v + 6.9x10? POT v

=== NH Lower octant
— MNH Upper octant
=== IH Lower octant
— |H Upper octant

o
tn
Areuiwaid YAON

na
Ateujwiyeld YAON

_ MNormal
hierarchy

Significance (o)

Inverted
" hierarnchy

Significance (o)
o

2
tn

=

Best fit:

NOVA prefers - Normal Hierarchy
Normal Hierarchy at 1.8c -8cp = 0.171 but
consistent with all
dcp Values at <1.6c
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Prospects for NOvA

Normal 8.,=3n/2, sin“6,,=0.500
AmZ,=2.45x107 eV, sin°26,,=0.082

NOVA joint vig+v,,

- - Hierar;‘chy

——CPV, e

ol

)

I : :
A s s

f" 1 All projected beammtenslty
i and analysis improvements '
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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

16th Baksan School Yury Kudenko INR RAS, Moscow
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Neutrinos have the first

IceCube

maximum of disappearance

at about 25 GeV
Energy threshold
of Deep Core =5 GeV

IceCube Lab

Data taking for 3 years

P
/ 81 Stations

324 optical sensors

IceCube Array
86 stnng including

8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

Eiffel Tower
324m

= (2.31 +011-0.13)x1073 eV2

Yury Kudenko INR RAS, Moscow

16th Baksan School

PRL 120 (2018) 071801

Cascade-like Track-like

IO s,

to Best Fit

Ratio

sin6,; = 0.51 +0.07 -0.09 for NH
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Oscillation parameters: Am?,;, - sin%0,,

- Normal Hierarchy 90% CL
- —— 2K nu2018 ——- MINOS 2014
| — NOVA nu2018 lceCube 2017

——-SK 2017
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Reactor experiments
Measurement of 0,5

Daya Bay, China

/ - ¥ - ¥
cos” 6,,sin° 26,, sin’

Ling Ao Il NPP

22.9GWy, Aroe-g 3 - de . ) ) i
q]‘al'?e 111}% l_lmd'“i Small-amplitude oscillation due
17.4 GW osciflaon dueto By, ¢, 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

! . Double Chooz, France

\ detector :
B e 1 10
== Near Detector —jmsd == Far Detector - - i
B « 4 . near
= §| L=400m I 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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@9 Oscillation results

Liang Zhan, ICHEP2018

Best-Fit

W/O oscillations

EH1

EHD 0.16 : ~
DYB : RENO
0.14 ’

0.12
0.1

160 300 300 400 500 600 500 800 vool ~ 008
Lo / E, (M/MeV)

—8— Rate+Shape

—®— Results in 2018  :

sin’ 26, =0.0856 £0.0029

| Am, |=(2.52£0.07)x107 eV?
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Future LBL Projects

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



Reactor experiment JUNO
China
1 i ~’.‘~€;. _ ~

& g P e,
- o y

Overburden ~ 700 m

A y

66 institutions
> 400 collaborators

,,,« ,.; %N v
£ | L/ Huizhou
" NPP

BN uishin Operation in 2021 Measurement of

. . Yangjidng., 3

NPP 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

16th Baksan School Yury Kudenko INR RAS, Moscow
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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 |

16th Baksan School

l_ : A‘
C— |_

Requirements:
- PMT coverage
75% of total surface

Detector JUNO

e BN T A T A WV A

— e |
T '

¢ it
~—
. . A
X / 4
i ;
- ¥ :
Yy ' v-?,l
. .\ A A
bl .-‘..'_.\
Al i o
€ s Vv !
d=43.5m
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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%

16th Baksan School Yury Kudenko INR RAS, Moscow



LBNF/DUNE Project | |
Flagship FNAL project

31 countries
177 institutions
>1000 collaborators

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

- proton decay search
E, = 60-120 GeV

Beam power 1.2 -> 2.4 MW

Apex of Embankment ~ 60’

om0 | N XS neutrino beam

Primary Beam

ey || Ev ~ 1- 6 GeV

Near Detector Absorber Hall Target Hall Complex
Service Building Service Building (LBNF-20)
(LBNF-40) (LBNF-30)
I I Absorber Hall

e Ry L=1300 km from FNAL to

=i SURF, S.Dakota

Target (MCZero)

Main Injector

ensitivit to CP violation

iolation Sensitivity CP Violation Sensitivity

Far detector 40 kt (4 x 10kt )

Single
and

’x Normal ~ _-; ¥ Inverted “

Dual
phase
detectors

16th Baksan School

ST PR [VAPE PP P JYArY PO PR P PR P XM PN PPy P Gl Gaaliniy
-1 -0.8-06-04-0.2_ (:/ 0.2 04 06 08 1 =1 0.8-0.6-04-0.2 3 (:/ 02 04 06 08 1
Sep/n Sep/n

2022 —installation of 1st far detector
2024 — 2 modules operational
2026 — deliver neutrino beam

Yury Kudenko INR RAS, Moscow




HyperKamiokande |12 countres
70 Institutes

Japan ~300 members

HyperK: 1 water tank Expected data taking start 2026

.~ - Upgrade of JPARC to
1.3 MW beam power
S~ S - New/upgrade of near
= e uaCSNl  neutrino detectors

o

Main goals:

- Search for CP violation
- Proton decay

- Neutrino astrophysics

Wa.t er tan k 2 E f\;ﬁgrzlég‘:;gsf hierarchy

- < 7sm'36;5=05 CP
60 m(H)x74m(D) 10 years of running:
Total volume 260 kt - 86 for &-o = - /2 : =
Fiducial volume 190 kt - 80% Co\,g?age of 0
~10xSuperK dcp parameter space with >3c
PMT coverage 40% - ponlet >10%y
40000 PMTs

16th Baksan School Yury Kudenko INR RAS, Moscow 46



Expected sensitivity to CP

Significance for o6p = - n/2
Known MH

CPV significance for dcp=-90°, normal hierarchy
10

Hyper-Kamiokande:
t_qinqlel__lmin(k_,l 1o of 6-p VS running time
s 180 for +-90 deg, 8° for O,n

! ——— Beam+Atm, NH, sin®0,,=0.4, 8.,=0°
wis ——e—— Beam+Atm, NH, sin0,,=0.5, ,,=0°
: —a— Beam+Atm, NH, sin0,,=0.6, 5.,=0°

Beam+Atm, NH, sin0,,=0.4, 8.,=-90°

Beam+Atm, NH, sin®0,,=0.5, d.,=-90°

: Beam+Atm, NH, sin®0,,=0.6, 5.,=-90°

{ —e— Beam+Atm, NH, sin0,,=0.5, 5.,=90°

Significance [0]

2022 2026 2030 2034

8 10
Running time [years]
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Light sterile neutrinos



Neutrino anomalies

LSND/MiniBooNe anomaly

Phys. Rev. D 64, 112007 arXiv-1805.12028

Beam Excess

These anomalies
can be interpreted
as oscillations
: . involving
2 14 = sterile neutrino
L/E, (meters/MeV) o
with Am2~ 1 eV?2

Gallium

GALLEX SAGE ~ 2.90
Cr

GALLEX sSAGE
Cr2 Ar

R =0.933+0.021

16th Baksan School Yury Kudenko INR RAS, Moscow



16th Baksan School

Sterile neutrino?

»

=sin"0,,-cos"0,,-cos 0,

R"e%’-’-’e =

P,

i —V

H 7

R” H — e

Yury Kudenko INR RAS, Moscow

1 — 2Ues|2(1 — |Uea|?)

2 1= 2 "(1 = [Ual)

2 (-"rr:'—l 2 ‘ r___*'” ] ‘_,

50



L'
=
QO
o
=

Parameter space for v,

LSND/MiniBooNe

—_
(=]

[T
0
3

! -~ ICARUS 90% CL

16th Baksan School

Yury Kudenko

Reactor/Gallium

Sensitivity:

* | 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

Am?Z ~ 1-2 eV?

INR RAS, Moscow
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@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

16th Baksan School Yury Kudenko INR RAS, Moscow




DANSS, (I.Alexeev et al. PL B787 (2018) 56)
Kalinin power station 3.1 GW
Segnebted detector 1 m3

dv:Ami=1.4 eV2, sin?26=0.05
7%= 21.9 ( best fit)

4v: Am2=2.3 eV2, sin?20=0.14
72 =83 (GA & RAA [Mention et al.])

7
Positron energy, MeV

NEOS (PRL 118 (2017) 121802)
Korea, Reactor 2.8 GW Active zone 3.1 m h=3.8 m
Detector 1t LS + Gd

Data/Prediction

global reactor best fit ———
NEOS+DB best fit —— ~
NEOS data —+—

Prompt Energy [MeV]

16th Baksan School Yury Kudenko

INR RAS, Moscow

. Excluded
—— NEOS 90% CL
— — Bugey-3 90% CL
Dgya Bay 90% (.‘.L5

54



SBL reactor experiments (II)

STEREO (L.Bernard, ICHEP2018)

ILL, Grenoble, France, Reactor 58.3 MW
Active zone @40x80cm

Detector ~4t LS + Gd

r : Both experiments

— s = exclude Reactor
anomaly at 98-99%

% RAA: Besifit

11 STEREO Phase | & I
Exclusion: 90% C.L.
B Exclusion Sansitivity: 90% C.L.

STEREQ Phase | only
Exclusion Sensitivity: 90% C.L.

107! ~ 107!
sin“ (20 )

Neutrino-4 (A.Serebrov et al. arXiv:1809.10561)
Dimitrovgrad, Reactor Active Zone 35%x42x42 cm
Segmented detector 1.8t LS + Gd

+ Bestfit Am'=7.22¢V’, sin’(20) = 0.35
4 Observed, 24p, 500keV

AmM’=7.22eV’, sin’(20)=0.35 3 /DoF 18.83425 GoF 0.30
Unity /DoF  30.1527 GoF 031

16th Baksan School Yury Kudenko

PROSPECT (arXiv:1806.02784)
HIFR, USA, Reactor 84 MW
Active Zone @43x h50 cm
Segmented detector ~4t LS + 5Li

| — Feldman-Cousins, 95% CL

[ === PROSPECT Sensitivity, 85% CL

[+ SBL + Gallum Anomaly (RAR), 95% CL
n ol ol i L

107
107

Am?, ~ 7.34eV? | sin?260,, ~ 0.39

CL 95% Neutrino-4 CL 99% Neutrino-4
; ; y

 CL95% PROSPECT

CL 90% STEREQ

01 02 03 04 05 06 07 08 08
sin®(20,,)

INR RAS, Moscow




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.

—
=
o
v

2
Y
S~

-

o
—
X

e

U-235 is a possible source
(10.1+1.0)x 10 ¥ of the Reactor Anomaly?

30 Tour = (6.04 L 0. 60] x 10~
5.2 5.6 6.0 6.4 6.8 7.2

7935 [107% cm? / fission]

Short baseline experiments at U-enriched reactors are needed
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New MiniBooNe result

arXiv:1805.12028

MiniBooNe doubled

v data since 2012

- % 12.84x102%0 POT
v + 7 best fit anti-v 11.27x102° POT

>
=
a
[}
E-1
=]
=
a
[
o
=
©
-
o
L
a
=
<

I . neutrino +antineutrino
, total excess
—mo 3L 460.5 £ 95.8 events (4.80)

—90% CL
—95% CL
99% CL

e i : Best fit point:

s | Am2,, = 0.041 eV?2

90% CL

sin220 = 0.958

v mode

D LSND 90% CL ~N D LSND 90% CL

DLSND 99% CL ! LSND 99% CL EX C | U d ed b y

107 1 107 10% 1" O P E RA

sin20 sin®20
(Am2,sin? 26) = (0.037 eV?,0.958) (Am?,sin? 26) = (0.041 eV?, 0.958)
x2/ndf = 10.0/6.6 (prob = 15.4%) x*/ndf = 19.5/15.4 (prob = 20.1%) an d ICARUS

16th Baksan School Yury Kudenko INR RAS, Moscow LY



LSND/MinBooNe
Reactor anomaly
Ga anomaly

Sterile v's: « pro» and « con»

MINOS Disappearance

MINOS/Daya Bay/Bugey combined result
IceCube
NEOS
DANSS
Neutrino-4
STEREO

Problem to be solved soon

16th Baksan School

Yury 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

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

o LSND &% CL
[ LEND 5% CL
3 LSNDEest Fit
= Global Best Fib (arkiv:1 303 3041)
< Global Fit 90%: CL (ar)
Gllata| Best Fit (ark

16th Baksan School Yury Kudenko INR RAS, Moscow
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Conclusion

Neutrino oscillations — new physics beyond SM

Current LBL experiments T2K + NOVA
main goals: CP violation (3c), Mass Hierarchy, 0,,
T2K: first hint of CP violation in lepton sector

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

JUNO (MH) under construction

DUNE (CP, MH) approved

HyperK and T2HK (CP) approval In progress

Light sterile neutrinos:
- no positive signal from running experiments
- crucial tests are coming

16th Baksan School Yury Kudenko INR RAS, Moscow



Thank you for attention!
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@9 NOvA: v, and anti-v, appearance

NOvVA Preliminary

NOvA FD

o51-9.48x10%° POT (v)
6.91x10%° POT (v)

sin°20,.,~0.082

v
)
S

£
®
@
0
Q
c
=
S
=
D
c
=
C
(W]
W
e
c
D
=
@
]
e
o
l_

5l° E')CP:U ® dp= 2

20 30 A0 50 60 70
Total events - neutrino beam

Ve
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Single-phase LAr TPC

N E
mm R S s Y
m@‘ x_-:: \:\\

RSN

e

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

J.Insler, talk at LLWI12017

430 nm shifted light (in bar)

16th Baksan School Yury Kudenko INR RAS, Moscow 64



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

B
5

=
@
=]

=
=
S

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

) R<425m(280tons) .

144Ce-244Prv_ source (100-150 kCi)
Vertex resolution: 15 cm _ %

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

o
&
=]

8
2

Counts per 0.10 m MeV™" bin
8 il 2
] 8

: I '

o 144Ce-144Pr: 3.7 PBq B!

@
=]
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