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Neutrino mixing
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Open questions & precision
[Front. Astron. Space Sci. 5:36(2018)]
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https://doi.org/10.3389/fspas.2018.00036
https://doi.org/10.1093/ptep/ptaa104

JUNO experiment overview
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New Physics

Proton decay
etc
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e This talk:
Oscillations with Reactor (7.),
Atmospheric & Solar neutrinos (ve).

Distance to Reactor (m)

® See: Talk by Gaosong Li
“JUNO non-oscillation physics”
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The JUNO detector

« Target: liquid scintillator (LS) .
op Tracker and
LAB-based (20 kton) = catibration house
« Light detection: o e
17612 20' PMTs L NS O
25600 3' PMTs T e e
er % 4 ST }’: Photomultiplier
+ Veto: background rejection ' R
Water pool (2400 20" PMTs) Arlic spharcal
Top Tracker (plastic scintillators) : ——
Overburden 650 m o ; gepicate i
43.5 m
Experiment Daya Bay Borexino KamLAND JUNO
Target LS mass 20 ton ~300 ton ~1 kton 20 kton
Photon coverage ~12% ~34% ~34% ~78%
Energy Resolution @ 1 MeV ~8% ~5% ~6% ~3%
Light Yield (p.e/MeV) ~160 ~500 ~250 >1345

e See: Talk by Cong Guo “JUNO detector design and status”.
Posters by Caimei Liu and Boxiang Yu (198 & 234)
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Reactor neutrinos: flux

+ Source: Reactor antineutrino (7.) from fission
[Nat Commun 6, 6935 (2015)]
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https://doi.org/10.1038/ncomms7935

JUNO reactor spectrum

Oscillations
+ Survival probability at medium baseline

Am3, L
P =1 — cos® 013 sin® 2015 sin? (%) — sin% 2013

. Am3, L . . Am3,L
{cos2 615 sin? (TE) + sin? 015 sin? ( 4;2 )}

Observe two Osc. modes: slow & fast.
Sensitive to Mass ordering.

Detector response

« Calibration with discrete sources.

+» Energy scale non-linearity: Evisible/ ETrue
Uncertainty < 1% [J. High Energ. Phys. 2021, 4]

+ Energy Resolution: 2.9% at 1 MeV

Light yield, position non-uniformity,
reconstruction
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[6 years of data taking

—— No oscillations
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https://doi.org/10.1007/JHEP03(2021)004
https://doi.org/10.5281/zenodo.6804557

JUNO - TAO reference spectrum

ACU Pl Seiatilator 0.10 n Neutrino spectrum shape uncertainty

| Top Shield (HDPE) —— TAO-based (arXiv:2005.08745) 1

) o - 3"PMT —— DYB-based (Phys. Rev. Lett.123, 111801)
| Water Tank 20.08/} —— Model-based (Phys. Rev. Lett. 112, 202501) i
0 O L Overflow Tank -% ----- JUNO Yellow Book (J. Phys. G: 43 030401) i
S ]
|- LAB Buffer @ 0.06 -

@ 0.
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Visible Energy [MeV]

[Eur. Phys. J. C 82, 1112 (2022)]

« Taishan Anti-neutrino Observatory: 30 m from reactor core

1 ton fiducial volume with Gd-LS

Energy resolution ~ 2%®@ 1 MeV

~ 2000 IBD events/day (40x JUNO)
++ Provide reference reactor 7, spectrum: model independent measurements
« Sterile neutrino measurements: 0.5 eV? < Am3; < 5 eV?
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https://doi.org/10.1140/epjc/s10052-022-11069-3

Reactor: signal & background

+ IBD selection: ~ 82% efficiency

Cuts: fiducial volume, energy, time and vertex.

Cosmogenic background rejection: muon veto.

® See: Talk by Loic Labit on JUNO backgrounds and

Events/0.02 [MeV 'day]

veto

Type Rate/day
IBD 47.1
Accidental 0.8
Fast neutron 0.1
9Li/®He 0.8
(av, n) 0.05
Geo neutrino 1.2
Global reactors 1.0
0.16
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https://doi.org/10.1088/1674-1137/ac8bc9

Neutrino mass ordering

+ Neutrino mass ordering (NMO) sensitivity: Ax? = |x2,;,(NO) — x2,,,(10)|
+ Do not rely on matter effects for NMO measurement.
+- Median sensitivity: 30 in 6 years [Paper in preparation]

Reactor v, signal IBD event number (x105)
1.0 1.5 2.0 2.5 3.0

B stat. + 1 syst. L A

Statistics 113 5o JUNO Simulation Preliminary ]
Stat. +Flux error 0.6 - ]
40 9

Stat.+Backgrounds ‘14 ]
Stat.+Nonlinearity -0.4 30 E
Stat.+Others <-0.05 s e NO: stat. only ]
5 E —— NO: stat.+all syst.

- | JUNO + TAO  — o:stavonty |
JUNO Simulation Preliminary n —— 10: stat.+all syst. ]
5 S T S S B e

0 12 20

6 yearsx26.6 GWyy
JUNO exposure [yearsx26.6 GW]

® Sece: Poster by Tobias Heinz (210) on JUNO neutrino mass ordering
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Precision of oscillation parameters

. Parameter precision (%)
e Run time [Am%| Am} sin? 6 sin? 0
+ Sub-percent precision in 6 years 51 21 2 1
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https://doi.org/10.1088/1674-1137/ac8bc9

Solar neutrinos

Reactor ES+NC 3
— Radioactivity & Isotopes]

+ JUNO to measure Am2, & sin?f1, from ¢
solar and reactor neutrinos. §
>
. . . . S 35 4 45 ]
+ Oscillations with 8B solar neutrinos z ]
. 2] — 3
Main channel: v-e ES B Tiicce ]
.. - ES T
Other visible channels: B “VEcne
g
Qo
i

Vo + BCNC: 3.7 MeV v X
ve+ BCCC: e & 22 MeV g* T 0 1416 18 20
[arXiv:2210.08437v1 (2022)] Visibleenergy [MeV]
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SE X :
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-10% 0 10% 30% 0 30% -10% 0 10% L L . ! ! ! | 1y ot
Relative 8B flux uncertainty ~ Relative Am3; uncertainty  Relative 5in01 uncertainty 015 02 025 03 035 04 045 2468
sin’0,, X2
+ JUNO can also measure “Be, pep, CNO. [Chinese Phys. C 45 023004 (2021)]
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https://doi.org/10.48550/arXiv.2210.08437
http://doi.org/10.1088/1674-1137/abd92a

Atmospheric neutrinos

1 1

NO

P(vu — vu)

NO

POy — o)

+ Neutrino mass ordering:

glep
glep

Complementary to
reactor neutrino

Earth matter effects

| Cosine Zenith An

S
| Cosine Zenith An,

14

[Phys. Rev. D97, 072001 (2018

10?

10?

1 10 1 10
Neutrino Energy [GeV] Neutrino Energy [GeV]

- Event classification and reconstruction: 25 ——
VulVu 4 EfficientNet-v2
Various methods (Machine learning etc.) . T petecphare
PMT waveform features, first hit time, —¥=
. .. ~ 15
neutron multiplicity < —o
.. - 0 0 g’lo i
PID efficiency v/v: 60% ~ 80% = .
-mi——
® See: Poster by Xinhai He (376) s ==
Direction resolution: g9, < 10° (E, > 3 GeV)
1 3 5 7
E, (GeV)
+ Neutrino mass ordering sensitivity be released soon. [NuFACT 2023]
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https://doi.org/10.1103/PhysRevD.97.072001

« JUNO: a multipurpose liquid scintillator experiment.
Neutrino oscillation physics with Reactor, Solar and Atmospheric neutrinos.

«+ TAO satellite detector: provide reactor neutrino reference spectrum

«* Neutrino mass ordering:
Reactor neutrinos: 30 in 6 years (Paper in preparation)
Atmospheric neutrinos sensitivity studies in progress.
Combined reactor + atmospheric analysis is in progress

+* Sub-percent precision in 6 years for Am3, Am3;, and sin? 01, with reactor neutrinos
(Published: Chinese Phys. C 46 123001 (2022))

+ Independent measurement of Am3; and sin? 012 with solar B neutrinos
(Published: Chinese Phys. C 45 023004 (2021), arXiv:2210.08437v1 (2022))

«+ JUNO will start operation in 2024.
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https://doi.org/10.1088/1674-1137/ac8bc9
http://doi.org/10.1088/1674-1137/abd92a
https://doi.org/10.48550/arXiv.2210.08437

Reactors of interest

Reactor Power (GWyy,) Baseline (km) IBD Rate (day?)

Taishan 9.2 52.71 15.1
Core 1 4.6 52.77 75
Core 2 4.6 52.64 7.6

Yangjiang 17.4 52.46 29.0
Core 1 29 5074 48 « Planned (not operational)
Core 2 2.9 52.82 4.7 Huizhou (17.4 GWyy)
Core 3 2.9 52.41 4.8 Lufeng (17.4 GW¢n)
Core 4 2.9 52.49 4.8
Core 5 2.9 52.11 4.9
Core 6 29 52.19 4.9

Daya Bay 17.4 215 3.0
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Detector response: calibration

Sources/Processes | Type Radiation
187Cs ¥ 0.662 MeV
54Mn Io% 0.835 MeV
60Co o4 1.173 + 1.333 MeV
40K v 1.461 MeV
BGe e™ | annihilation 0.511 + 0.511 MeV
241 Am-Be n, vy neutron + 4.43 MeV (12C¥)
21 Am-13¢C n, neutron + 6.13 MeV (160%)
(n,y)p o4 2.22 MeV
(n,y)'2C 5 4.94 MeV or 3.68 + 1.26 MeV
[J. High Energ. Phys. 2021, 4 (2021)]
JUNO 6 years data taking
wof T ] ;
[ g 1F E| - g
< 400 F 3 095E -NL 1] H
: o
RS e 3 .
s F S —LPMT ] s
200 wio NL&Res ] igﬂ = 7y
4 [ o g ] M
it} £ wi NL 3 7 *
100§ —— LPMTw/NL&Res §r T s s %, o o
C 5 Visible Energy E_[MeV] ] 2, &
£ o SPMT w/ NL&Res . " B 4
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% 2 6 8 10 12 % PR
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https://doi.org/10.1007/JHEP03(2021)004

Energy resolution update < Rem

Parameter affect
a Photon statistics
O a 2 b2 c 2 b Quenching of scintillation light, cherenkov light
a - (\/ﬁ) +o0+ <Evis) yield, detector uniformity and reconstruction.
c dark noise
Updates [JUNO Preliminary]

+ Energy resolution 3% @ 1 MeV — 2.9% @ 1 MeV

Photon detection efficiency: 27% — 30% [Eur. Phys. J. C 82, 1168 (2022)]
New central detector geometries
New PMT optical model [Eur. Phys. J. C 82, 329 (2022)]
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https://doi.org/10.1140/epjc/s10052-022-11002-8
https://doi.org/10.1140/epjc/s10052-022-10288-y

Signal selection

Component Input Uncertainty (%)
Flux 2.2
Baseline (L) -

Energy per Fission 0.2

Thermal Power (P) 0.5

Fission Fraction 0.6

Selection Criterion Efficiency (%) IBD Rate (day 1) Mean Cross-Section per Fission 2.0
All IBDs 100.0 57.4 Detection 1.0

Fiducial Volume 9L5 52.5 Fiducial volume (2 cm vertex bias) 0.4

IB]Z])ESclccuou 98.1 5L.5 IBD Selection cuts 0.2

nergy Range 99.8 -
Time Correlation (AT} ) 99.0 - Muon Veto -

Spatial Correlation (AR,,_) 99.2 - Proton Number 0.9
Muon Veto (Temporal jal) 91.6 47.1 Backgrounds 1.0

Combined Selection 82.2 47.1 Geoneutrinos 0.8

9Li/*He 0.4

Atmospheric neutrinos 0.2

Fast neutrons 0.2

1BC(a,n)tf0 0.1

Accidentals <0.1

World reactors <0.1

[Chinese Phys. C 46 123001]
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https://doi.org/10.1088/1674-1137/ac8bc9

TAQ: Sterile neutrinos sensitivity
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[ arXiv:2005.08745 (2020)]
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https://doi.org/10.48550/arXiv.2005.08745

NMO & Energy resolution

Reactor v, signal IBD event number (x10%)
0.5 1.0 2.0 2.5 3.0

i _——"1 JUNO Simulation
20 p—— 1 Preliminary
c r —— 1
& %% L] JUNO exposure:
10 —— Resolution 8: 2.8% ] —— 6 yearsx26.6 GWy,
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Systematics breakdown

o | Am3, Wi | Am L | sin’ 0o W | sin® 03
Statistics 016 | ] 0.17 ] 034 ] 8% [ ]
Reactor:
- Uncorrelated oo || <0.01 0.10 . 253 |l
- Correlated 03 il 001 i 027 _ 6.83 _
- Reference spectrum 0.07 - 0.05 - 0.09 . 348 -
- Spent Nuclear Fuel 0.07 - <001 0.05 . 155 .
- Non-equilibrium 0.14 - <001 0.10 - 265 -
Detection: | | |
- Efficiency w i 0oL | 023 | s [
- Energy resolution 0.01 I <0.01 0.01 l 0.39 I
- Nonlinearity 005 . oot |l 009 . 209 .
- Backgrounds 015 | ot |l 020 | N
Matter density oo || wr i w W s |
All systematics 07 | 008 N 040 | s1c
Total o | | o | | o2 | | 2u [
0.0 0.2 0.0 0.1 00 02 04 0 5 10
% % % %

[Chinese Phys. C 46 123001]

Rebin Raj TAUP 2023 28 August, 2023 21/14


https://doi.org/10.1088/1674-1137/ac8bc9

Solar neutrinos ¢B

Zoni—" —
s ~—— hep
a — 'Be
;‘,, 10° — 88
1 —1 — BN
1S /' —_— 150
2 107 / | — — YF
< e
€
8 100 / | —
o
g |
s
“-u, 103 /
x
=)
E 1
100 100 10!
Neutrino Energy [MeV]
epd/kt FV | SBsignaleff. | 2B SLi  1°C  SHe 1Be | U 22Th | 7-c ES | Total bkg. i‘g“;jl e
M1 Moy
(2,3) MeV | 7.9 kt ~51% 0.005 0.006 0.141 0.084 0.002 | 0.050 0.050 | 0.049 0.39 0.32 0.30
(3,5) MeV | 12.2 kt ~41% 0.013 0.018 0.014 0.008 0.005 0 0.012 | 0.016 0.09 0.42 0.39
(5, 16) MeV | 16.2 kt ~52% 0.065 0.085 0 0 0.023 0 0 0.002 0.17 0.61 0.59
Syst. error 1% <1% 3% 10% 3% 10% 1% 1% 2%

« LS radioactivity: 10~g/g (goal)
+= Signal/background in 10yrs: 60,000/30,000

[Chinese Phys. C 45 023004 (2021)]
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http://doi.org/10.1088/1674-1137/abd92a

Atmospheric neutrinos

v,-CC 7,-cC
QE Y, +n—p”+p 17,‘+p—>/4++.
« Neutron multiciplity: vtp o tptat BoAp o uApta
_ RES vAn—pu +p+a° D, +p = pt+Hn+a®
U produce more neutrons than v ! b :
i . i V,.+"—>ll'+'+ﬂ+ D+n—pt
Used in PID classification
DIS y+N-=>p~+X D, +N—>ut+X
3.0 T T T T T T T
-------- Electron neutrinos -------- Point-like
S PR ----Muon neutrinos - - - - Track-like
“ en5|t|V|ty. 251 Electron+Muon Point+Track 7]

Normal Hierarchy

Optimistic sensitivity 20}

0.7 ~ 1.40 for 6 years

In progress: improving
reconstruction and PID

Sensitivity (o)

[J. Phys. G: Nucl. Part. Phys. 43 030401]

Livetime (year)
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