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i) Main goals

neutrinos quarks

- CP violation in lepton sector 0.80.5 o2 ] {1 0.2 ]
7 ILi“lf
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0.
Strength of CP violation in neutrino oscillations 0.40.60.7 o001 1
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First indication from T2K: d-p = -p/2 ‘

Normal hierarchy Inverted hierarchy
Vv,

- Neutrino mass hierarchy o) | Amd,

- Sterile neutrinos - Absolute mass scale - Dirac or Majorana
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Experimental methods
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Search for CP violation in neutrino oscillations Matter effect
- Py 1) POy
A= P(,~ 1)*P@ - Mass Hierarchy

25 February 2019 Yury Kudenko INR RAS, Moscow




Current LBL experiments



about 500 members
59 institutions

from 11 countries
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T2K data
Neutrino mode 1.4931021 POT

Antineutrino mode 1.12310% POT
r]m' nm

————— Unoscillated Prediction
——— Oscillated with Reactor Constraint
—————— Oscillated without Reactor Constraint

— & Data

T2K Run1-9 Preliminary

anti-ng; anti-ng,

————— Unoscillated Prediction
Oscillated with Reactor Constraint
Oscillated without Reactor Constraint
Data

T2K Runi-9 Preliminary

102 events

Number of events per bin
Number of events per bin

243 events
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T2K data and expectation

Beam mode

antineutrino

i ©

Systematic error

w/o ND280

Not
Oscillated

ND280

Beam mode

constrained

1211.4

4.9%

antineutrino 4.3%

FHC 1R-u
RHC 1R-u

Sum of TR-u

FHC 1R-e
FHC 1R—e +d.e

RHC 1R-e
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8p (Radians)

CP: T2K result

T2K n,/ anti- ng

4 Bestfit ~—— Nommal - 90CL
PDG 2016 ---- Inverted - 6BCL
—— Imverted - $OCL

25 February 2019

® Constraint on &¢cp with T2K data alone
® Tighter constraint with 843 value from reactor

Yury Kudenko

T2K Run 1-9 Preliminary

813 from reactord

T2K n./ anti- n, + reactor g,

INR RAS, Moscow
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CP: T2Kresult

T2K Runl-9¢ Prelimin

2o CL region
— Normal
— Inverted
) _
ﬁ Best fit
o d., =-1.6 rad
for NH

CP-conservation hypothesis (sind-, = 0, p) excluded at 2s level

- First hint for CP violation in the lepton sector
- T2K data favour d.p ~-p/2 and normal hierarchy
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@ NOVA

Neutrino beam from FNAL to Ash River

Ll Baseline 810 km

= N Neutrino beam 14 mrad off-axis

il ar detector ; 14 kt fine-grained calorimeter
65% active mass

Near Detector: 0.3 kt fine-grained calorimeter

NOVA Far Detector (AshRiver, MN)
‘L_ MINGS Far Detectt 2, T
&“*) i

\ B NOVA detectors A NOVA cell
A\ ) To APD =

* on-axis % Mnlwaﬁk.ee Extruded PVCce"s ﬁ“ed Wifh ]
7 mrad of f-axis 3 , \ 11M liters of scintillator
N instrumented with
S '\ A-shifting fiber and APDs
Fermilab ‘:

wa 09stT

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

32-pixel APD e — 344,000 channels

. . Near detector:
Fiber pairs e

from 32 cells v 0.3-kton version of A oI i
e - - the same
— 20,000 channels

Taking data since Summer 2014
Study of n n,and n. n,oscillations
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Neutrino beam: 8.853 1020 POT
Antineutrino beam: 6.93 1020 POT

Far detector

Neutrino beam:

— Observe 113 events

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

— Observe 65 events

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

25 February 2019 Yury Kudenko

NOVA: n- n

m

Meutrino beam

All Quartiles

Events / 0.1 GeV

Antineutrino bes

All Quartiles
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J.Bian ICHEP2018

NOvA Preliminary
== FD) Data

—— Prediction
IEWE:

5

NOwA Preliminary
== FD Data

— Prediction

al bkg.
Cosmic bhkg.
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ne
58 events observed
15 background events expected

NOwA Preliminary

i:::anp'uﬂ 58

i
g
B
§

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

NOVA: n /anti -n,

anti-n,
18 events observed
5.3 background events expected

— N8 Bt PR piadSieh
[T warong S Bac gronsad

Events / 8.9 x 107" POT -aquiv

Ft-a-r:nnsuu::ta-l:l Meautrino Ena-lgl_.l (Ga¥)

11, appearance4s
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NOvVAresults

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

ha
tn

na
Areuiwaid YAON

_ MNormal
hierarchy

Significance (o)

Significance (o)
o

Inverted
" hierarnchy

2
tn

=

Best fit:

NOVA prefers - Normal Hierarchy
Normal Hierarchy at 1.8s - dep = 0.17p but
consistent with all
d-p values at <1.6s
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Oscillation parameters: Dm?,, Z Sin?Q,4

- Normal Hierarchy 90% CL

- —— 2K nu2018 ——- MINOS 2014

| — NOVA nu2018 lceCube 2017
——-SK 2017 ="
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Future LBL Projects

- Reactor experiment JUNO

- Accelerator LBL experiment DUNE

- Hyper-Kamiokande and T2HK




Reactor experiment JUNO
China

Lg‘ ; | y ";\-ﬁ'.‘:;:"s- - O
‘ ,y_( : g e
Ay 77 institutions
o ~ 600 collaborators
: S#"\ s, e i ! »‘ 1455 Lufeng
: . f Vi ‘@ Q:iw.m Kopg
e 4 i "Hong Kong
e A Main target:
e — Start data taking in 2021 Measurement of
PP neutrino mass hierarchy

A700 m deep underground
A36 GW reactor power
A53 km baseline -> oscillation

maximum g,
A20 kton LS detector
PA3% energy resolution at 1MeV
A<1% energy scale uncertainty

25 February 2019 Yury Kudenko INR RAS, Moscow
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JUNO goals

Main goal: determination of
neutrino mass hierarchy

Normal Inverted

Yaping Cheng, NuPhys2018

;r spectrum at JUNO, L = 52.5 km.
—No osc.

Events / 1 MeV

--1-P,, osc.

solar: 7.5x107 eVv?

;o —P,, for NO
sm~'291_.,

atr_nmosp.hcric: Pce for 10
2.4x107 ev?

atomospheric:

“3 2
2.4x107 eV©
< -5 2
solar: 7.5%107 eV

Running time 6 years

FRD 83, 013006(2013) Hierarchy With info on Amy,
discrimination from LBL expts

Realistic case 30 40 Supernova neutrino
+ Geoneutrinos
Oscillation Parameter Current accuracy Dominant JUNO Solar neutrinos

( global 16 ) ™" experiment(s) Potentiality
Am%, 2.3% KamLAND 0.59%

AmZ= I]n_% — % (]n_% + fn%)l 1.6% MINQS, T2K 0.44%

sin?(04;) ~4-6% SNO 0.67%
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LBNF/DUNE Project

Flagship FNAL project

Main goals: - discovery of CP violation in leptonic sector 32 countries
- neutrino mass hierarchy at >5s level >1100 collaborators

- neutrino astronomy
- proton decay search

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

Absorber Hall
i and Muon Alcove

Far detector 40 kt (4 x10kt fiducial

Single
and
Dual
phase
detectors

Ep = 60-120 GeV
Beam power 1.2 -> 2.4 MW
On axis neutrino beam

Apex of Embankment ~ 60’

MI-10 Point of Extraction En ~ l_ 6 GeV
Primary Beam

seicesating | | ] =7 300 km from FNAL to
SURF, S.Dakota

Target (Mczero B Sensitivity to CP and MH

Main Injector CP Violation Mass Ordering

LAr TPC

P U N N N - N )
B '"u_-..__ -3

NH

P T PR T AT P TORT P PO |
1 080604020 02040608 1
BeplT Beplt

202117 installation of 1st far detector
20241 2 modules operational
20261 deliver neutrino beam
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HyperKamiokande | 1> countries

76 institutes
Japan > 300 members
Expected data taking start in ~2027

HyperK ~ == B -Upgrade of JPARC to
-

1.3 MW beam power
- New/upgrade of near
neutrino detectors

»“_A.-—;X - T o —_—
e Main goals:
p— - Search for CP violation

- Proton decay

- Neutrino astrophysics
Tank
60 m(H)x74m(D) T
Total volume 260 kt _ ey CP
Fiducial volume 190 kt 10 years of running: :

~10xSuperK | -8s for dep =-p/2 : -

PMT coverage 40% - 80% coverage of
40000 PMTs d-p parameter space with >3s
2.5/0ff-axis - p- plet >10%y
peak energy 600 MeV

25 February 2019 Yury Kudenko INR RAS, Moscow 21



25 February 2019

Expected sensitivity to CP

Significance for d-p = - p/2

DUNE

(Based on DUNE CDR,

arxiv:1601.05471 Table 2.1,

“optimized” beam design)

2022 2026 2030 2034 2038

Yury Kudenko INR RAS, Moscow
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Light sterile neutrinos



Neutrino anomalies

LSND/MiniBooNe anomaly

Phys. Rev. D 64, 112007 arXiv-1805.12028

Beam Excess

1.2 1.4
L/E, (meters/MeV)

Gallium

GALLEX SAGE ~ 2.90
Cri Cr

GALLEX sSAGE
Cr2 Ar

R =0.933+0.021

ng, PRD 86 {20

25 February 2019
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These anomalies
can be interpreted
as oscillations
involving

sterile neutrino
with Dm2~ 1 eV?2
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Sterile neutrino?

\U =

‘UT_, =sin’ HJLI cos’ 'H,L1 cos H

R/ — Ve ~ ] — )‘(f—_l:‘ (l_‘(r—L‘

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

7

Prsorve = 2|Ueca|Upa?
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@9 Sterile nd Mdya Bay + MINOS+ Bugey3

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 n6 Qa&Cube

En=320 GeVi 20 TeV

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

0.01 ¢ Dm? ¢ 10 eV?

- 1 year of data
- statistics limited

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

PRL 117 (2016) 071801

| —— 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

25 February 2019
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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 A3.1d3 h=3.8 d3
Detector 1t LS + Gd

Data/Prediction

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

Prompt Energy [MeV]

25 February 2019 Yury Kudenko

INR RAS, Moscow

. Excluded
—— NEOS 90% CL
— — Bugey-3 90% CL
Dgya Bay 90% (.‘.L5
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SBL reactor experiments (1)

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

STEREO (L.Bernard, ICHEP2018)

ILL, Grenoble, France, Reactor 58.3 [ W
Active zone A40x80cm

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.
—— Feldman-Cousins, 95% CL
STEREQ Phase | only
Exclusion Sensitivity: 90% C.L.
107 L, w SBL + Gallium Anomaly (RAA), 95% CL
sin®(26.) LT  * Gallum Anomaly (RAM, .
(20ee) 107
10

[ === PROSPECT Sensitivity, 85% CL

Neutrino-4 (A.Serebrov et al. arXiv:1809.10561)
Dimitrovgrad, Reactor Active Zone 3514214 2 m
Segmented detector 1.8t LS + Gd

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

- — CL 95% Neutrino-4 CL 99% Neutrino-4
+  Bestfit Am'=7.22¢V", sin"(20) =0.35 ; i /7
4 Observed, 24p, 500keV ! : :

AmM’=7.22eV7, 5in’(20)=0.35 1 /DoF 18.8425 GoF 0.80 A / CL 95% PROSPECT
Unity /DoF  30.1527 GoF 031 :

CL 90% STEREQ

01 02 03 04 05 06 07 08 08
sin®(20,,)
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FNAL: Short Baseline Neutrino program

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

25 February 2019 Yury Kudenko INR RAS, Moscow
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Absolute scale of neutrino mass




Neutrino mass

Three methods to determine neutrino mass

1. Kinematics of b- decay
- model independent

2. 0n2b- decay
- model dependent (heavy neutrinos,
nuclear matrix elementseé )
- neutrino T Majorana particles

3 . .
<m, ,> B U, m [FUim +UZe%m, +UZe*m,
i=1

3. Cosmology LCDM
- model dependent (cosmology model)

3
Me=a m

i=1

25 February 2019 Yury Kudenko INR RAS, Moscow
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: Direct measurement of nmass

Present limit
m(n,) <24 |

e
KATRIN, sarlsrue, Germany -Troitsk nu-mass

- Mainz

G.Drexlin, talk at NOW2018

First run - June 2018
Energy interval 4 0 0 4
Data taking 2019-2023

Energy resolution <1
Sensitivity to m(n.,) ~0 .

—— Fit result
{  Measurement

N

Count rate (cps)

o
=)
T

E0 - <E0> (eV)
B
™
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= Two Neutrino Spectrum

= Zero Neutrino Spectrum
1% resolution
r@2v)=100* 1(0V)

0.5 1.0 15
Sum Energy for the Two Electrons (MeV)

- On2b forbidden in Sf

- violation of lepton number DE 1 resolution, keV .
- neutrino - Majorana particles X B 1 background, events number/(keV®gyear)

Majorana particles: mix neutrino and antineutrino
violate lepton number

mag = | Z UZm,|
i

IH (Am’<0)

0.01

Mighest [€V]

25 February 2019 Yury Kudenko INR RAS, Moscow 34



T2 (90% C.L)

12

Limits on <m , g

Isotope,
mass

b x AE x M,
countslyr

Tuz, yr

<my>, eV

Experiment,
technique

6Ge, 40kg

0.07

> 0.9 x 1026

< 0.11-0.25

GERDA,
HPGe

825e, 5kg

0.4

>24x10¢

<0.38-0.77

CUPID-0,
scintillating
bolometers

100Mo, 7kg

1.5

>1.1x 1024

<0.33-0.62

NEMO-3,
tracko-calo

130Te, 200kg

>1.5x 1025

<0.13-0.50

CUORE,
bolometers

136Xe, 380kg

> 1.07 x 1026

< 0.06-0.16

KamLAND-
Zen, doped

KamLAND 1 ZEN T 400

90.6% enriched 13¢Xe

SE~6.6.-7.3%CE( [ 1 1)

25 February 2019

Yury Kudenko
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Near future

v ~75 gas
v This phase will begin
this winter

o(2.6MeV)=4% — < 2.5%
Target {(mpg> ~20meV in 5 yrs

(y) sensitivity

ov
1/2

_
S

(mpp) (e V)

_.
3

107

Ol

Prospects

K aml ANTYZen (%¥ay ’

Rl

10° 10* 107
Moot (V)

‘Tm > 1.9e26 yfs (90% CL) ‘
5 years

/

6 7 8 9 10
Live time (y)

Far future

LEGEND: Ge-76

LEGEND-1000 (second phase):
1000 kg of detectors
(deployed in stages)

Bl <0.1 cts/(FWHM t yr)
Location tbd

Design exposure 12 t yr

1.2 x10%8 yr

LEGEND-200 (first phase):
* up to 200 kg of .
detectors
* Bl ~0.6 cts/(FWHM t yr)
* use existing GERDA
infrastructure at LNGS
design exposure: 1tyr
Sensitivity 1027 yr
Isotope procurement
ongoing
* Start in 2021

NEXO: Xe-136

=

Exe OVBB T

E 4 3.7x10%yr
PAL 120 072701 (2018)

5000kg m $136

i
Livetime [yr]

Inverted mass hierarchy can be tested within 5-10 years

25 February 2019

Yury Kudenko
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Cosmology: neutrino properties

M.Lattanzi, talk at NuPhys18
KamLAND-ZEN A 95% CL upper limit

Planck2018 + BAO

Newr = 2.5
Ny = 2.75
N = 3.046 ]

KamLAND-ZEN l i

i

] Energy density in
|> units of “standard”
] neutrino density
(thermally

] distributed with
 T=1.9K)

B+1) Cy2n [10° uK?|

-3
=
=
N
+
=
a
Q
<
2
o
+
x
o
<
o
o

Planck + BAO, ACDM+Zmy, (NH)

_____Planck, ACDM+Zm, ____§

10_40.601 0.0050.010 "0.0500.100 0500 1 Neff - 299 o 017
ZignieV] no need in sterile neutrinos
Occllationdatausedanoimalierarchy for interpretation of cosmological data,
Sm, <0.24 eV Planck18 but 1 eV ns are allowed if they are
Sm, <0.12 eV Planck18 + BAO not thermalised

25 February 2019 Yury Kudenko INR RAS, Moscow



» .
Conclusion

Neutrino physicsz laboratory to study New Physics beyond SM

. . . mn 5 0
Neutrino oscillations Large mixing

Le,LmLt, 1

CP violation in neutrino oscillations? Connection to BaU?
Why different mixing of neutrino and quarks?

Normal or inverted mass order?

Neutrino: Dirac or Majorana particles?

Absolute scale of neutrino mass?

Generation of neutrino mass, «see-saw» mechanism?
Sterile neutrinos ?

eéé. .

e é é.

25 February 2019 Yury Kudenko INR RAS, Moscow
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Thank you for your attention!



Backup slides



@) T2K experiment Far neutrino detector

SuperKamiokande

Collect data since 2010

Far Detector
(SK)

295 km

Neutrino monitor Off-axis
INGRID

near neutrino detecto

iy

v Uy
i

) A |/|'.|,j,g

f-f -4 AH

gl b I 4O

DhddR
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Future plans

T2K expected to accumulater.8x1G1POT around 2021
(now 3x1*1 POT)
A Upgrade of near detectors to improve systematic uncertainties
18% (2011)- 9% (2014)- 5% (2018)- goal¢4% (2021)
A Plan to increase the beam intensity up to 1 MW in 2021
A Beam power up to 1.3 MW in ~2026
A T2K-II: proposed extension up to 2026 for 20x1 POT
3s sensitivity to CP violation ford.p ~ -p/2

-
Th

=

(&
=
o
®
o
=
[
-
©
=)
=

R

>

-

True 5..(°)
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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

I : :
A s s

f" 1 All projected beammtenslty
i and analysis improvements '

Yury Kudenko INR RAS, Moscow 43



Single-phase LAr TPC

S
N R
w NS
NS
e RN
OIS
o
O XN
>4

N
NN

RS
AR

=
N
WRE

s

pan RN
(1 e

—
P
B

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

J.Insler, talk at LLWI12017

430 nm shifted light (in bar)

25 February 2019 Yury Kudenko INR RAS, Moscow



D

LAr detectors at CERN Neutrino Platform

Anode OV

N P02 WA:LOS Collection field 5kV/cm

(DP demonstrator + ProtoDUNE DP) |t SEEEESE s
S.Murthy, talk at TPC-2016 ]

Drift field

Demonstrator: 3x1x1 m37 5 tons B

ProtoDUNE DP:

PMTs (provide t,

6X6X6 M3 e W W T

300 tons active mass

J.-;twﬁ’iﬂﬂ'@,ﬁl

i

s m
il { albiale ]1- 2 afalae! | Multilayer PCB anode
poR CHD U BOHOROHON

/
¥
LEM =1 cm
m N

Cosmic data taking gas begun Measurements with test beam in 2018
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i
W
i
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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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OPERA: final result

ng N, appearance

PRL 120 (2018) 211801

10 n, events observed for 18x10%° POT
Expected 6.4 events for Dm?,; = 2.5 x103 eV?, sin?2q,; = 1.0
Expected background 2.0°0.4 events

20 30
Visible energy (GeV'

Significance of n, appearance 6.1s

OPERA: Dm?,; =(2.7 + 0.7 - 0.6) x103 eV?, assuming sin?2q,; = 1.0

25 February 2019 Yury Kudenko INR RAS, Moscow
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lceCube

Neutrinos have the first
maximum of disappearance
at about 25 GeV

Energy threshold

of Deep Core =5 GeV

PRL 120 (2018) 071801

Cascade-like Track-like

Data taking for 3 years

IceCube Lab

IO s,

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

to Best Fit

Ratio

=(2.31 +011-0.13)x103 eV? sin?g,; = 0.51 +0.07 -0.09 for NH
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Reactor experiments

Measurement of q,5

DayaBay, 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 :
B 10
~ - Near Detector —jwif - Far Detector . - near
8 [l L=400m [l L=1050m =
Chooz Reactors < | | 10m’ target & || 10m’ target Aatantm -
4.27GW,, x 2 cores 81| 120m.w.e. = || 300m.w.e. ._:l.l.f' eCcIor Base]me
L S | | 2013~ S | | April 2011 ~
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@9 Oscillation results

Liang Zhan, ICHEP2018

Best-Fit
W/O oscillations
EH1

EH2 -
RENO

100 200 300 400 500 600 700 800 900
Lot / Ep (M/MeV) -
0.06 F == rate Only

—8— Rate+Shape
0.04 —®— Results in 2018  :

sin’ 26, =0.0856 £0.0029
52+0.07)x107° eV?
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e

Top Tracker

Central detector

Acrylic sphere
20kt Liquid Scin

~17000206 6 P MR

Water Cherenkov

~2000 200 o8

25 February 2019

Detector JUNO Requirements:

- PMT coverage
75% of total surface
I
I |

e BN T A T A WV A

¢ it
~—
. . A
&) / 7
i ,
- Vi :
y ' v-?,l
. .\ A 4
bl .-‘..'_.\
el .o
€ s Vv !
d=43.5m
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n, and anti -n, disappearance

Global fit of reactor and Gallium data

* | 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

25 February 2019 Yury Kudenko INR RAS, Moscow

arXiv:1512.02202

Dmz29 2 eV/?

sin?2q~ 0.1
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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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LSND anomaly

I pe,—Ven

P )

anti-n,, - anti-n,
87.9 N22.4 N6.0 events
Excess 3.84

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

MEN2 (90% CL)

E

LSND (99% CL) 0.245 4+ 0.067 4 0.045 9%
LSND (90% CL)

9 o 9 1.27 L Ani®
— sin® (20)sin” (—m)

Possible explanation :

4t (sterile) neutrino m-~p

]

. 2
sin“28
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Gallium anomaly

*ICr (27.7 days) *'Ar (35.4 days) SAGE
GALLEX
427 keV3 (9.0%) 747 keVa (BL6%)
3 e .00
E_- 432 keV3 (0.9%) 752 keV3 (85%) 813 keVn (9.8%)

811 keVn (90.2%)

% L s 320 ke
: ey >y (stable) 3'CI (stable)

Detection process: n, + ''Ga- "'Ge + e
m(Ga)=30 t m(Ga)=13t

GAILLEX Crl SAGE Cr

GALLEX Cr2
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Reactor anomaly

25 February 2019

anti-n,- anti-n,

i’
Cistance to Reactor (m)

Yury Kudenko

S.Gariazzo et al
arxiv:1703.08860

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

Distance (m)

INR RAS, Moscow
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New MiniBooNe result

arXiv:1805.12028

MiniBooNe doubled

n data since 2012

n 12.843 1020 POT
anti-n  11.2731020 POT

neutrino +antineutrino
total excess
460.5 ° 95.8 events (4.8s)

Best fit point:
Dm?,;, = 0.041 eV?
sin?2q = 0.958

Excluded by

OPERA
and ICARUS
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