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ELEMENTARY PARTICLES

Standard Model of Elementary Particles

three generations of matter
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ELEMENTARY PARTICLES

Standard Model of Elementary Particles

three generations of matter
(fermions)

I I i Single Beta Decay

mass | =2.4 Mev/c* =1.275 GeV/c? 17244 GeV/c* 0 125.09 Gev/c?

charge |2/: 2/3 23
ol - Q| @ : ‘ © H Neutron Proton

Neutrino

up J charm J top J gluon Higgs

\ 7

=4.8 MeV/c* =95 MeV/c* 4,18 GeV/c* 0 )

-1/3 -1/3 -1/3 0

1/2 ¢ 12 y 12 y 1 .

down I strange I bottom | photon

—/

0511 Mev/c? 2105.67 Mev/c <1.7768 Gev/c* N g Electron

electron' muon | tau | Z boson
S

- Antineutrino

{author: Kellie Jaeger}

GAUGE BOSONS

2 <22eV/c? <1.7 MeV/c? <15.5 MeV/c* +80.39 GeV/c?
0 0 0 11
8 12 Vg 12 Yy 112 \b 1 ‘
Bl elect t ° i i :
|| sestron J| e, J{ el lleoson‘ Neutrino production (example): beta decay

® Neutrino flavor: neutrino interaction state
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ELEMENTARY PARTICLES

Standard Model of Elementary
Particles

>THE STANDARD IMODEL <.

Neutrino
® Mass state = interaction state.

® Flavor: how neutrino interacts.
Maxim Gonchar (DLNP, JINR) Reactor T

Neutrino Mixing Oscillations

October 16, 2023
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ELEMENTARY PARTICLES
Standard Model of Elementary Massive and flavored neutrinos
Particles

Neutrino

® Mass state = interaction state.

® Flavor: how neutrino interacts.
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NEUTRINO PROPERTIES

Properties
® Neutral, spin 1/2
® Almost massless: 0 S m,, < 10*6me

® Interact only weakly
~ 1000”000 suns before interaction (1 MeV)

neutrinos
—
| |
\HH‘ L1 11T H‘ HH‘ | H\‘ | MH‘ LU
3 @ o
2 = <
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Reactor T

Neutrino Mixing Oscillations

® Strongly mixes
e Oscillates (in an observable way)

® May be it's own antiparticle
only possible for neutrino
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NEUTRINO MIXING AND OSCILLATIONS

© 0 ©0000000%0,%°%,0.0 0, ,
% 0 0000000%9 0.0 00050,400
o ® 00000900 509 "0 0g00
VL VT VL
z
=
2
[
o
propagation distance
Mixing Oscillations
; ; ® Mixing angles 0,,, 0., 04: flavor composition
v, 3D rotation matrix\ /v, g angles Uy, U3, i3 P
v, | = with 3 angles*: vy ® Mass splitting Am3,, Am3;: location of maximum
Ve 02, 9537‘9”37 W0cp V3 ® At least two neutrinos have nonzero mass

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) o 5_ differences neutrino/antineutrino
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NEUTRINO SOURCES

g '
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NEUTRINO SOURCES
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MANDATORY SLIDE I: NEUTRINO MIXING

Vs O [

Ve|:| UMD

Maxim Gonchar (DLNP, JINR)

Reactor T

Neutrino Mixing Oscillations

Weak and mass eigenstates differ:
va) =D Usilvs)
a — flavor states

1 — mass states
Mixing parametrized by:

® three mixing angles: 015,055,0:3,
® CP-violating phase: Ocp-
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MANDATORY SLIDE I: NEUTRINO MIXING

Weak and mass eigenstates differ:

0 Vo) = D Usilw)

Vs [ [ | o — flavor states

Vo | [ | 7 — mass states

vy | I I I Mixing parametrized by:

® three mixing angles: 0,5,055,0

Ve E uE e ° CP—vioIatin: phise: o 5:i
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix:
v 043 ~ 45° established through atmospheric and accelerator experiments: possibly maximal.
V' 0,5 =~ 34° established through solar experiments and KamLAND: large, but not maximal.
v 0,5 ~ & established by reactor: Daya Bay, RENO, Double Chooz.
® §cp unknown: NOvVA and T2K.
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MANDATORY SLIDE II: NEUTRINO MASS AND ORDERING

V3 I Mass splitting: oscillations PDG2020
e Am?, = (7.53+0.18) x 1075 eV?

Am3, * [Am3,| = (2:453+0.033) x 107% eV
* |Am3,|/AmE, ~ 31

Vo I 1
m2 J Am3,
V) 01

Normal ordering
Ve [ VM [ VT (|
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MANDATORY SLIDE II: NEUTRINO MASS AND ORDERING

V3 I Mass splitting: oscillations PDG2020
® Am32, = (7.5340.18) x 1075 eV?
Am3, * [Am3,| = (2.453£0.033) x 107 &V*
* |Am3,|/AmE, ~ 31
Vs Vo I 1T ® Mass ordering: is v, lighter than v;?
m12/ J Am3, { Am3,
LS| LS )
2
Ami,
Vs T
Normal ordering Inverted ordering

Ve|:| VMD VTI:'
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Vs I

Vo

4

Normal ordering
Ve X

Maxim Gonchar (DLNP, JINR)

Inverted ordering

Neutrino Mixing Oscillations

MANDATORY SLIDE II: NEUTRINO MASS AND ORDERING

Mass splitting: oscillations PDG2020

e Am2, = (7.53+0.18) x 107 a2
‘Am§2’NO = (2453 4 0033) X 10*3 ev2
|Am3, | /Am3, ~ 31

® Mass ordering: is v, lighter than vy
Neutrino mass

® Mass limits, meV:

} oscillations

my,mg> 0
> m;= 60
> m,; <120

m<900
<mB5> <156

Might 5500

Reactor T

2

Planck™
KATRIN [2105.08533]
Kamland-ZEN

[2203.02139]
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MANDATORY SLIDE II: NEUTRINO MASS AND ORDERING

V3 I Mass splitting: oscillations PDG2020
® Am32, = (7.5340.18) x 1075 eV?
Am3, * [Am3,| = (2.453£0.033) x 107 &V*
* |Am3,|/AmE, ~ 31
) Vs Vo I 1T ® Mass ordering: is v, lighter than v47
2 2
m;, Y Am3, { Am3, Neu
L4 ) B LS ) 5 2
®* Ma mﬂ:”Zmi Uil
2 Mgy, i
Am 9
13 mﬂﬁ = ZmiUei
i @
Vs I m<900 direct  KATRIN [2105.08533]
Normal ordering Inverted ordering (mgg) <156 0vAs Kamland-ZEN
v
V. [ VM (| V. Myighe 500 [2203.02139]
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NEUTRINO PHYSICS

Physics of neutrino
® Number of neutrino types
® Absolute masses, relative masses
® Neutrino nature: Dirac or Majorana particle

® Neutrino mixing and oscillation parameters

CP violation in leptonic sector

® Neutrino cross sections

Maxim Gonchar (DLNP, JINR) Reactor T October 16, 2023 9, /68
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NEUTRINO PHYSICS

Physics of neutrino

Number of neutrino types

Absolute masses, relative masses

Neutrino nature: Dirac or Majorana particle
Neutrino mixing and oscillation parameters
CP violation in leptonic sector

Neutrino cross sections

Maxim Gonchar (DLNP, JINR)

Physics with neutrino

® Reactor 7,:

» non-proliferation of nuclear weapons
> spectrum

® Geo-7,: Earth radiogenic heat

Atmospheric v

Solar v,: model, Solar metallicity
® Astrophysical v:

» SuperNova v
» Ultra high energy neutrino sources

® Cosmology:

» Big bang cosmology
» Cosmic v Background: relic v
» Diffuse SuperNova Neutrino Background
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NEUTRINO PHYSICS

Physics of neutrino Physics with neutrino
® Number of neutrino types ® Reactor 7,:
e Absolute masses, relative masses » non-proliferation of nuclear weapons

. . . . > spectrum
® Neutrino nature: Dirac or Majorana particle P ] )
. . _— ® Geo-7,: Earth radiogenic heat
® Neutrino mixing and oscillation parameters

Atmospheric v

CP violation in leptonic sector

Solar v,: model, Solar metallicity

Neutrino cross sections )
® Astrophysical v:

» SuperNova v

Physics with neutrino detectors , _
» Ultra high energy neutrino sources

® Proton decay e Cosmology:

® Invisible neutron decay > Big bang cosmology
® Dark matter searches » Cosmic v Background: relic v
» Diffuse SuperNova Neutrino Background
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline

® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino
Mixing

14

Maxim Gonchar (DLNP, JINR) Reactor U
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino
® 1048 v,
Mixing
v
v,
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino
° 1948 v,
Mixing ® 1956 Reines and Cowan: reactor 7,
reactor
v v U
V/l I/,u 7

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline

® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino

° 1948 v,
Mixing ® 1956 Reines and Cowan: reactor 7,
reactor ® 1957 Pontecorvo proposes neutrino mixing,
v v U mentions sterile neutrino
V/l I/,u 7
14
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline

1930 Pauli proposes neutrino
® 1948 v,

® neutral, spin 1/2, m =0

Mixing

® 1956 Reines and Cowan: reactor 7,
_ reactor . ® 1957 Pontecorvo proposes neutrino mixing,
v, v, U, mentions sterile neutrino
® 1962 Lederman, Schwartz, Steinberger:
14 N7, 7 accelerator v,
K 7, H Yy
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Neutrino  Mixing Oscillations

WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle

® neutral, spin 1/2, m =0

Mixing
solar reactor
1% /—\)(77) — ]7
€ e e
v v v

Maxim Gonchar (DLNP, JINR)

Timeline

1930 Pauli proposes neutrino
® 1948 v,
1956 Reines and Cowan: reactor 7,

1957 Pontecorvo proposes neutrino mixing,

mentions sterile neutrino

1962 Lederman, Schwartz, Steinberger:

accelerator Yy

1972 Davis: solar v,

Reactor T October 16, 2023
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino
° 1948 v,
Mixing ® 1956 Reines and Cowan: reactor 7,
solar reactor ® 1957 Pontecorvo proposes neutrino mixing,

(G -—
v, v, v, mentions sterile neutrino

® 1962 Lederman, Schwartz, Steinberger:

VIJ 572 7, accelerator v,
H H ® 1972 Davis: solar v,
® 1977 Perl: 7 lepton
VT Vr vy

Vs
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle

® neutral, spin 1/2, m =0

Mixing
solar reactor
v,— DU < —7U
€ e e
v v v
VT vr vy
1%

S

Maxim Gonchar (DLNP, JINR)

Neutrino  Mixing Oscillations

Timeline

1930 Pauli proposes neutrino
1948 v,
1956 Reines and Cowan: reactor 7,

1957 Pontecorvo proposes neutrino mixing,
mentions sterile neutrino

1962 Lederman, Schwartz, Steinberger:
accelerator Yy

1972 Davis: solar v,
1977 Perl: T lepton
1985 CDHSW observes v,
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Neutrino  Mixing Oscillations

WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m =0 ® 1930 Pauli proposes neutrino

® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing
solar reactor
vV — QP ————7p
e e e
v v v
p v, Yy
Vr vr Vr
Vg
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Neutrino  Mixing Oscillations

WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline

® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation

solar reactor

Y ¢ R
Ve Ve Ve
v v v
p v, Yy
[P -
Vp vr vr
14

S
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Neutrino  Mixing Oscillations

WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline

® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino

® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation
solar — reactor ® 2000 KamLAND: 4* 7, disappearance
— =Yy e 7,
Ve Ve Ve
v v v
p v, Yy
) —
Ve SV, vr
v

S
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle
® neutral, spin 1/2, m # 0

Mixing
solar p reactor
— Y7 7
Ve Ve Ve
1% N7 i
) —
Vpo vr vr
1%

Maxim Gonchar (DLNP, JINR)

Timeline
® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
2000 DONUT: v, observation
2000 KamLAND: 4* 7, disappearance
2002 SNO: solar v, mixing
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly

Mixing ® 2000 DONUT: v, observation
solar p reactor ® 2000 KamLAND: 4 ve disappearance
—_— "7y 7
Ve Ve Ve ® 2002 SNO: solar v, mixing
® 2006 MINOS: v, disappearance
1 N7, v
) —
Ve SV, vr
v
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation
solar reactor ® 2000 KamLAND: 4* 7, disappearance

/\)(_
v, Ve

ve ® 2002 SNO: solar v, mixing
® 2006 MINOS: v, disappearance
2010 OPERA: v, appearance

‘:t
<
N

°
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation
solar reactor ® 2000 KamLAND: 4* 7, disappearance

€ e ve ® 2002 SNO: solar v, mixing
/ ® 2006 MINOS: v, disappearance
VIJ (7M L ® 2010 OPERA: v, appearance
® 2013 T2K, then NOvVA: v, appearance
V \(l_j)
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation
solar reactor ® 2000 KamLAND: 4* 7, disappearance

€ e ve ® 2002 SNO: solar v, mixing
/ \ ® 2006 MINOS: v, disappearance
v, (7M 77u ® 2010 OPERA: v, appearance
® 2013 T2K, then NOvVA: v, appearance
U \(I_/) 7 ® 2018 T2K, then NOvA: 7, appearance
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WHAT DO WE KNOW ABOUT NEUTRINO OSCILLATIONS

The particle Timeline
® neutral, spin 1/2, m # 0 ® 1930 Pauli proposes neutrino
® 1989 Kamiokande/IMB: atmospheric anomaly
Mixing ® 2000 DONUT: v, observation
solar - reactor . ® 2000 KamLAND: 4* 7, disappearance
Ve b( e Ve ® 2002 SNO: solar v, mixing
o o ® 2006 MINOS: v, disappearance
VIJ = : (7M ! - 77,u ® 2010 OPERA: v, appearance
NN * 2013 T2K, then NOVA: v, appearance
v \\\‘\\ —> /’/// 7 ® 2018 T2K, then NOvA: 7, appearance
T T y T e Sterile v, actively searched for

\
\ ;7
YN
NN
SAyE 27
3 Vs' &
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PAULI: PROPOSAL OF THE NEUTRINO

Neutrino proposal

X Problem: in tritium (three body) decay

3T 5 3He + e

e~ should have definite energy.

Maxim Gonchar (DLNP, JINR)

Reactor T

Number of electrons

Herr Auge Savannah River Brookhaven v, Homestake

Observed Expected
spectrum of electron
energies energy
Ener
i Endpoint of
spectrum
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PAULI: PROPOSAL OF THE NEUTRINO

Neutrino proposal

X Problem: tritium decay
35T — 3He + e~
v/ Proposed solution by Pauli in 1930:
3T —»3He+e +v

Maxim Gonchar (DLNP, JINR) Reactor U

Number of electrons

Herr Auge Savannah River Brookhaven v, Homestake

Observed Expected
spectrum of electron
energies energy
Ener
i Endpoint of
spectrum
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PAULI: PROPOSAL OF THE NEUTRINO

Neutrino proposal

X Problem: tritium decay
35T — 3He + e~
v/ Proposed solution by Pauli in 1930:
3T —»3He+e +v

® Expect inverse reaction: T,+p—et +n

Maxim Gonchar (DLNP, JINR) Reactor U

Number of electrons

Herr Auge Savannah River Brookhaven v, Homestake

Observed Expected
spectrum of electron
energies energy
Ener
i Endpoint of
spectrum
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PAULI: PROPOSAL OF THE NEUTRINO

Neutrino proposal

X Problem: tritium decay
35T — 3He + e~
v/ Proposed solution by Pauli in 1930:
3T »3%He+e +v
® Expect inverse reaction: T,+p—et +n

X Expected cross section: 10~%* cm?
< impossible to detect

Maxim Gonchar (DLNP, JINR) Reactor U

Number of electrons

Herr Auge Savannah River Brookhaven v, Homestake

Observed Expected
spectrum of electron
energies energy
Ener
i Endpoint of
spectrum
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REINES AND COWAN: NEUTRINO DETECTION EXPERIMENT

Neutrino proposal

X Problem: tritium decay Nuclear
3T N 3He +e explosive
v/ Proposed solution: 37T 5 3He+e +v Fireball
® Expect inverse reaction: v,+p—et+n T
X Expected cross section: 10744 cm? Buried signal line
30m for triggering release
First proposal by Reines and Cowan g 40 m——|
i
® Detect v at 50 m from 20 kt nuclear explosion. ‘
Back fill —~ Vacuum
L pump
Suspended J N
detector Vacuum
line
Vacuum

tank @

Feathers and
foam rubber
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3T N 3He +e explosive
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® Expect inverse reaction: v,+p—et+n T
X Expected cross section: 10744 cm? Buried signal line
30m for triggering release
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i
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Neutrino proposal

X Problem: tritium decay Nuclear
3T N 3He +e explosive
v/ Proposed solution: 37T 5 3He+e +v Fireball
® Expect inverse reaction: v,+p—et+n T
X Expected cross section: 10744 cm? Buried signal line
30m for triggering release
First proposal by Reines and Cowan g 40 m——|
i
® Detect v at 50 m from 20 kt nuclear explosion. ‘
Back fill —~ Vacuum
® Drop detector into the shaft to avoid earthquake. LJ | pump
X Problem: ~ background. Suspended Vacuum
line
Vacuum

tank @
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REINES AND COWAN: NEUTRINO DETECTION EXPERIMENT

Neutrino proposal

X Problem: tritium decay
35T — 3He + e~

v/ Proposed solution: 37T 5 3He+e +v
® Expect inverse reaction: v,+p—et+n
X Expected cross section: 10~** cm?

First proposal by Reines and Cowan
® Detect v at 50 m from 20 kt nuclear explosion.
® Drop detector into the shaft to avoid earthquake.

X Problem: ~ background.
v Solution: use neutron capture to tag v event.

Maxim Gonchar (DLNP, JINR) Reactor U

Herr Auge Savannah River Brookhaven v, Homestake
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REINES AND COWAN: NEUTRINO DETECTION EXPERIMENT

Neutrino proposal

X Problem: tritium decay
35T — 3He + e~

v/ Proposed solution: 37T 5 3He+e +v
® Expect inverse reaction: v,+p—et+n
X Expected cross section: 10~** cm?

First proposal by Reines and Cowan
® Detect v at 50 m from 20 kt nuclear explosion.
® Drop detector into the shaft to avoid earthquake.

X Problem: ~ background.
v Solution: use neutron capture to tag v event.

v/ With double signal: no need to use explosion.

Maxim Gonchar (DLNP, JINR) Reactor U

Herr Auge Savannah River Brookhaven v, Homestake
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30m for triggering release
< 40m |
i
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INVERSE BETA DECAY AND SELECTION CRITERIA
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INVERSE BETA DECAY AND SELECTION CRITERIA
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INVERSE BETA DECAY AND SELECTION CRITERIA &
200 ps
> 12 = g
o % ; prompt window -
i‘ of £ 200 ps | 200 ps £
o | nothing here | and nothing here | and nothing here too B
0.7 < : \ ‘ ‘ : 3
0 100 200 T2 300 B 500 600 o
5 g t, s
‘& '8 X
! ! 1 MeV 10
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. . . N + 2 B >
Tagged antineutrino signal WG oy, 4 $
® Great background suppression o 2
e Control over tag cross section and energy "K
® More complicated event selection procedure ‘ A
22MeV S\ 1 ,
teap ~ 100 ,us: <t(ap> ~
(JUNO) nH nGd (Daya Bay main)
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Herr Auge Savannah River Brookhaven v, Homestake

REACTOR v, PRODUCTION AND DETECTION
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REACTOR v, PRODUCTION AND DETECTION
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REACTOR v, PRODUCTION AND DETECTION
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REACTOR v, PRODUCTION AND DETECTION
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REACTOR v, PRODUCTION AND DETECTION

Reactor 7, production
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REACTOR v, PRODUCTION AND DETECTION
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Herr Auge Savannah River Brookhaven v, Homestake

REACTOR v, PRODUCTION AND DETECTION

Reactor 7, production

in beta decays of fission products of

° 235U, 239Pu and 241Pu

o 2387

E, < 10MeV

v, detection

® |nverse beta decay:
Uv,+p—et+n

Maxim Gonchar (DLNP, JINR)
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Herr Auge Savannah River Brookhaven v, Homestake

REACTOR v, PRODUCTION AND DETECTION

Reactor 7, production

in beta decays of fission products of

e 257 2Py and **'Pu (slow n)
o 28y (fast n)
® ~ 67, /fission (4 200MeV of heat)
® 1 GW,, reactor produces ~ 10%° 7, /s
* E,<10MeV j —
v, detection ; — Comrae
® |nverse beta decay:
Uv,+p—et+n
® Threshold: 1.8 MeV
i
£, Mev
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SCINTILLATION AND CHERENKOV LIGHT

® Common scenario: neutrino interaction produces a single charged particle in a large volume
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SCINTILLATION AND CHERENKOV LIGHT

® Common scenario: neutrino interaction produces a single charged particle in a large volume

Scintillation light
® Special material: scintillator
® Energy: “any”

Light direction: isotropic

Time distribution: exponential decay
scintillator (de)excitation takes some time
~ ns
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SCINTILLATION AND CHERENKOV LIGHT

® Common scenario: neutrino interaction produces a single charged particle in a large volume

Scintillation light
® Special material: scintillator
® Energy: “any”

Light direction: isotropic

Time distribution: exponential decay
scintillator (de)excitation takes some time
~ ns

ic scintillator in UV light

A KamLAND first 7, ‘event.
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Introduction  Observations Anomalies v, v Ve ve Future Summary Herr Auge Savannah River Brookhaven v, Homestake

HANFORD EXPERIMENT: DETECTOR HERR AUGE =

First attempt 1953
® Cylindrical detector: @71cm, J 76.cm, 300L
® Target: liquid scintillator (LS) + "*Cd
® 90 2" PMTs

. Antineutrino

()

W nverse
.._ beta decay

uise
Current
Oscilloscope
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First attempt 1953
® Cylindrical detector: @71cm, J 76.cm, 300L
® Target: liquid scintillator (LS) + *Cd
® 90 2" PMTs
® Expected count rate: 0.3 min"?
® Observed count rate: 5min~!
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it ALISUD BEINTILLATOR
= 1 amiy SOOI Mol
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HANFORD EXPERIMENT: DETECTOR HERR AUGE

First attempt 1953
® Cylindrical detector: @71cm, J 76.cm, 300L
® Target: liquid scintillator (LS) + *Cd
® 90 2" PMTs
® Expected count rate: 0.3 min"?
® Observed count rate: 5min~!

X Found cosmogenic background

LERD BEELE
ALISED BEINTILLATOE

- 04} S=OTOULTiFL S P

Maxim Gonchar (DLNP, JINR) Reactor U

Herr Auge Savannah River Brookhaven v, Homestake
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o
SAVANNAH RIVER EXPERIMENT: OBSERVATION =
Second attempt 1955
® Sandwich detector: 3 x 1400L LS
® Target: 2 x 200L, H,0/D,0 + '**Cd
® Depth: 12m

® 3 x1105" PMTs
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Second attempt 1955 ‘
e Sandwich detector: 3 x 1400L LS B w Detector |
® Target: 2 x 200L, H,0/D,0 + *Cd g \ :
® Depth: 12m g Positron
Target tank A _.—
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Detector 1]

Target tank

Bottom triad
|

Detector Il

Maxim Gonchar (DLNP, JINR) Reactor U

aven vy,

Homestake

Energy

discriminator

Signal

Neutron

|

October 16, 2023

Positron

16, / 68



Introduction  Observations Anomalies v, v Ve ve Future Summary

Herr Auge Savannah River Brookhaven v, Homestake

SAVANNAH RIVER EXPERIMENT: OBSERVATION

Second attempt 1955
® Sandwich detector: 3 x 1400L LS
® Target: 2 x 200L, H,0/D,0 + '**Cd '%,
® Depth: 12m =
® 3x1105" PMTs
® Select coincidences -
.Ei |
Maxim Gonchar (DLNP, JINR) Reactor U

Detector |
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Target tank A 2

Detector Il

Target tank B [

Detector Ill

Energy
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SAVANNAH RIVER EXPERIMENT: OBSERVATION

Second attempt 1955
® Sandwich detector: 3 x 1400L LS
® Target: 2 x 200L, H,0/D,0 + '*Cd
® Depth: 12m

® 3x1105" PMTs
® Select coincidences

Results
® Observed rate: 3h!
® S/N ratio: 3/1
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® Sandwich detector: 3 x 1400L LS
® Target: 2 x 200L, H,0/D,0 + '*Cd
® Depth: 12m

® 3x1105" PMTs
® Select coincidences

Results
® Observed rate: 3h!
® S/N ratio: 3/1

® Signal depends on reactor power

® Signal does not depend on shielding
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SAVANNAH RIVER EXPERIMENT: OBSERVATION

Second attempt 1955
® Sandwich detector: 3 x 1400L LS
® Target: 2 x 200L, H,0/D,0 + '*Cd
® Depth: 12m

® 3 x1105" PMTs

® Select coincidences

Results
® Observed rate: 3h!
® S/N ratio: 3/1

® Signal depends on reactor power
® Signal does not depend on shielding
® Nobel Prise 1995 (Reines)
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NEUTRINO DETECTION WITH CHEMICAL METHOD

Chlorine-argon
® 1946 Pontecorvo proposes chlorine-argon method to detect reactor
D({ neutrino Report PD-205, Chalk River Laboratory, 1946

> v+ 370l — e + ¥YAr
» Threshold: 814 keV
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£
NEUTRINO DETECTION WITH CHEMICAL METHOD )

Chlorine-argon

® 1946 Pontecorvo proposes chlorine-argon method to detect reactor
D({ neutrino Report PD-205, Chalk River Laboratory, 1946

v+30l — e+ ¥Ar

Threshold: 814 keV

5T Ar with half life of 35 days decays via electron capture

3TAr + e~ — 37Cl + v, followed by Auger electron

Argon may be extracted and the decay may be observed

vV vVvyyvyvy
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NEUTRINO DETECTION WITH CHEMICAL METHOD

Chlorine-argon

® 1946 Pontecorvo proposes chlorine-argon method to detect reactor
D({ neutrino Report PD-205, Chalk River Laboratory, 1946

v+30l — e+ ¥Ar

Threshold: 814 keV

5T Ar with half life of 35 days decays via electron capture

3TAr + e~ — 37Cl + v, followed by Auger electron

Argon may be extracted and the decay may be observed

vV vVvyyvyvy

Gallium-germanium
® 1966 Kuzmin proposes gallium-germanium method

> v+ 1Ga — e + "Ge
» Threshold: 233 keV
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NEUTRINO DETECTION WITH CHEMICAL METHOD

Chlorine-argon

® 1946 Pontecorvo proposes chlorine-argon method to detect reactor
D({ neutrino Report PD-205, Chalk River Laboratory, 1946

v+30l — e+ ¥Ar

Threshold: 814 keV

5T Ar with half life of 35 days decays via electron capture

3TAr + e~ — 37Cl + v, followed by Auger electron

Argon may be extracted and the decay may be observed

vV vVvyyvyvy

Gallium-germanium
® 1966 Kuzmin proposes gallium-germanium method
> v+ "Ga— e + "Ge
» Threshold: 233 keV
» "Ge half life of 11.3 days: electron capture
» "Ge+e — ™Ga+ v, followed by Auger electron
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IN THE MEAN TIME...

Reines and Cowan
® Reaction: 7, +p — et +n
® Threshold: 1.8 MeV

® Source: reactor

Maxim Gonchar (DLNP, JINR)

Davis

e Reaction: v+ %7Cl — e~ + 3"Ar
® Threshold: 0.8 MeV

® Source: reactor

Reactor T October 16, 2023 18, / 68
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IN THE MEAN TIME... =

Reines and Cowan Davis
® Reaction: 7, +p —e* +n e Reaction: v+ %7Cl — e~ + 3"Ar
® Threshold: 1.8 MeV ® Threshold: 0.8 MeV
® Source: reactor e Source: reactor

® 1953 Hanford experiment: 300 |
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IN THE MEAN TIME...

Reines and Cowan Davis
® Reaction: 7, +p — et +n ® Reaction: v+ 3"Cl — e + ¥"Ar
® Threshold: 1.8 MeV e Threshold: 0.8 MeV
® Source: reactor e Source: reactor
® 1953 Hanford experiment: 300 |

® 1957 Brookhaven experiment: 200 |
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IN THE MEAN TIME...

Reines and Cowan Davis
® Reaction: 7, +p — et +n * Reaction: v+ 37Cl — e~ + *"Ar
Threshold: 1.8 MeV Threshold: 0.8 MeV
® Source: reactor e Source: reactor
1953 Hanford experiment: 300 |

1957 Brookhaven experiment: 200 |
1955 Savannah river experiment: 4200 | e 1955 Savannah river experiment: 3900 |
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IN THE MEAN TIME...

Reines and Cowan

Reaction: 7, +p — et +n
Threshold: 1.8 MeV

Source: reactor

1953 Hanford experiment: 300 |

1955 Savannah river experiment: 4200 |

Observation of reactor 7,
Nobel Prize 1995 (Reines)

Maxim Gonchar (DLNP, JINR)

Davis

e Reaction: v+ %7Cl — e~ + 3"Ar
Threshold: 0.8 MeV

® Source: reactor

1957 Brookhaven experiment: 200 |
® 1955 Savannah river experiment: 3900 |

® No signal...
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IN THE MEAN TIME...

Reines and Cowan

Reaction: 7, +p — et +n
Threshold: 1.8 MeV

Source: reactor

1953 Hanford experiment: 300 |

1955 Savannah river experiment: 4200 |
Observation of reactor 7,
Nobel Prize 1995 (Reines)

Maxim Gonchar (DLNP, JINR)

Davis

e Reaction: v+ %7Cl — e~ + 3"Ar
® Threshold: 0.8 MeV

® Source: reactor

® 1957 Brookhaven experiment: 200 |
® 1955 Savannah river experiment: 3900 |
® No signal...

® 1958 New measurements: *He + o — "Be + v
may contribute to the solar v, above C|-Ar threshold

® Fowler and Cameron suggest Davis measuring solar 7,

Reactor T October 16, 2023 184 / 68
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1957 NEUTRINO OSCILLATIONS

Context

nly r rv rved, n r)yv,nov, /U,.
® Only reactor 7, observed, no (sola ov,/7,

e

® Davis has some candidates for reactor v, (not 7,)

0 .. . .
e K% 2 K mixing and oscillation observed.

Oscillations

® Pontecorvo proposes the idea of v, 22 U, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)
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1957 NEUTRINO OSCILLATIONS

Context

nly r rv rved, n r)yv,nov, /U,.
® Only reactor 7, observed, no (sola ov,/7,

e

® Davis has some candidates for reactor v, (not 7,)

0 .. . .
e K% 2 K mixing and oscillation observed.

Oscillations

® Pontecorvo proposes the idea of v, 22 U, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)

* Transition probability: P(v —v) = 1 (1 — cos A’g’:)

Am? = m3 —m?
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1957 NEUTRINO OSCILLATIONS

Context

nly r rv rved, n r)yv,nov, /U,.
® Only reactor 7, observed, no (sola ov,/7,

e

® Davis has some candidates for reactor v, (not 7,)

0 .. . .
e K% 2 K mixing and oscillation observed.

Oscillations

® Pontecorvo proposes the idea of v, 22 U, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)

* Transition probability: P(v —v) = 1 (1 — cos A’g’:)

Am? = m3 —m?

* Averaged transition probability: (P)(v —»7) =1

Maxim Gonchar (DLNP, JINR) Reactor U

Herr Auge Savannah River Brookhaven 1/, Homestake
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1957 NEUTRINO OSCILLATIONS

Context
® Only reactor 7, observed, no (solar) v,, no v, /7,,.

® Davis has some candidates for reactor v, (not 7,)

0 .. . .
e K% 2 K mixing and oscillation observed.

Oscillations

® Pontecorvo proposes the idea of v, 22 U, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)

* Transition probability: P(v —v) = 1 (1 — cos A’g’:)
Am? = m% - mf

* Averaged transition probability: (P)(v —»7) =1

® Solar flux should be affected  J. Exptl. Theoret. Phys. 53, 1717 (1967)

Maxim Gonchar (DLNP, JINR) Reactor U
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1957 NEUTRINO OSCILLATIONS

Context

nly r rv rved, n r)yv,nov, /U,.
® Only reactor 7, observed, no (sola ov,/7,

e

® Davis has some candidates for reactor v, (not 7,)

0 .. . .
e K% 2 K mixing and oscillation observed.

Oscillations

® Pontecorvo proposes the idea of v, 22 U, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)
i ity = 1 Am2L
® Transition probability: P(v — ) = 5 (1 — cos &%
Am? = m3 —m?
Averaged transition probability: (P)(v —7) = 3

Solar flux should be affected  J Exptl. Theoret. Phys. 53, 1717 (1967)

Switched to v, 2 v, oscillations after v, discovery
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1957 NEUTRINO OSCILLATIONS

Oscillations

® Pontecorvo proposes the idea of v, 22 7, oscillations
J.Exptl. Theoret. Phys. 33, 549 (1957)
J.Exptl. Theoret. Phys. 34, 247 (1958)
- . — 2
* Transition probability: P(v — v) = (1 — cos A"PS L)
Am? = m2 —m?

® Averaged transition probability: (P)(v — 7) = %

® Solar flux should be affected  J. Exptl. Theoret. Phys. 53, 1717 (1967)
® Switched to v, 32 v, oscillations after v, discovery
[ ]

Theory of neutrino mixing and oscillations established by 1978:

» Eliezer, Swift, Frietzsch, Minkowski, Bilenky and Pontecorvo
» also Maki, Nakagawa, Sakata

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 19 / 68
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NEUTRINO UNIVERSALITY

¢ Assumption on v, and v, univesality:
B. Pontecorvo, Phys. Rev. 72, 246 (1947) } — . —
G. Puppi, Nuovo Cimento 5, 587 (1948)
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NEUTRINO UNIVERSALITY

¢ Assumption on v, and v, univesality:
B. Pontecorvo, Phys. Rev. 72, 246 (1947) B TR
G. Puppi, Nuovo Cimento 5, 587 (1948)

® On a distinction between v, and v,:
..for people working with muons in the old times, the question
about different types of neutrinos has always been present.
True, later on many theoreticians forgot all about it and some of them “invented” again the two
neutrinos... Journal de Physique 43, C8-221 (1959)
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NEUTRINO UNIVERSALITY

¢ Assumption on v, and v, univesality:
B. Pontecorvo, Phys. Rev. 72, 246 (1947) ol
G. Puppi, Nuovo Cimento 5, 587 (1948)

® On a distinction between v, and v,:
..for people working with muons in the old times, the question
about different types of neutrinos has always been present.

True, later on many theoreticians forgot all about it and some of them “invented” again the two
neutrinos...

Journal de Physique 43, C8-221 (1959)
® Neutrino reactions:

!

. +p—et+n
TP —ut+n
. +p—et+n

detected
if v, and v, different particles
if v, and v, are the same particle

R

>
»
>

N
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NEUTRINO UNIVERSALITY

¢ Assumption on v, and v, univesality:
B. Pontecorvo, Phys. Rev. 72, 246 (1947) B TR
G. Puppi, Nuovo Cimento 5, 587 (1948)

® On a distinction between v, and v,:
..for people working with muons in the old times, the question
about different types of neutrinos has always been present.
True, later on many theoreticians forgot all about it and some of them “invented” again the two

neutrinos... Journal de Physique 43, C8-221 (1959)

® Neutrino reactions:
> U, +p—et+n detected
17 +p—put+n if v, and v, different particles
U,+p—et+n if v, and v, are the same particle
® The idea of accelerator neutrino experiments in 1959 Sov. Phys. JETP 10, 1236 (1960)

® Accelerator experiments proposed independently by M. Schwartz in 1960 Phys.Rev.Lett. 4 (1960)

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 20, / 68
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PRODUCTION OF ACCELERATOR NEUTRINOS

; Muon Monitors
Target Hall Decay Pipe
ract o Sl Absorber

Target

Protons from \_
Main Injector

5 —

Homn 1 Horn 2

10m 30m

Hadron Monitor

® High intensity proton beam collides with target: produces 7+ and K+ + dominates
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PRODUCTION OF ACCELERATOR NEUTRINOS fi)

; Muon Monitors
Target Hall Decay Pipe
oL o Sl Absorber

Target

Protons from \ — _— '
il oo S (51 _.g‘u b B ) S
Main Injector F\.—L’—‘:

Homn 1 Horn 2 s T ————— e - — = —
10m 30 675 m
5m
Hadron Monitor - -
Rock
® High intensity proton beam collides with target: produces 7+ and K+ + dominates

® Focusing system: choose 7 /K* or 7= /K~
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Introduction Observations Anomalies v, v Ve ve Future Summary Herr Auge Savannah River Brookhaven v, Homestake

PRODUCTION OF ACCELERATOR NEUTRINOS

; Muon Monitors
Target Hall Decay Pipe
oL o Sl Absorber

Target

Protons from —-\é ﬂ ﬁ o

Main Injecto
REESEISShes Hom 1 Horn 2 e
10m 30 675 m
Hadron Monitor - ==
Rock
® High intensity proton beam collides with target: produces 7+ and K+ + dominates

® Focusing system: choose 7 /K* or 7= /K~
® Let them decay: 7 — u* + v,
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PRODUCTION OF ACCELERATOR NEUTRINOS o
i M Monit
Targje& Hall DecalPlpe Absorber el el
™ =
Target w
- P s,
Protons from =3 —_ L - 4
Main Injector _F__——_-___“_w e
Homn 1 Horn 2 Sy T — B = — — — ' —
10m 30 675 m /
5m
Hadron Monitor - -
Rock
e High intensity proton beam collides with target: produces 7* and K+ + dominates
® Focusing system: choose 7t /K™ or 7= /K~
® Let them decay: 7 — u* + v,
» Small contribution from: u* — et + v, +7, (wrong flavor, opposite “sign”)
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PRODUCTION OF ACCELERATOR NEUTRINOS rh
Targje& Hall Decalpipe T Muon Monitors
Target kil ~

ey

__—_M--—-{—-‘” ""‘""""’j sk (|

Homn 1 Horn 2 e

. 1 | ‘-
T = == - - - &—-:I-H-———ﬁ ———————— -
10m i | i
30m 675 m i } |
5m '

& 12m 18m 210 m
Hadron Monitor

Rock

High intensity proton beam collides with target: produces 7+ and K*
® Focusing system: choose 7 /K* or 7= /K~
Let them decay: 7+ — u* + v,

+ dominates

» Small contribution from: u* — et + v, +7, (wrong flavor, opposite “sign”)

Absorb remaining hadrons
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C
ACCELERATOR NEUTRINO BEAM TYPES Zons

Production method
® Beam dump:
100 GeV at 1 km = Am? = 100 eV?

» ~100 GeV proton beam stops at thick
target.

» v, /v, produced in decays of heavy
hadrons

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 22, /68
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ACCELERATOR NEUTRINO BEAM TYPES

Production method

® Beam dump
® Pion decay in flight (7-DIF)
~GeV at 1-1000 km
= Am? = 1072 V2
» Proton beam hits target, producing 7/K
» v, /v, produced in decays of 7/K
> contains admixture of 7, /7,

Maxim Gonchar (DLNP, JINR) Reactor U

Herr Auge Savannah River Brookhaven v, Homestake
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C
ACCELERATOR NEUTRINO BEAM TYPES Zons

Production method

® Beam dump

® Pion decay in flight (7-DIF)

® Muon decay at rest (u-DAR):

10 MeV at 10 m = Am?2 = 1 eV?

» Proton beam hits target, producing 7/K
» ut produced in decays of /K
» v, produced in decay of u*

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 22, /68
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Herr Auge

ACCELERATOR NEUTRINO BEAM TYPES

Production method
® Beam dump
® Pion decay in flight (7-DIF)
~GeV at 1—1000 km
= Am?2 =102 eV?
® Muon decay at rest (u-DAR)

Energy spectrum
® On-axis:

» Wide band: search for new signals
» Narrow band: precision measurements

® Off-axis: based on wide band

Maxim Gonchar (DLNP, JINR)

Savannah River Brookhaven v, Homestake

Medium Energy Tune

10 T T T T T T T
80 * on-axis
/ mrad off-axis
> — 14 mrad off-axis
sk 0=0 1 3 — 21 mrad off-axis
a7
260 -
=
9]
_ 6 =
z ISl
3 o
8 =)
= =7 mrad 40
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g
2
4 0=14mrad S20
2 b S 4 0
=
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E_(GeV)
Reactor T October 16, 2023
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1962 OBSERVATION OF v, FROM ACCELERATOR

® AGS Neutrino experiment at Brookhaven
® 15 GeV proton beam, Be target, n-DIF, on-axis
® Detector: 10 ton spark chamber

proton .
eam targat proton accelerator

detector —
pi-meson steel shield spark chamber

The accelerator, the neutrina
beam and the detector

Part of the circular accelerator in
Brook  in which the protons
were accelerated. The pi-mesons (1),
which were mdn:l.-d ih the proton
collisions with the dem_; |l|tu concrete
muons (1) and neutrinos =
m thick steel shicld stops | the =
jparticles except the yery pel -'!
neutrinos. A very small mntmn of the
neutrings react in the del

give rise to muons, which are I.I|-u|
observed in the spark chamber,

Based an a dawing In Scentific American,
Harch 1963
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1962 OBSERVATION OF v, FROM ACCELERATOR

AGS Neutrino experiment at Brookhaven

15 GeV proton beam, Be target, n-DIF, on-axis

Detector: 10 ton spark chamber

Observed 113 events, including:

» 29 single track muons + 5 cosmic ray muons
» 6 shower events of consistent energy
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1962 OBSERVATION OF v, FROM ACCELERATOR

AGS Neutrino experiment at Brookhaven

15 GeV proton beam, Be target, n-DIF, on-axis

Detector: 10 ton spark chamber

Observed 113 events, including:

» 29 single track muons + 5 cosmic ray muons
» 6 shower events of consistent energy

Lederman, Schwartz, Steinberger: Nobel Prize 1988

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 23, /68
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SOLAR NEUTRINOS

® Produced in fusion process in the Sun
® Produced: electron neutrino

® At Earth: all neutrino flavors

® Flux: 7 x 10'% v, /cm?/s

® Energies: < 20 MeV

v Dominant reaction

H v 2y Y He
O\y/ @4}9“[*’ ‘H
O T ® o

H

iy O @ oo Y cammaray
@ e Y Newro
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SOLAR v, SPECTRUM

1012 || T T || LI | 1 T T 1 LI | 1
101k 069 B16 high-Z + ecCNO 4
" pel g . Solar Neutrino Spectra (£10)
- RA 20 -
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= 10°F /Bo[ﬂi%] : i i
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£ 1 1
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e //‘—§T\
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R e : I i (04 SF1770] 5t 1
s 105'/"/T_\:\ P —l .
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é 104 ITF[iZ[)%] : /i//r -
= o103 1 1 -
10 \ | |
102 : : : hep[+30% .
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100 1 I !: 1 % ! I I
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

MeV
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SOLAR v, OBSERVATION

® [ocation: Homestake gold mine, South Dakota

® Target: tetrachlorethylene C,Cl,

“dry-cleaning fluid
® 390000 I, *Cl fraction ~ 1/4

® Argon extraction: bubbling with helium

Maxim Gonchar (DLNP, JINR) Reactor T
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SOLAR v, OBSERVATION

Location: Homestake gold mine, South Dakota

Target: tetrachlorethylene C,Cl,

“dry-cleaning fluid

390000 I, 3"Cl fraction ~ 1/4

® Argon extraction: bubbling with helium
® Result:
» 0.437 4+ 0.042 atoms per day
» 2.32+0.22 Solar Neutrino Units (SNU)
(1073 captions/second/*"Cl)
» ~ 1/3 of predicted v, flux: Solar Anomaly
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SOLAR v, OBSERVATION

Location: Homestake gold mine, South Dakota

Target: tetrachlorethylene C,Cl,
“dry-cleaning fluid"”

390000 I, 3"Cl fraction ~ 1/4
® Argon extraction: bubbling with helium
® Result:

» 0.437 4+ 0.042 atoms per day

» 2.32+0.22 Solar Neutrino Units (SNU)
(1073 captions/second/*"Cl)

> ~ 1/3 of predicted v, flux: Solar Anomaly

Nobel Prize 2002: Raymond Davis Jr.
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SOLAR v, OBSERVATION

TAr Production in Atoms/Day

ARGON PRODUCTION RATE

2.0

o
wn

| JW WN

1970 1974

Maxim Gonchar (DLNP, JINR)
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- 1 A A
1978 1982 1986 950
Year

Reactor T

10.0
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n
o

Solar Neutrino Units

0.0

Herr Auge Savannah River Brookhaven v, Homestake

Homestake experiment
was taking data from
March 1970 to February
1994.
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SNO: SUDBURY NEUTRINO OBSERVATORY

Summary
® | ocation: Craighton mine, Sudbury, Canada
® Goal: Solar v, from °B
® Detector: @12 m acrylic sphere
® Target: 1kt D,O
® PMT + light concentrator: 9438 8"
® Resolution: og =6% at 1 MeV
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SNO: SUDBURY NEUTRINO OBSERVATORY

Summary
® | ocation: Craighton mine, Sudbury, Canada
® Goal: Solar v, from °B
® Detector: @12 m acrylic sphere
® Target: 1kt D,O
® PMT + light concentrator: 9438 8"
® Resolution: og =6% at 1 MeV

Reactions

® Charged Current, v, only: v.+d—e +p+p

Maxim Gonchar (DLNP, JINR) Reactor T
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SNO: SUDBURY NEUTRINO OBSERVATORY

Summary
® | ocation: Craighton mine, Sudbury, Canada
® Goal: Solar v, from °B
® Detector: @12 m acrylic sphere
® Target: 1kt D,O
® PMT + light concentrator: 9438 8"
® Resolution: og =6% at 1 MeV

Reactions

® Charged Current, v, only: v.+d—e +p+p
® Neutral Current, all flavors: v, +d —= v, +p+n
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SNO: SUDBURY NEUTRINO OBSERVATORY

Summary
® | ocation: Craighton mine, Sudbury, Canada
® Goal: Solar v, from °B
® Detector: @12 m acrylic sphere
® Target: 1kt D,O
® PMT + light concentrator: 9438 8"
® Resolution: og =6% at 1 MeV

Reactions

® Charged Current, v, only: v.+d—e +p+p
® Neutral Current, all flavors: v, +d —= v, +p+n

® Elastic Scattering, all flavors: v, +e — v, +e
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SNO: SUDBURY NEUTRINO OBSERVATORY

Summary
® | ocation: Craighton mine, Sudbury, Canada
® Goal: Solar v, from °B
® Detector: @12 m acrylic sphere
® Target: 1kt D,O
® PMT + light concentrator: 9438 8"
® Resolution: og =6% at 1 MeV
Reactions
L]

Charged Current, v, only: Vo+d—e +p+p

® Neutral Current, all flavors: v, +d = v, +p+n
® Elastic Scattering, all flavors: v, +e = v, +e
® Sensitive to all v flavors from Sun

Maxim Gonchar (DLNP, JINR) Reactor T October 16, 2023 28 / 68
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R Q‘
SNO RESULTS e

(EEE

0,:(10°cm 257

O \\ .

0 1 2 3 4 5 6
0, (10° em? s

® Observation of neutrino flavor change: v, — v, + v,
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SNO RESULTS

0,0 (10° em? 7

OF————— \\\
0 1 2 3 4 5 6

0, (10° em? s
® Observation of neutrino flavor change: v, — v, + v,
® Nobel Prize 2015: Arthur B. McDonald; Breakthrough Prize 2016: SNO collaboration
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SNO RESULTS

<10

Solar (3v) KL (3V) Solar+KL (3v)
.M . Y

- =
- wmscl = o3scl

0,0 (10° em? 7

o —————
O 1 2 3 4 5 6 0.1 0.2 03 04 0.5 0.6 0.7 08 09

tan? By

0, (10° em? s
Observation of neutrino flavor change: v, — v, + v,
Nobel Prize 2015: Arthur B. McDonald; Breakthrough Prize 2016: SNO collaboration

® Most precise 6,5, measurement
Homestake, GALLEX, SAGE, Borexino, Super-Kamiokande draw consistent picture: MSW osc.

October 16, 2023 29, / 68
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NEUTRINO SOURCES

=10*
I% 10% :
,_E r Cosmological v
510
F'mmu : Solar v
"-‘E L /%Jpemova burst (1987A)
108
x I Reactor anti-v I
210t | L
1 F Background from old supernovae
10 ’ .
100t Terrestrial anti-v ) . n e u t rl n Os are
102f tmospheric v pass'ng you
- d
i v from AGN pPer secon
1020 at any given time
3 c ) .
107 i at the speed of light.
10*28.
P S S S S S S S S S S S S S S S S S S S S S S
10° 1073 1 10° 106 10° 10" 10" 10"

peV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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ATMOSPHERIC NEUTRINO AND OSCILLATIONS

Production ——
® |Interaction of cosmic ray particle in the atmosphere
® Evolution of hadronic shower: %, K+

ower

Electromagnetic
hower
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ATMOSPHERIC NEUTRINO AND OSCILLATIONS

Production

® |Interaction of cosmic ray particle in the atmosphere
® Evolution of hadronic shower: %, K+
® Similar to accelerators:

>t —ptty,

> pt—et+rv, +7,

® At production area

Maxim Gonchar (DLNP, JINR) Reactor U
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ATMOSPHERIC NEUTRINO AND OSCILLATIONS

Production
® |Interaction of cosmic ray particle in the atmosphere
® Evolution of hadronic shower: %, K+
® Similar to accelerators:

>t —ptty,
> pt—et+rv, +7,

) INCOMING
COSMIC RAYS

At production area

Detection
® QOscillations: distort R

® Source: whole atmosphere
® Downward: vacuum oscillations, short baseline ZENITH |
® Upward: matter oscillations, long baseline P

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 31, / 68



Introduction  Observations Anomalies v, v Ve ve Future Summary Solar  Atmospheric

HIGH ENERGY NEUTRINO DETECTION

Neutrino: Charged Current (CC)

*v,+tn—pu +p < Long muon track

Anti-neutrino: Charged Current (CC)

°*v,+p— ut+n < Long muon track
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HIGH ENERGY NEUTRINO DETECTION

Neutrino: Charged Current (CC)

*v,+n—pu +p < Long muon track

v +n—e +p < Electromagnetic shower

Anti-neutrino: Charged Current (CC)

*U,+p—put+n < Long muon track

* U, +p—et+n < Electromagnetic shower
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HIGH ENERGY NEUTRINO DETECTION

Neutrino: Charged Current (CC)
Sy, tn—pu +p

® v, +n—e +p

Anti-neutrino: Charged Current (CC)
* U, +p—ut+n
°* U, +p—et+n

All neutrinos: Neutral Current (NC)
°* eNC:v, +p— v, +p

* pNC: v, +e” — v, +e”

Maxim Gonchar (DLNP, JINR) Reactor U

Solar Atmospheric

< Long muon track

< Electromagnetic shower

< Long muon track

< Electromagnetic shower

< Hadronic shower, no muon
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HIGH ENERGY NEUTRINO DETECTION

Neutrino: Charged Current (CC)
v, +N—p +X

vy, +N—e +X

Anti-neutrino: Charged Current (CC)
*v,+N—put+X
°* U, +N —et+X

All neutrinos: Neutral Current (NC)
°* eNC:v, + N — vy, +X

* pNC: v, +e” — v, +e”

Maxim Gonchar (DLNP, JINR) Reactor U

Solar Atmospheric

< Long muon track

< Electromagnetic shower

< Long muon track

< Electromagnetic shower

< Hadronic shower, no muon
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SCINTILLATION AND CHERENKOV LIGHT

® Common scenario: neutrino interaction produces a single charged particle in a large volume

Cherenkov light

® Any transparent material

® Particle velocity > light velocity in matter
® Cherenkov cone

® Time distribution: ‘immediate’

\
X
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SCINTILLATION AND CHERENKOV LIGHT

e Common scenario: neutrino interaction produces a single charged particle in a large volume

Cherenkov light

® Any transparent material

® Particle velocity > light velocity in matter
® Cherenkov cone

Time distribution: ‘immediate’

/\ Super Kamiokande muon event.

ATR reactor Cherenkov light [>

\
X
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ATMOSPHERIC NEUTRINO ANOMALY

First atmospheric neutrino measurements

e Kamiokande experiment

> RLn/uc[ti-Gev =0.607297 40.05 Phys. Lett., B280, 1992
> RE;;ti—GeV _ 0~57t8:8§ +0.07 Phys. Lett., B335, 1994
® |IMB experiment: Irvine-Michigan-Brookhaven
> err/uc[ti-Gev =0.54+0.05+0.11 Nucl. Phys. Proc. Suppl., 70, 1999

® where R, is double ratio: Rpara/Ryc =1 in case of no deviation.

e

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 34 / 68



Introduction  Observations Anomalies v, v Ve ve Future Summary

SUPER-KAMIOKANDE EXPERIMENT

Location:
Goals:

» Solar v, from *B
> Atmospheric v, /v,
» Proton decay (original)

Operation:
Detector:
Target:
PMT:

Maxim Gonchar (DLNP, JINR)

Kamioka mine, Japan

1/6/1/“

since 1996
40 m tank
50 kt ultra-pure H,O
11146 8"

Reactor T

Solar  Atmospheric

October 16, 2023
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SUPER-KAMIOKANDE EXPERIMENT

® | ocation: Kamioka mine, Japan
® Goals: v./v,
® Signal: Cherenkov “rings”

> /e separation

> no particle/antiparticle discrimination

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 35, / 68
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SUPERK ATMOSPHERIC RESULTS

Data vs. Oscillations

ik' Vu —’Vt (Am =22x10°, sin28= Q

B
j

" yua
§m%=\=mﬂg.=
s wme =20 *
1200 .| !*W—f“""'l
£
2100 e 2100 M
, o |
b k as,
TR T ELRCRT
Sub-GeV eike Sub-GeV ke
g0
bl ==

00 -
ful

G

fo

H e

s 0 o8,
Mult-GeV e-ike

Ea

MulGeV lhesPo.

Svb-GeV

Multi-GeV/|
-

405 0 os
Sub-GeV

X (best fit) = 65/cq sof
A (No oscillation) = 135/87.404

o

88 0 Tes g

Multi-GeV-+P.C.

Svb-GeV

Multi~
GeV

Takaaki Kajita at Neutrino 1998

Maxim Gonchar (DLNP, JINR)

Reactor T

Solar  Atmospheric
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SUPERK ATMOSPHERIC RESULTS

- 18. T T T T

Data vs. Oscillations: 16k
2 =3 * 2.0, [&]
™ )},—»Vsl(_?m 222107, sin za—Q g 40
A — S Lk
g0 e y ]
- gm et V| SUb-GeV \E ;
3 [ e T T ‘Q’ 0.8F
" s 5 08t
- 11 Malti- e
RN e S 04f
S 0 g2f
oy o™ PPN N R
PV — 2 3 7
& z% Sub-GeV/ % Mumfi 1 10 10 10 10
NP NI, [ Y LE (km/GeV.
P et Tos byt ( )

cosd o
Sub-Gev Multi-GeV-+P.C.

X (best fi) = 65/cn oo _AX* =
A*(No oscillation) = 135‘/67&.u§> 70.’

Takaaki Kajita at Neutrino 1998
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SUPERK ATMOSPHERIC RESULTS

Data vs. Oscillations
L e"—,v‘}, @?m%?]x 0>, siu’za=0
=
k3

Foo
£

I Sob-GeV

M‘l(ﬁ‘
GeV

s 0 s, 08 ]

E L SbGev | £ Multi-GeV]
v i ' ___;_,-.—r"""' :j ' -4-JT+
{ i Sos pp Sos fogetd

Yz

0T8T o 047080 os g
Sub-Gev Multi-GeV-+P.C.

X* (st fit) = 65/en o AX* =
A*(No oscillation) = 135‘/47M> 70.’

Takaaki Kajita at Neutrino 1998

Maxim Gonchar (DLNP, JINR)

Data/Prediction (null osc.)

1-8. T T T T
16f
148
12
osfE T4 "
06
0.4F
02f
L o aannl s aannl s aannl s unl
% 10 102 10°  10f
L/E (km/GeV)
® Observation of v, disappearance: v, — v, (mostly)

® Nobel Prize 2015: Takaaki Kajita

® Breakthrough Prize 2016: SuperK collaboration

Reactor T October 16, 2023 37, /68
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MINOS: MAIN INJECTOR NEUTRINO OSCILLATION SEARCH

® | ocation: Soudan mine, Northen Minnesota, US

® Beam: FNAL Main Injector, 735 km, E,=3.5 GeV Soutan g
m-DIF, on-axis Duluth 2

* Operation: 2005—2012

® Goal: v, oscillations

® Target: 0.98 kton/5.4 kton (near/far)
Detector: steel-scintillator, magnetic field 5 ‘]_‘h

IL

Fermilab
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MINOS: MAIN INJECTOR NEUTRINO OSCILLATION SEARCH

® |ocation: Soudan mine, Northen Minnesota, US

® Beam: FNAL Main Injector, 735 km, E,=3.5 GeV
m-DIF, on-axis

® Qperation: 2005—2012
® Goal: v, oscillations
® Target: 0.98 kton/5.4 kton (near/far)
® Detector: steel-scintillator, magnetic field

“MUXbox
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MINOS: MAIN INJECTOR NEUTRINO OSCILLATION SEARCH

® |ocation: Soudan mine, Northen Minnesota, US

® Beam: FNAL Main Injector, 735 km, E,=3.5 GeV
m-DIF, on-axis

® Qperation: 2005—2012
® Target: 0.98 kton/5.4 kton (near/far)

® Detector: steel-scintillator, magnetic field

Maxim Gonchar (DLNP, JINR) Reactor T October 16, 2023 38, / 68



Introduction  Observations Anomalies v, v Ve ve Future Summary MINOS

MINOS: MAIN INJECTOR NEUTRINO OSCILLATION SEARCH i

® Qperation: 2005—2012

® Goal: Yy oscillations

® Statistics, contained events:
> 2579 v, from v, beam
> 2267, from v, beam
» 905 v,/p, from atmosphere

“MUXbox

Maxim Gonchar (DLNP, JINR) Reactor T October 16, 2023 38, / 68
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MINOS RESULTS

60———mm——F/————r——7—+—T—"——1—+———1
s0F .. Beam Matrix Unoscillated -

R B ND Fit Unoscillated :

% 40 :_ —— Beam Matrix Best Fit —:
o I o NC Background ]
% 30 —+$— MINOS Data -]
o [ p ]
> L |l Tk .
w 20 =
10 :_ ....... _:

. | 3

[oe]
W
o

5 10 15
Reconstructed E, (GeV)

® 2006: Measurement of Am2, = 2.74753% — baseline for reactor experiments
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MINOS RESULTS

Neutrino beam
(10.71x10%° POT)

600 F \) Contained-vertex v, _

> 5og H —+— MINOS data 3
8 — Best fit 3
= 400 — No oscillations
9 300 @8 NC background j
5 @ Cosmic-ray 3
= 200 3
w E
100 E

0 3

0 2 4 6 8 10 12
Reconstructed E, (GeV)

® 2006: Measurement of Am2, = 2.74753% — baseline for reactor experiments
Maxim Gonchar (DLNP, JINR)

Reactor T October 16, 2023 39, / 68
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MINOS RESULTS

Neutrino beam

o Antineutrino beam
(10.71x10%° POT)

(3.36x10%° POT)

600F\) Contained-vertex v, 3 gol\y Contained-vertex v, 1
o E

> 500 —+ MINOS data > H
3 — Best fit E Beof ]
= 400 — No oscillations 7 g
2 300 8 NC background 3 240k 1
S @ Cosmic-ray E S
> 200 E o
L E w0k ]

100 =

0 ; 0 .
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Reconstructed E, (GeV) Reconstructed E, (GeV)

® 2006: Measurement of Am2, = 2.74753% — baseline for reactor experiments
® Final: evidence for 7, disappearance

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023
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DONUT: DIRECT OBSERVATION OF NU-TAU
DONUT Detector
® Goal: observe v, Identifcation of

mucns coming fram
tau decay

® Beam: TeVatron at FNAL
40 m, E,=~50 GeV, beam dump
D, — 1470,

Calonmeter determines
energy of decay products

Drift chambers record
decay particle tracks

[ ] i .
Operation: 1997 R
Jof c%\srped particles
Emulsion target
with planes of
scintillation fibers
Steel shield to
block particles
‘other_lhen
newtrines
DONUT Detector for
direct observation of
tau neutrinos (V)
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DONUT: DIRECT OBSERVATION OF NU-TAU

DONUT Detector
® Goal: observe v, Identiction of

® Beam: TeVatron at FNAL o
40 m, E,=~50 GeV, beam dump
D, — 1470,

Calonmeter determines
energy of decay products

Drift chambers record
decay particle tracks

® QOperation: 1997 oot soreads acks
Ufc%\srped particles
® Target: 260 kg emulsion
Er‘nhllslwmfalu%e‘l
® Detection v.+n—T+p i laton fbers
Steel shield to
block particles
‘ her tharn
neutrinos

DONUT Detector for
direct observation of
tau neutrinos (V)
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DONUT: DIRECT OBSERVATION OF NU-TAU

® Goal: observe v,

F.L. = 4535 um || FL =280um
® Beam: TeVatron at FNAL Oink = 93 mrad ) 8ok = 90 mrad

p >297% GeV/e p =465 GeVic
40 m, E,=~50 GeV, beam dump pr > 02701 GéVie pr = 04101 GeVic

D, — 1470,

e Operation: 1997 i N | )
® Target: 260 kg emulsion
a
. e 0 0 1 h '

® Detection v.,+n—T+p

FL. = 1800 um FL. = 540 um
® Results: Ok = 130 mrad 4k = 13 mrad

p =19%2 GeVic p > 21" GeVie

» Observed: 9 v, events pr =0.25"92% GeVic pr > 028312 GeVic

» Expected background: 1.5 / T —————
1 ;7

e T 4

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 40, / 68
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OPERA: OSCILLATION PROJECT WITH EMULSION-TRACKING APPARATUS

® Goal: observe v_ appearence

® Beam: CERN to Gran-Sasso
732 km, E,=17 GeV, 7-DIF, on-axis

® Qperation: 2008—2012

Monte-Emilius
Piemonte
Alessandria
-Romagna
Monte-Maggiorasca
Toscana
Laboratory of Gran Sasso

Mont-Blanc
Perugia
Umbria

11.4km

732km
neutrino beam ———>
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OPERA: OSCILLATION PROJECT WITH EMULSION-TRACKING APPARATUS €

® Goal: observe v_ appearence
® Beam: CERN to Gran-Sasso

732 km, E,=17 GeV, 7-DIF, on-axis
® Qperation: 2008—2012
® Target: 1.25 kt Lead
® Detection: emulsion layers

observe “kink”
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OPERA: OSCILLATION PROJECT WITH EMULSION-TRACKING APPARATUS

® Results:

» Observed: 10 v,

» Expected background: 2.0 £ 0.4

pl&le 15 35 36

\% , ds
\0<-H-—-'—q'—-._.._“_“_. dau h

T ——— Shty A
e 7</,/ v
.

’/ ™~ ds

Y
\ £
=
(=
(=3
n
1
October 16, 2023 41, / 68
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«10* Reactor antineutrino spectrum and oscillations

0.8 —— No osc.
0.6
>
[
=
—
8044
=
i}
0.24
0.0
0 1 2 4 6 8 10
Eis, MeV

E, ~ E,—0.78MeV
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«10* Reactor antineutrino spectrum and oscillations
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E Reactor antineutrino rate and oscillations «10* Reactor antineutrino spectrum and oscillations
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Reactor antineutrino rate and oscillations
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«10* Reactor antineutrino spectrum and oscillations
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KamLAND Daya Bay, RENO, Double CHOOZ
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KamLAND Daya Bay, RENO, Double CHOOZ
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NEUTRINO OSCILLATION GLOBAL PICTURE

neutrino energy

Introduction  Observations Anomalies v, v Ve ve Future Summary
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NEUTRINO OSCILLATION GLOBAL PICTURE

neutrino energy
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KamLAND Daya Bay, RENO, Double CHOOZ

NEUTRINO OSCILLATION GLOBAL PICTURE

neutrino energy
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KAMIOKA [LIQUID SCINTILLATOR ANTINEUTRINO DETECTOR

Goals
® 2002 —2011: Am2, and 0,
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KAMIOKA [LIQUID SCINTILLATOR ANTINEUTRINO DETECTOR

Goals

® 2002 —2011: Am2, and 0,

X 2012: Fukushima disaster
< NPP shutdown
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KAMIOKA [LIQUID SCINTILLATOR ANTINEUTRINO DETECTOR

Goals

® 2002 —2011: Am2, and 0,

X 2012: Fukushima disaster
< NPP shutdown

® 2013—: geo-v and 0v3B decay
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KAMIOKA [LIQUID SCINTILLATOR ANTINEUTRINO DETECTOR

Goals
® 2002 —2011: Am2, and 0,

X 2012: Fukushima disaster
< NPP shutdown

® 2013—: geo-v and 0v33 decay

Summary
® Detector: @13 m balloon
® Target: 1kt LS
® Average baseline: 180 km
°* PMT: 1879 17" /20"

® Resolution: o = 6.4% at 1 MeV

Maxim Gonchar (DLNP, JINR)

KamLAND Daya Bay, RENO, Double CHOOZ
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KAMLAND RESULTS

Survival Probability

0.2

— 3-v best-fit oscillation —— Data - BG - Ge@,
- 2-v best-fit oscillation
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Ly/E; (km/MeV)
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KAMLAND RESULTS
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KAMLAND RESULTS

KamLAND Daya Bay, RENO, Double CHOOZ
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KAMLAND RESULTS
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KamLAND Daya Bay, RENO, Double CHOOZ
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Integrated with reactor 7,
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Reactor antineutrino rate and oscillations ~5%
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Reactor antineutrino rate and oscillations ~5%
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MEDIUM BASELINE REACTOR EXPERIMENTS: 2011 ~ 2020+
Double CHOOZ, France

9.5GW,;,, 1.05km, 8t GdLS (far)
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MEDIUM BASELINE REACTOR EXPERIMENTS: 2011 ~ 2020+ )
Double CHOOZ, France RENO, South Korea
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MEDIUM BASELINE REACTOR EXPERIMENTS: 2011 ~ 2020+

Double CHOOZ, France RENO, South Korea
: ; 16.8 GW,;,, 1.38km, 164:GdLS (fag)

ower plant Confplex
6 Reactor array, \

iy S
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MEDIUM BASELINE REACTOR EXPERIMENTS: 2011 ~ 2020+

Double CHOOZ, France RENO, South Korea Daya Bay, China
. 16.8 GW,, 1.38km, 16£:GdLS (faz)
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MEDIUM BASELINE REACTOR EXPERIMENTS: 2011 ~» 2020+
Double CHOOZ, France RENO South Korea Daya Bay, China

The Daya Bay Experiment

1 1955 m from Daya Bay
[ 350 m overburden

2
7 ‘NanbltNﬁ:\aarl’cwerl’lamcnmrlex
< 4 6Reactorarray

¢ 280wu/reactor
7 X
“

3 Underground

= 17.4 GW.y, power
u 8 operating detectors

9.5GWy, 1.05km, 8t GdLS S (far) = i ~ a1t ol gt s
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DAYA BAY DETECTORS
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DAYA BAY OSCILLATION RESULT: 750K /5.5M EVENTS @

Maxim Gonchar (DLNP, JINR)
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Full dataset: 3158 days, arXiv:2211.14988, PRL‘
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DAYA BAY OSCILLATION RESULT: 750K /5.5M EVENTS (G
~  15F
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v Consistent with 3v oscillations

Full dataset: 3158 days, arXiv:2211.14988, PRL|
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T2K: ToKAI TO KAMIOKA AND NOVA: NUMI OFF-AXIS v, APPEARANCE

T2K NOVA

® | ocation: Kamioka mine, Japan ® | ocation: Ash river, Minnesota, US

NOvA
Ash River

International ®

MN

Minneapolis ®

o J-PARC
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T2K: TokAl T0O KAMIOKA AND NOVA: NUMI OFF-AXIS v, APPEARANCE

T2K NOvA
® | ocation: Kamioka mine, Japan ® | ocation: Ash river, Minnesota, US
® Beam: JPARC, 295 km, E,=0.6 GeV ® Beam: FNAL MI, 810 km, E,=1.8 GeV
w-DIF, off-axis m-DIF, off-axis

Super-Kamiokande :

M. lkeno-Yama
1360m ¥

Fermilab ‘10 . Ash River

11,700 m below sea level

— 810 km

Neutrino Beam

295km
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T2K: TokAl TO KAMIOKA AND NOVA: NUMI OFF-AXIS v, APPEARANCE &

T2K NOvA
® | ocation: Kamioka mine, Japan ® | ocation: Ash river, Minnesota, US
® Beam: JPARC, 295 km, E,=0.6 GeV ® Beam: FNAL MI, 810 km, E,=1.8 GeV

w-DIF, off-axis m-DIF, off-axis
® Near/far detectors: different ® Near/far detectors: same design, scale differs
® Far detector: SuperK
] e
e Fermilab ‘mkm Ash River

11,700 m below sea level

Neutrino Beam T — 810 km

295 km

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 50, / 68



Introduction  Observations Anomalies v, v Ve ve Future Summary T2K, NOVA écp

Oy
T2K: TokAl T0O KAMIOKA AND NOVA: NUMI OFF-AXIS v, APPEARANCE =

T2K NOvA
® | ocation: Kamioka mine, Japan ® | ocation: Ash river, Minnesota, US
® Beam: JPARC, 295 km, E,=0.6 GeV ® Beam: FNAL MI, 810 km, E,=1.8 GeV

w-DIF, off-axis m-DIF, off-axis
® Near/far detectors: different ® Near/far detectors: same design, scale differs
® Far detector: SuperK
® QOperation: since 2010 ® QOperation: since 2014
[Near petectors
Fermilab 'mkm Ash River
P - ST ey T

Neutrino Beam N — 810 km

295 km
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NOVA DETECTOR

® Target: Liquid Scintillator (LS)
® PVC “square tubes” (cells):

» Far detector: 344064 cells, 14 kt LS
» Near detector: 20192 cells, 290 t

® Light collection: looped fibers
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NOVA DETECTOR

® Target: Liquid Scintillator (LS)
® PVC “square tubes” (cells):

» Far detector: 344064 cells, 14 kt LS
» Near detector: 20192 cells, 290 t

® Light collection: looped fibers

o = - =, E= DA
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NOVA DETECTOR

® Target: Liquid Scintillator (LS)
® PVC “square tubes” (cells):

» Far detector: 344064 cells, 14 kt LS
» Near detector: 20192 cells, 290 t

® Light collection: looped fibers

Neutrino

from
Fermilab
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EVENT TYPES IN NOVA

0 w0* 10 qADC)
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T2K AND NOVA RESULTS

® T2K: 109 v, and 16 7,-like events
® NOvA: 80 v, and 33 7,-like events

Total events - antineutrino beam

60-NOVA FD N B
r 2 i §ir?20,,=0.085 -
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40| vo
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30 SinP0,,=0.46 | ~
[ D
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© 85p= 0 * Sgp= /2
= = dp=3n/2 * 2020 best fit

60 100 120
Total events - neutrino beam

Maxim Gonchar (DLNP, JINR)
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T2K AND NOVA RESULTS

Total events - antineutrino beam

® T2K: 109 v, and 16 7,-like events
® NOvA: 80 v, and 33 7,-like events
® 20 tension, low statistics yet

® Combined analysis ongoing

o 9
68% syst err. at best-fit —— sinzeu =0.45, 0.50, 0.55, 0.60 b
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3 3
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Total events - neutrino beam Neutrino mode e-like candidates
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Total events - antineutrino beam

Introduction  Observations Anomalies v, v Ve ve Future Summary T2K, NOvA écp

2K AND NOVA RESULTS

® T2K: 109 v, and 16 7,-like events
® NOvA: 80 v, and 33 7,-like events
® 20 tension, low statistics yet

® Combined analysis ongoing

o
[ 168% syst err. at best-fit —— sin2?23 =045, 0.350, 0.55, 0.60 »
v Best-fit — Am3, =2.49x10 " eV? (NO) o
—o- Data (68% stat err.) oo AmG = 246x10eV2(10) o S = a2
T
60 -Rova Fo J i 2 L B o o S L B e o
[ 13.60x10%° POT-equiv (v) SIn20,5=0.085 K] 24; ... E
[ 20 ] 2 r !
[ 125010 POT () 1 T b E
50 1 B 3 E 3
[AmE,=-2.44x10%V? 1 2 20 -
] = 5 ]
o 1 S st B
40— sif0,=0.57 | § L |
[ 1 g 16 =
a0 O \\ g g 14: .
L Si20,,=0.46 ~ B £ £ -
[ \E\ N ] 3 £ ]
r “NH 1 8 12— -
AmM3,=+2.40x10%eV2] 51 C 7
205 5,0 = b= /2 o 7 < 10F 3
i AR R RN RN RN IR IR
[0 dgp= = §gp=3n/2 % 2020 best fit 1
AT AT AT 50 60 70 80 90 100 110 120
20 60 100 120 ) ; .
Total events - neutrino beam Neutrino mode e-like candidates
Maxim Gonchar (DLNP, JINR) Reactor U

Normal Ordering

/2

3m/2

Experiment

NuFIT 5.2
de Salas et al.
2K

4

Super-Kamiokande
NOVA
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T2K AND NOVA RESULTS

Total events - antineutrino beam

T2K: 109 v, and 16 7,-like events
NOvA: 80 v, and 33 7,-like events

® 20 tension, low statistics yet

® Combined analysis ongoing
o
[ 168% syst err. at best-fit fsln(%}—“% 050 0.55, 0.60 »
¥ Bestfit — Amj, =2.49x10 eVz(NO o
—o- Data (68% stat err.) /\m“ —246<10°eV2(10) o
N e o e A
60 -Rova Fo 2 L B o o S L B e o
[ 13.60x10% POT-equiv (v) $i°20,5=0.085 | 5 24; ... B
[ 125010 POT () : | nF -
50— — s C ]
[Am ;fzmmo %ev? 1 2 20F -
] = 5 ]
uo ] © 18 |
40— sif0,=0.57 | § L |
[ 1 g 16 E
r Lo \\ ] 2 E 1
30~ sin,=0.46 | "\ ] ‘S 14 F E
[ ) — 3 E 1
r “NH 1 8 12— -
AmM3,=+2.40x10%eV2] 51 C 7
2°7>écp=o P e ] < 10f 3
i AR R RN RN RN IR IR
P8 8gpmn = dep= B2 202 fit 4
Eler 70 L ol 50 60 70 80 90 100 110 120
20 40 80 100 120 ) ; .
Total events neutrino beam Neutrino mode e-like candidates
Maxim Gonchar (DLNP, JINR) Reactor U

Inverted Ordering

/2

Experiment

de Salas et al.
NuFIT 5.2
T2K

NOvA

Super-Kamiokande

October 16, 2023
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1547013
34012
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T2K AND NOVA RESULTS

Inverted ordering rejection

. 77 H de Salas et al. 3.0
® T2K: 109 v, and 16 7,-like events ¢ dabs et
— . NuFIT 5.2 2.5
® NOvA: 80 v, and 33 7,-like events
Super-Kamiokande 1.79 15-35
® 20 tension, low statistics yet (VAR
T2K 16 v
® Combined analysis ongoing NOWA 10 1 0547
[ 168% syst err. at best-fit —— sinzel3 =0.45,0.50, MINOS+ 0.45
v Best-fit — Am}, =2.49x107 eV
—o- Data (68% stat err.) - Am? = —2.46x10 ¢ 0 1 2 3 4 5 6
e Standard deviations
60 -Rova Fo J i 5 L B o o S L B e o
£ [ 1360x10% POT-equiv (v) SIn20,5=0.085 5 24; B
[ 20 ] 2 r !
& [ 1250107 POT () ] T o E
o8 M T g E 1
£ [ami=-2 44x107%V? 1 E] 20 E
§ b uo ] PRt -
£ sin0,,=0.57 ] 2 £ E
& [ ] g 16 3
.é’ [ o \\ ] g C i
33 sirf0,=046 | D g M 3
3 [ ~ ] S L b
s [ NH 8 12— -
B ol 2,=+2.40x10 =S C ]
2205 80p= 0 * dep= /2 e < 10 e
[oocmn womane ok zoovestit | 5\0\\\\\”\012\0
20 _ 40 60 80 100 120 . . i
Total events - neutrino beam Neutrino mode e-like candidates
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DUNE: DEEP UNDERGROUND NEUTRINO (OBSERVATORY

® | ocation: Sanford Facility, South Dakota ® Long baseline:

® Beam: FNAL, 1300 km, E, ~2.5 GeV > breaks NMO/é, degeneracy
m-DIE. on-axis » two oscillation cycles

® Expected operation: late 2020th

® Goal: dcp, mass ordering, osc. parameters

Sanford Underground
Research Facility

Fermilab
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DUNE: DEEP UNDERGROUND NEUTRINO (OBSERVATORY

® | ocation: Sanford Facility, South Dakota
® Beam: FNAL, 1300 km, E, ~2.5 GeV

m-DIF, on-axis
® Expected operation: late 2020th
® Goal: dcp, mass ordering, osc. parameters
® Far detector: 70 kt Liquid Argon TPC

Arode deck

Sigral FT chimreys with
DAQcrates

Field cage suspersion
chimreys

y

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK &cp JUNO NMO Parameters

(]

® | ong baseline:

» breaks NMO/¢., degeneracy
» two oscillation cycles

Sanford Underground
Research Facility

® -,

Fermilab
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DUNE: DEEP UNDERGROUND NEUTRINO (OBSERVATORY

® |ocation: Sanford Facility, South Dakota ® Long baseline:

* Beam: FNAL, 1300 km, E, ~2.5 GeV > breaks NMO/4, degeneracy
7-DIF, on-axis » two oscillation cycles

e Expected operation: late 2020th ® High precision track reconstruction

® Goal: dcp, mass ordering, osc. parameters

® Far detector: 70 kt Liquid Argon TPC

Arode deck

Sigral FT chimreys with
DAQcrates Field cage suspersion
chimreys
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HYPERKAMIOKANDE
® | ocation: Kamioka mine, Japan
® 3d generation: Kamiokande (3 kt), SuperK (50 kt)
® Goals: v /v,

» Solar v, from *B
» Atmospheric VM/VEZEHKT/E
» Accelerator v, /v, /7, /7,

® QOperation: expect 2027

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK &cp JUNO NMO Parameters

October 16, 2023
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HYPERKAMIOKANDE
® | ocation: Kamioka mine, Japan
® 3d generation: Kamiokande (3 kt), SuperK (50 kt)
® Goals: v /v,

» Solar v, from *B
» Atmospheric VM/VEZEHKT/E
» Accelerator v, /v, /7, /7,

® QOperation: expect 2027
® Detector: 71 m tank
® Target: 260 kt ultra-pure H,O
° PMT: 40000 20"
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HYPERKAMIOKANDE s
® | ocation: Kamioka mine, Japan
® 3d generation: Kamiokande (3 kt), SuperK (50 kt)
® Goals: v /v,

» Solar v, from *B
» Atmospheric VM/VEZEHKT/E
» Accelerator v, /v, /7, /7,

® QOperation: expect 2027
® Detector: 71 m tank
® Target: 260 kt ultra-pure H,O
° PMT: 40000 20"
® Signal: Cherenkov “rings”
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HYPERKAMIOKANDE
® | ocation: Kamioka mine, Japan
® 3d generation: Kamiokande (3 kt), SuperK (50 kt)
® Goals: v /v,

» Solar v, from *B
» Atmospheric VM/VEZEHKT/E
» Accelerator v, /v, /7, /7,

® QOperation: expect 2027
® Detector: 71 m tank
® Target: 260 kt ultra-pure H,O
° PMT: 40000 20"
® Signal: Cherenkov “rings”
® Beam: JPARC, 295 km, E,,=0.6 GeV

w-DIF, off-axis, upgraded power
® Intermediate detector IWCD: 4 kt at ~2 km
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DUNE AND HYPERK SENSITIVITY TO 0.p

— L N B B B B L B B ‘_DUNESensitivily — 5, = 2
Nx r -2 ] | All Systematics _5,°%°:5cp"°:“es
< 10 [ -w4 I Normal Ordering : Niﬁl‘:\:lc:::l:;:x
- r 10} sin*26,,=0.088+0.003 ... 6,5 unconstrained
= r I sin%,; = 0.580 unconstrained
g 8 r
@ N
=
B L
) o
o L
] r
~ 47 4
8] L 4
[ oo
=1 5 r Statistics only 7
7 - - Improved syst. (v./V, xsec. error 2.7%) -
»  T2K 2018 syst. (v./V, xsec. error 4.9%) |
e b b b b L e L L
- KOO " 1 2 3 4 5 6 7 8 9 10
yper-K preliminary ;
True normal ordering (known) HK Years (2.7E21 POT 1:3 v¥)
sin%(8,;) =0.0218 sin%(,,) =0.528 |Am?,| = 2.509E-3

0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

® The only planned experiments sensitive to d.p
® HK requires NMO as input
® DUNE will measure NMO and §,
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E Reactor antineutrino rate and oscillations ~5% «10* Reactor antineutrino spectrum and oscillations
5 * * * v
g 1.0 0.8 —— No osc.
v Medium L
E 0.8 Solar term
o -8 F ]
g 061 Full: NO
[
= >
S 0.6 r 2
ER <
o 8 0.41
9] =]
2 2
S 044 r w
B0
[
8
= 0.2

0.29 JUNO B

No osc. — ~sin?20;3 under construction
— Full —_— ~sin?20), 0.0
0.0 . . - — . , ,
107! 10° 10! 102 0o 1 2 4 6 8 10
L km Eyis, MeV
Challenges
® Unreliable antineutrino spectrum model: <> measure reference spectrum

By~ B, —0.78MeV MBL — medivm=bageline
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Reactor antineutrino rate and oscillations ~5%

L L L

0.84

0.6 1 L
0.44 L
0.2 ‘ TUNG L
No osc. — ~sin®205 under construction
— Full — ~sin®26,
0.0 - - -
107! 10° 10 10?
L, km

Challenges

® Unreliable antineutrino spectrum model:
® Energy resolution of the detector o < 3% at 1 MeV:

DUNE HyperK &cp JUNO NMO Parameters

«10* Reactor antineutrino spectrum and oscillations

0.8 —— No osc.
—— Medium L
—— Solar term
0.64 —— Full: NO
>
°
=
=
8044
s
w
0.2 :Nsing 20,5
> ~5%
~Am3, f
2 :
0.0 7 ~Amy
0 1 2 4 8 10
Eis, MeV

® Energy scale of the detector (uncertainty < 1%):
E,. ~ E, —0.78 MeV

Maxim Gonchar (DLNP, JINR)

Reactor T

< measure reference spectrum
< resolve the peaks

< ensure the peak positions

SBL/MBL <—:short/meditm=baseline
October 16, 2023 58, / 68
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Reactor antineutrino rate and oscillations ~5%

L L L

0.84

0.6 1 L
0.44 L
0.2 ‘ TUNG L
No osc. — ~sin®205 under construction
— Full — ~sin®26,
0.0 - - -
107! 10° 10 10?

L, km

Challenges

® Unreliable antineutrino spectrum model:
® Energy resolution of the detector o < 3% at 1 MeV:

DUNE HyperK &cp JUNO NMO Parameters

«10* Reactor antineutrino spectrum and oscillations

0.8

o o
= [=2]
; f

Entries/MeV

o
o
N

0.0

No osc.
Medium L
—— Solar term
Full: 10

Y 2
47sin 20,5

>

- 2
A y Ams,
~AamYy

f~5%

® Energy scale of the detector (uncertainty < 1%):
E,. ~ E, —0.78 MeV

Maxim Gonchar (DLNP, JINR)

Reactor T

2 4 6 8 10
Eis, MeV

< measure reference spectrum
< resolve the peaks

< ensure the peak positions

SBL/MBL <—:short/meditm=baseline
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x10?

Neutrino mass ordering

DUNE HyperK

Scp JUNO NMO Parameters

—— Normal ordering

Inverted ordering

Entries/MeV

® Change of oscillation period with ordering < energy

resolution

3.0
Elis, MeV

® Cumulative effect across most of the energy range

s ~ E,—0.78 MeV

Maxim Gonchar (DLNP, JINR)

Reactor T

3.5

4.0

4.5

October 16, 2023

)

2
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x10?

DUNE HyperK &cp

Neutrino mass ordering: op = 3% @ 1 MeV

JUNO NMO Parameters

N
)
N

—— Normal ordering

Inverted ordering

Entries/MeV
= = g = n
) = (=2 oo (=]
N s H s .

g
o
L

® Change of oscillation period with ordering < energy

resolution

2.0

2.5 3.0
Elis, MeV

® Cumulative effect across most of the energy range

~ E,—0.78 MeV

Maxim Gonchar (DLNP, JINR)

Reactor T
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October 16, 2023
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x10?

DUNE HyperK &cp JUNO NMO Parameters

Neutrino mass ordering: op = 3% @ 1 MeV

—— Normal ordering

Inverted ordering

Entries/MeV

2.0 2.5 3.0
Elis, MeV

Change of oscillation period with ordering << energy

resolution

Cumulative effect across most of the energy range

Possible threat: fine structure in reactor U, spectrum

E, —0.78 MeV

Maxim Gonchar (DLNP, JINR)

need a reference measurement!

Reactor T

3.5

S(E,)IF(E,)

I
N

o

o
«

4.5

5.0

)

2
ee

(plot: same Am?

7
Antineutrino Energy [MeV]

October 16, 2023

Dwyer&Langford [1407.1281], PRL114
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JUNO AND TAO LOCATION

® JUNO — Jiangmen Underground Neutrino Observatory ® TAO — Taishan Antineutrino Observatory

_ / “* I Taishan NPP and
#¥Yangjian NPP

Yangjian (YJ) Taishan (TS)
Thermal power, GW 2.9%x6 4.6x2
Total, GW 26.6
signal

Maxim Gonchar (DLNP, JINR) Reactor T
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JUNO AND TAO LOCATION @

® JUNO — Jiangmen Underground Neutrino Observatory ® TAO — Taishan Antineutrino Observatory

’ N

f N .
/~52.5 km s Taishan NPP
; S 2X4.6 GW,,
Yangjiang NPP ; v @ TAO
6X29GW,, ' @/ <«

8 reactors
26.6 GW,,

T

2 TaisHén NPP and

Jian NPP
Yangjian (YJ) Taishan (TS)
Thermal power, GW 2.9%x6 4.6x2
Total, GW 26.6
signal
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JUNO AND TAO LOCATION ) A

® JUNO — Jiangmen Underground Neutrino Observatory ® TAO — Taishan Antineutrino Observatory
: Daya Bay NPP_¢
e JUNO :
AN _and i et
RN Ling!Ao MPPs |
’ N : 9
/ \ Taishan NPP & \ 1
/ ~52.5 km
; . 2X46GW,,
Yangjiang NPP ; v @ TAO
6X2.9GW,, ' @ﬁ«
1‘-
© »
10
8 reactors il I
26.6 GW,y, ~Taishan NPP and

¥angjian NPP

Yangjian (YJ) Taishan (TS) | Daya Bay/Ling Ao  World

Thermal power, GW 2.9%x6 4.6x2 2.9%6
Total, GW 26.6 17.4
signal background
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JUNO DETECTOR @

More light — better resolution!
More statistics!
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JUNO DETECTOR

More light — better resolution!
More statistics!
Target

® 20 kt LS >

e Optimized LY

® Acrylic sphere

:
il
:

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK §cp JUNO NMO Parameters

LS
LY

— Liquid Scintillator

— Light Yield

October 16, 2023
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JUNO DETECTOR

More light — better resolution!
More statistics!
Target

® 20 kt LS >

e Optimized LY

® Acrylic sphere

I
‘

il
A

Support

. )
® Stainless steel structure .36

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK §cp JUNO NMO Parameters

LS
LY

— Liquid Scintillator

— Light Yield

October 16, 2023
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JUNO DETECTOR @

LS — Liquid Scintillator

LY — Light Yield

PMT — PhotoMultiplier Tube
QE — Quantum Efficiency
p.e. — photo-electron

More light — better resolution!
More statistics!

Target

® 20 kt LS N
e Optimized LY
® Acrylic sphere

Light collection

.« 18k 20" PMTs
e High QE: 29.6%
® 1665 p.e./MeV
\ ¢ 126k 3" PMTs

Support

® Stainless steel structure
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JUNO DETECTOR

More light — better resolution!
More statistics!

Target

® 20 kt LS VN

\
b Optlleed LY T\u‘u

® Acrylic sphere

Coils

® Compensation of
the Earth Magnetic Field

Support

® Stainless steel structure

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK &cp JUNO NMO Parameters

LS — Liquid Scintillator

LY — Light Yield

PMT — PhotoMultiplier Tube
QE — Quantum Efficiency
p.e. — photo-electron

Light collection

.« 18k 20" PMTs
e High QE: 29.6%
® 1665 p.e./MeV
"o 426k 3" PMTs
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JUNO DETECTOR

More light — better resolution!
More statistics!

Target
® 20 kt LS ///A\\
\
) Optlmlzed LY @ T\u‘u
® Acrylic sphere
Coils

® Compensation of
the Earth Magnetic Field

Support

® Stainless steel structure

Maxim Gonchar (DLNP, JINR) Reactor T

DUNE HyperK &cp JUNO NMO Parameters

LS — Liquid Scintillator

LY — Light Yield

PMT — PhotoMultiplier Tube
QE — Quantum Efficiency

p.e. — photo-electron
PS — Plastic Scintillator
Muon veto

® Top Tracker: 3 layers PS
® Water pool

Light collection

.« 18k 20" PMTs
e High QE: 29.6%
® 1665 p.e./MeV
e 126k 3" PMTs
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CIVIL CONSTRUCTION

v/ Civil construction: done.

Maxim Gonchar (DLNP, JINR) Reactor U

DUNE HyperK &cp JUNO NMO

Parameters

October 16, 2023
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CIVIL CONSTRUCTION

v Civil construction: done.
v/ Underground lab: done.

v Installation: ongoing.

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 61, / 68
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JUNO CONSTRUCTION STATUS

® Stainless Steel Structure: done

® Acrylic sphere: installation in progress

Maxim Gonchar (DLNP, JINR) Reactor U October 16, 2023 62, / 68
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JUNO CONSTRUCTION STATUS

® Stainless Steel Structure: done
® Acrylic sphere: installation in progress
® Photomultiplier Tubes: installation in progress
® Electronics: assembly ongoing
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JUNO CONSTRUCTION STATUS

Stainless Steel Structure: done

Acrylic sphere: installation in progress

Photomultiplier Tubes: installation in progress

® Electronics: assembly ongoing

Liquid scintillator:
purification plants under construction

Cleanliness in the Hall: class 100'000 reached
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JUNO CONSTRUCTION STATUS

Stainless Steel Structure:

® Electronics: assembly ongoing

Liquid scintillator:

purification plants under construction

Maxim Gonchar (DLNP, JINR)

done
Acrylic sphere: installation in progress

Photomultiplier Tubes: installation in progress

Cleanliness in the Hall: class 100'000 reached

Top Tracker: stintillator strips on site

Reactor T

DUNE HyperK &cp JUNO NMO Parameters

October 16, 2023
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JUNO SCHEDULE @

e
2
L
Complete End of civil OSIRIS assembly. | o
conceptual construction. Water pool } =
design. Interna- PMT mass PMT testing. preparation. i
tional collabora- Bidding of detec- production Electronics mass Stainless steel ! Detector
tion established. tor components. and testing. production. structure assembly. | completion!
Start civil Start PMT mass Start PMT Underground Acrylic vessel
construction, PMT production. potting. lab preparation. assembly. PMT
production line. First electronics Electronics mass installation.
prototypes. production. Detector and

veto construction.

:&» TAO assembly.
(©)9)

N y

4
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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FUTURE SENSITIVITY TO NEUTRINO MASS ORDERING

Future neutrino mass ordering sensitivity

///

7 DUNE
S - ® DUNE: outstanding
‘? sensitivity
% 7 HyperK * JUNO:
= : start data taking in 2024
= :
o ® Possibility JUNO or
= T2K+SK .

TceCube JUNO NOvA+T2K will reach 50
. | = with external inputs

2022 2024 2026 2028 2030 2032 2034 2036
Year
Competitive and complementary sensitivity to NMO.
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SOLAR OSCILLATION PARAMETERS STATUS

KamLAND+SK+SNO
KamLAND
SuperK+SNO

SNO

4 5 6
Am3y, 1077 eV?

® Dominated by KamLAND

Maxim Gonchar (DLNP, JINR)

DUNE HyperK &cp JUNO NMO Parameters

2054013 4 1o
3.05755  41%
3.05:014  4.6%

b +0.16 - 5
2997018 529

316403 05%

TA9H 24% KamLAND+SK+SNO —
7540 2.5% SuperK+SNO
6.10159% 10.7% SNO
5.607 190 20.5% KamLAND
2.8 3.0 3.2 3.4

sin®fy, 1071

® Dominated by SNO
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SOLAR OSCILLATION PARAMETERS STATUS

JUNO % (6 years) " 00024 0.3%

SNO+ % (5 years) o 7.53 013 17% JUNO “* (6 years) - 3.070+0016  0.5%
DUNE (2.5 years) 029 6.0% DUNE (2.5 years) 3.08 000 29%
HyperK+SNO+SK (20 years) 4036 8 40 HyperK+SNO+SK (20 years) 3.08 =013 42%
JUNO & (10 years) 22.0% JUNO & (10 years) 3.06 102 s5%
KamLAND+SK+SNO . 9 94y KamLAND+SK+SNO —_—— 3.05 7018 41%
KamLAND e 2.5% SuperK+SNO 3.05 014 4.6%
SuperK+SNO o9 14 SNO 2.99 T8 5%
SNO 5.60 199 205% KamLAND 3.16 1930 osu

4 5 6 7 8 9 2.8 3.0 3.2 3.4
Am3,, 1077 eV? sin® 9, 107!

® Dominated by KamLAND ® Dominated by SNO
e Will be defined by JUNO to a sub-percent ® Will be defined by JUNO to a sub-percent
level level
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N

(s,

SOLAR OSCILLATION PARAMETERS STATUS

Daya Bay  nGd —— 8.51+0.24 2.8%
RENO nGd —— 8.92:063 T7.1%
Daya Bay nH ————— 7.1 11 155%
RENO nH —_—— 8.6 +12 14.0%
Double CHOOZ —_— 10.2 212 11.8%
T2K —_—— 9.521382 16.9%
NOvA —_—————————— 8.5 20 210%
6 7 8 9 10 11 12

sin? 26,3, 1072

® Defined by reactor experiments
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SOLAR OSCILLATION PARAMETERS STATUS

SuperCHOOZ (3 years) " 10.00£0.05  0.5%
DUNE (7 years) —— 8.73x050 5.7%
JUNO (6 years) —_—— 8.537090 11.7%
Daya Bay  nGd —— 8.51+0.24 2.8%
RENO nGd —— 8.92+063 7.1%
Daya Bay nH ————— 7.1 11 155%
RENO nH —_— 8.6 1.2 14.0%
Double CHOOZ _— 10.2 +12  11.8%
T2K —_—— 9.527 28 16.9%
NOvA B ] 8.5 120 210%
6 7 8 9 10 11 12

sin? 20,3, 1072

® Defined by reactor experiments
® Depends on whether SuperCHOOZ is funded ® Will be improved to sub-percent level
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SOLAR OSCILLATION PARAMETERS STATUS

SuperCHOOZ (3 years) " 10.00£0.05  0.5%

DUNE (7 years) —— 8.73+0.50 5.7%

JUNO (6 years) —_—— 8.537090 11.7%

Daya Bay  nGd —— 8.51+0.24 2.8%

RENO nGd —— 8.92x063 7.1%

Daya Bay nH —————— 7.1 11 155%

RENO nH —_— 8.6 1.2 14.0% Normal mass ordering

Double CHOOZ _— 102 c12 118% :(;AR — :;44 it o

TZK e 952! w6 12 e 051G o

NOvA —_—————— 8.5 120 210% TeeCube _— 0.51 005 9.8%
6 7 3 9 10 11 12 MINOS+ 043 Ty aron

sin2 29“, 10,2 0.35 0.40 0.45 :.‘A:;IHH 0.55 0.60 0.65
® Defined by reactor experiments ® Defined by accelerator experiments

® Depends on whether SuperCHOOZ is funded ® Will be improved to sub-percent level
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SOLAR OSCILLATION PARAMETERS STATUS

SuperCHOOZ (3 y " 10.00£0.05  0.5%
DUNE (7 years) — 8.73x050 5.7%
JUNO (6 years —_——— 537099 1) g ‘
(6 years) 8.53 5y 1L.7% Normal mass ordering
Daya Bay  nGd —— 8.51x021 2.8% DUNE (7 years) -~ 058020005 10%
RENO nGd — 8921063 TA% HyperK (10 years) —— 0.55 001 1
ESSUSB (10 years —— 0.57 002 3
Daya Bay ~ nH —————— 71 1 155% ORCA (3 years) 09 CL —_— 056 9% 7
RENO nH —_———————— 8.6 <12 14.0% IeeCube Upgrade (3 years) 90% CL 0.51 F09 18.6%
- INO (10 years) 0.50 =013 26.0%
Double CHOOZ —_—— 10.2 12 11.8% NOVA o o 0.57 108 ¢
v N I I S Fo+2.42 . ——— 0.44 58 s.0%
T2K 9.527 28 16.9% Tore 0516701
. . 2 S — 0
NOvA T 8.5 120 210% IceCube —— 0.51 005 9
5 - 3 9 10 ) ) MINOS+ 043 102 2
.5 s 0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin” 26,3, 10 sin? sy
® Defined by reactor experiments ® Defined by accelerator experiments

® Depends on whether SuperCHOOZ is funded ® Will be improved to sub-percent level
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Am2, parameters status

Normal mass ordering ® Consistent picture between reactor,
Daya Bay nGd —— 2.466+0.060 2.4% . .
e A il o 2u accelerator and atmospheric experiments
NOvA —— 241 007 2.9%
T2K —_— 2.49 1906 5%
MINOS+ —_—— 240 005 35%
Superk —_— 240 )15 48%
RENO nGd —_——————— 269 012 4.5%
RENO nH 248 102 121%

—032

22 2.3 2.4 p
|Am3,|, 107
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Am2, parameters status

Normal mass ordering

JUNO (6 years) " 2.4530+0.0047 0.2%

ESSvSB (10 years) - 2.516 1000 0.3%

DUNE (7 years) = 2451 0010 0.4%

SuperCHOOZ (3 years) - 3878+0.0122 0.5%

HyperK (10 years) —— 2.400 +0.015 0.6%

TceCube Up. (3 years) 90% CL ——8—— 2.310 *903 239

ORCA (3 years) 90% CL —_—— 2.454 0085 3.5% . .

INO (10 o) — 1 T T 2400 soum 71t ® Consistent picture between reactor,

Daya Bay nGd — 2466 snom 244 accelerator and atmospheric experiments
IceCube —— 241 2007 29%

NOvA —_ 241 soor 2% ® Will be defined by accelerator experiments
T2K —— 249 8 28% .

MINOS+ —_— 240 % a5 and JUNO to permille level

SuperK —_— 240 9 4s%

RENO nGd ————————— 269 012 45%

RENO nH 248 0% 121%

22 2.3 24 2.5 2.6 2.7 2.8
[Am3,|, 1073 eV?
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SUMMARY

® Neutrino oscillations — unique phenomenon, enables us to observe quantum effects at large scale

® Neutrino oscillation studies are at precision stage. Next generation of experiments will provide

sup-percent precision.

® Key problems: NMO and CP violation in leptonic sector to be resolved by 2040.
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Spares SuperCHOOZ Borexino

SUuPERCHOOQOZ

Potential to significantly improve sin® 26, ;.

Goals
® sin”20,, and Am2, with 0.5% precision.

® Solar and SN neutrino physics.

(froniislides' by AnataeF Cabréra $11:2022))
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Spares SuperCHOOZ Borexino

SUuPERCHOOQOZ

Potential to significantly improve sin® 26, ;. fes Ardennes

Goals
e sin® 26,5 and Am2, with 0.5% precision.

® Solar and SN neutrino physics.

Summary
e Site: France, CHOOZ NPP
® New detection technology: opaque scintillator
® Detector: 16 mx16 mx38 m
® Target: <5 t (near), 10 kt (far)
® Baseline: <30 m, ~1 km
® Schedule:

(froniislides' by AnataeF Cabréra $11:2022))
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Spares SuperCHOOZ Borexino

SUuPERCHOOQOZ

Potential to significantly improve sin? 20,5.

Goals
e sin® 26,5 and Am2, with 0.5% precision.

® Solar and SN neutrino physics.

Summary
e Site: France, CHOOZ NPP
® New detection technology: opaque scintillator
® Detector: 16 mx16 mx38 m
® Target: <5 t (near), 10 kt (far)
® Baseline: <30 m, ~1 km
® Schedule:

(froniislides' by AnataeF Cabréra $11:2022))
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Spares SuperCHOOZ Borexino

BOREXINO: BoroON AND SOLAR NEUTRINO EXPERIMENT

Goals
® Solar neutrino: "Be, 8B, pp, pep, CNO. y ; \ N N |

l‘\ s B Nylon Vessels
® geo-v Internal PMTs ‘; \

/ ik
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Spares SuperCHOOZ Borexino

BOREXINO: BoroON AND SOLAR NEUTRINO EXPERIMENT

Goals Muon PMTs Stainless Steel Sphere

e Solar neutrino: “Be, ®B, pp, pep, CNO. I y . ’ s
* geo-v R

.

Summary
® Detector: 8.5 m balloon
® Target: 278t LS
* PMT: 2212 8" i
Water Tank
e Resolution: ocp=5%atl MeV TNy
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Spares SuperCHOOZ Borexino

BOREXINO: BoroN AND SOLAR NEUTRINO EXPERIMENT

Goals

e Solar neutrino: “Be, ®B, pp, pep, CNO.
® geo-v

Summary
® Detector: 8.5 m balloon
® Target: 278t LS
* PMT: 2212 8"
® Resolution: op =5% at 1 MeV
Highlights

® Extreme radio-purity

® No nuclear power plants nearby
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