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E Neutrino Oscillation Physics at JUNO
A 3-flavor oscillation paradigm
A What does JUNO aim for?
A Key features to achieve the goal

E Other physics at JUNO
A More sources: Solar neutrino, Geeutrino, supernova neutrino
A More physics (BSM): sterile neutrino, nucleon decay, dark matter, etc.

E{dGFdGdza 2F W bh O0AF GAYS I tf26aX0



3-Flavor Neutrino Oscillation

v

A Neutrinos are mixed: |—

Ve V1 Amglr- 0 Am3,
2n 2n

vl = Upmns | v2 1 <DL 2

Vr V3 NO 10

Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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3-Flavor Neutrino Oscillation
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A Neutrinos are mixed: |—
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Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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3-Flavor Neutrino Oscillation

v Ve
A Neutrinos are mixed: |—  Jam,
Ve V1 Amglr- 3 Am3,

2n 2n
V;; - UPMNS Vo il <l 5
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Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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Open Questions In Neutrino Oscillation Physics

A Neutrino mass ordering A Precision measurementsf
Normal ordering (NO) or mixing angles and masslittings
Inverted ordering (10)?

A CP violatior? A 3 flavors only or angterile states?



Open Questions In Neutrino Oscillation Physics

A Neutrino mass ordering A Precision measurementsn
Normal ordering (NO) or mixing angles and mass splits
Inverted ordering (10)?

A CP violatior? A 3 flavors only or angterile states?
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Neutrino Oscillation Physics in JUNO
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Neutrino Oscillation Physics in JUNO
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Neutrino Oscillation Physics in JUNO

Slow component

. . SlOWcom SL e ¥ , e .
0 o p Al O OE(| OETCV EqJ [AIJOOE
0

ot
=]

O %
Solar dominated i 0 ! g
Al O OEdf OE ~ —-OEq] |OE D E
p AT O OE] vl [ —
YR ¥ B al |, .
EA icO OEdf O E—Imo = — NMO sensitive

S = e A In JUNO:

N OV \VAVAV N I A Measurement of mass ordering
T \ e (sign ofnmZ;,) |S|ndependent oft ¢,
2 151 i
o A Can measursir? ;,, Nm2,;, NM2,,
5 to sub-percent precision
51.8-:-?

:0%'0.5-:
: 2 3 4 5 6 7 8

Neutrino energy [MeV]

’ Fast component _
OEJl O E

e

Atmospheric dominated

17



Neutrino Oscillation Physics in JUNO
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Key Features of JUNO

A Requirements
A Large statistics

A High energy resolution (3%)

A Low background

A Precise reactoh spectrum as input

19



Key Features of JUNO

A Requirements [JUNO paperarXiv2405.18008
A Large statistics

Reactor Power [GW,,] Baseline [km] IBD Rate [day ']
V Powerful nuclear reactors - 63 =5 7
Core 1 4.6 52.77 9.2
A High energy resolution (3%) Core 2 1.6 52.64 92
Yangjiang 174 52.46 35.3
Core 1 2.9 52.74 5.8
Core 2 2.9 n2.82 5.8
Core 3 2.9 52.41 5.9
Core 4 2.9 52.49 5.9
A Low background Core 5 2.9 52.11 6.0
Core 6 2.9 n2.19 5.9
Daya Bay 17.4 215 3.65
Total IBD rate 7.4
A Precise reactor[Spectrum as input A 2 nuclear power plants

A 8 reactor cores

A 26 GW,
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Key Features of JUNO

A Requirements
A Large statistics
V Powerful nuclear reacto
V 20kton liquid scintillator
A High energy resolution (3%
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Key Features of JUNO

A Requirements
A Large statistics

Top Tracker and

V Powerful nuclear reacto calibration house
V 20kton liquid scintillator e
A High energy resolution (3% B TR Watbrot)

V High light yield
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Key Features of JUNO

A Requirements
A Large statistics
V Powerful nuclear reacto
V 20kton liquid scintillator
A High energy resolution (3%
V High light yield
V 78% geometriecoverage

A Low background

A Precise reactoh spectrum a
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Key Features of JUNO

A Requirements

A Large statistics
V Powerful nuclear reactors
V 20kton liquid scintillator

A High energy resolution (3%)
V High light yield

V 78% geometriccoverage Hamamatsu NNVT HZC
A Low backaround Charge Collection  Dynode MCP Dynode
g
th;;:c?:::;tm" 28.5%  30.1% 25%
Dynamic range
. . [0, 100] PEs [0, 2] PEs
A Precise reactoh spectrum as input | fer[0-10] Mev
Coverage 75% 3%
Ref Eur.Phys.J.C 82 NIM.A 1005
elerence (2022) 12, 1168 (2021) 165347 |




Key Features of JUNO

A Requirements
A Large statistics
V Powerful nuclear reactors
V 20kton liquid scintillator
A High energy resolution (3%)
V High light yield
V 78% geometriecoverage
V High PMT efficiency (30%)
A Low background
V 650m overburden (180@n.w.e.)

A Cosmic muon in LS: +i

A Precise reactoh spectrum as input
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Key Features of JUNO

A Requirements
A Large statistics

V Powerful nuclear reactors A Cosmic muon in LS: +a

o . Veto Strategy
V 20kton liquid scintillator . o /8

A High energy resolution (3%) 57 r_eactqrh,_; 71) -n decayof °Li/°He /day
V High light yield Residual: aftermlnjonveto -
V 78% geometriccoverage 92% reactoh_b  nzh decayof "Li°He /day

V High PMT efficiency (30%)
A Low background
V 650m overburden (180tn.w.e.)
V Muon veto strategy (reduc®6%of °Li/He)

A Precise reactoh spectrum as input
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Key Features of JUNO

A Requirements
A Large statistics

V Powerful nuclear reactors A Cosmic muonin LS: +z

P - Veto Strategy
V 20kton liquid scintillator . o /8
A High energy resolution (3%) 57 r_eactqrh,_; 71 -n decayof °Li/*He /day
V High light yield Residual aftermlnjonveto -
V 78% geometriecoverage 227\/2 feaCtOhU/?_h = decayc;ff LI/I\I II_\I/Ie O/<day
V High PMT efficiency (30%) nimum requirement for

A Low background 10*°g/g, aiming for 16" g/g

V 650m overburden (1800n.w.e.) e R ety [ o
U: (1.2£0.1) # u: <o
V Muon veto strategy(reduce96%of LiHe) laweiz) Wisin ][22 WT™FE™" §
5000 m3 LAB storage tank 1) Al,O; for optical transparency 2) Dnst|||at|on for radiopurity

V Materlal Screenlng + Clean enV|r0nment -__I_:C-)C_IJ:B;S_- ------ .--.—. —————————————————— VT——'——-.-%—_— Mixmf_#\::%za,_
A Precise reactoh spectrum as input ~ 030

5u:<e.2¢o.7) :
sas 4 Th: (10.721.1) B¥

Acid wash & filter:
U: <0.28

pipes to
underground

U: (0.34+0.06)
Th: (0.85:+0.09)

Momtonng pre- 4) Gas strippin to  3) Water extraction to remove
detector (OSIRIS) remove Rn and O, radioactive impurities
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Key Features of JUNO

A Requirements
A Large statistics
V Powerful nuclear reactors
V 20kton liquid scintillator
A High energy resolution (3%)
V High light yield
V 78% geometriecoverage
V High PMT efficiency (30%)
A Low background
V 650m overburden (180@n.w.e.)
V Muon veto strategy (91.6%)
V Material screening + clean environme
A Precise reactoh spectrum as input
V JUNGTAO

JUNGTAO

A <2%energy resolution at 1MeV

A Subpercentshape uncertainty

U Provide precise reactohn spectrum
as reference for JUNO

arXiv: 2005.08745

L
3 4 5 6 7 8
Recons tructed energy [MeV]

—— Nonlineari ty ~—— Fiducial volume
—— Fission fractions diff. =~ —— Non-equilibrium
nucl
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Inverse Beta Decay (IBD)

Ve +p — e +n
(interaction threshold: 1.8 MeV)
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Inverse Beta Decay (IBD)

Uo+p—e +n Prompt signal:
(interaction threshold: 1.8 Solve for neutrino energy
E,=FE.++Amy_, +T),
Delayed signal:
0.9F 10 | Neutron capture at 2.2 MeV on H
0.8f- % measured spectrum 1§ |orat4.9 MeV ort’C within ~200 E}l
S o/b 2 -
£ E 1 3
= 0.6/ ° 13
Sosp El-
2 o4~ Y 1 >
_E F — ®py —2 E
g 02— "Pu 14 @
o 18
: . 8]
0 1 2 3 4 5 6 I 8
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Inverse Beta Decay (IBD)

Antineutrinos / MeV / Fission

Ve +p — e +n
(interaction threshold: 1.8

5 6 7 8

Antineutrino Energy (MeV

9
)

-y

(=
A
h

Inverse Beta Decay Cross Section (cm?)

Prompt signal:
Solve for neutrino energy
E,=FE. +Amy_p, + Ty,

~

Delayed signal:
Neutron capture at 2.2 MeV on H
or at 4.9 MeV ort*C within ~200- a

Selectionof IBD candidates8R.2%efficiency)
A Fiducial Volumer < 17.2 m(91.5%)
A Selection cuts (98.1%)
A E,:[0.8, 12.0] MeV
A E;[1.9, 2.5] U [4.4, 5.5] MeV
A Time differencepT < 1.0ms
A Vertex differenceR, ;< 1.5 m
A Muon Veto (91.6%) =



Backgrounds for Reactor Neutrino Signal

A After IBD selection: [JUNO paperarXiv2405.18008
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Backgrounds for Reactor Neutrino Signal

A After IBD selection: [JUNO paperarXiv2405.18008

022__ ...................................................................... ] Rate Shape
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(== e — 4 ' L . .
2 4 6 8 10 12 | Reactor neutrino signal;

Visible Energy [MeV] 47.1 day* + 1.5%(syst.)

33

Events/0.02 [MeV 'da




Energy Resolution in JUNO
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Energy Resolution in JUNO
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Energy Resolution in JUNO

C Goal: 3% at 1 Me¥or e* from IBD signals Multiple calibration campaigns & sourc
(1D)

Automatic Calibration Unit

A Scintillation quenching effect
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Energy Resolution in JUNO

C Goal: 3% at 1 Melr e from IBD signals

Multiple calibration campaigns & sourc
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Energy Resolution in JUNO
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Energy Resolution in JUNO

C Goal: 3% at 1 Me¥r e* from IBD signals [JUNO paperarXiv2405.17860

A Scintillation quenching effect

2 2
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Precision Measurement on Osclillation Parameters

[JUNO paperChin. Phys. C 46 (202
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Precision Measurement on Osclillation Parameters

[JUNO paperChin. Phys. C 46 (202
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Precision Measurement on Osclillation Parameters

[JUNO paperChin. Phys. C 46 (202
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Precision Measurement on Osclillation Parameters

[JUNO paperChin. Phys C 46 (202
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Neutrino Mass Ordering (with Reactor Neutrinos)
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Neutrino Mass Ordering (with Reactor Neutrinos)
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Neutrino Mass Ordering (with Reactor Neutrinos)
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Neutrino Mass Ordering (with
Yrimary cosmic ray
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Neutrino Mass Ordering (with
Yrimary cosmic ray Az oH N
.air molecules L HOom hHy hy

E~0.1GeVc10TeV
L~15¢ 13000km
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect: A(h: A E -A) [JUNO Physics Boak:Phys. G43:030401 (201
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A = 24/2GrN.E,

sin? 207 =
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect: A (h. A E -A) [JUNO Physics Boak:Phys. G43:030401 (201
' L
o i 2 . 2 onm i 2 2 \ym
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cos(6)
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Neutrino Mass Ordering (with Atmospheric Neutrinos)
With matter effect:

Al dh ©h)

A Resonanc®

cos(6)

E,in GeV

(e © w)

:3-10GeV

A(h: A E -A) [JUNO Physics Boak:Phys. G43:030401 (201
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A = 24/2GrN.E,
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect: A(h: A E -A) [JUNO Physics Boak:Phys. G43:030401 (201
: : m m L

A ”_J |=(h O h ) ”_ |=|=(H Oy ) P(v,, — ve) = sin® 03 sin® 207% sin? [1.27(Am§1) E_y}

A Resonanc® :3-10GeV (AmZ)™ = Amgl\/ (cos 2013 — A/Am2,)? + sin? 20;3

Si112f26913

A Signal channelzharged Current (CC) G2opgm
13 -

. _ 2 \2 2 .
A Background: Neutral Current (NC), cosmic muons (cos 2013 — A/Am3;)? + sin” 2613
0.0 A = :ZNJGEIS:}?JVQ;EBD

0.2 T

"

10" 16° 10!
E,in GeV E,in GeV

54



Neutrino Mass Ordering (with Atmospheric Neutrinos)

A 78% geometric coverage offers great potentiaPii direction and energyreconstruction
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

A 78% geometric coverage offers great potentiaPll direction and energyreconstruction
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

A 78% geometric coverage offers great potentiaPii direction and energyreconstruction
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

A 78% geometric coverage offers great potentiaPll direction and energyreconstruction
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

A 78% geometric coverage offers great potentiaPll direction and energyreconstruction
ASk> &aSLI}I NAXM Sy SNHE&

A A wseparation A track direction

U 0.8m @ on NMO @ 6 years with atmonly

U/ 2Y0AYS NBIFIFOUZ2ZNI b FiGY2ALKSNAO A (2 02
U Installspare PMTs on top of water pool tmprove PID and directiomeconstruction

~Spare PMTs
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JUNOA Multipurpose Neutrino Observatory

A Reactor neutrino
A Atmospheric neutrino

60
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JUNOA Multipurpose Neutrino Observatory

A Reactor neutrino
A Atmospheric neutrino
A Solar neutrino

A Geoneutrino

A Supernova neutrino “ A W
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JUNOA Multipurpose Neutrino Observatory

A Reactor neutrino
A Atmospheric neutrino
A Solar neutrino

A Geoneutrino

A Supernova neutrino “ ) W
A Sterileneutrino | A,
A Nucleon decay

A DarkMatter

A n A i(ih nextgeneration)
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ReactorA

New
Physics
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HighEnergySolar Neutrino(°B)

A 8. tovmeasure solar oscillator parameters: WUNO paperstrophys J 965, 122 (202
A Channel: ES (dominated) + CC + NC ES: &4 Q0w 0Q

CC: v PHOQ *r9
NC: & PHOu P9
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HighEnergySolar Neutrino(°B)

A 8 tonmeasure solar oscillator parameters:
A Channel: ES (dominated) + CC + NC

A Signal / background: 60k / 30k (i0 years)
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HighEnergySolar Neutrino(°B)

A 8 tonmeasure solar oscillator parameters: [JUNO paperAstrophys J 965, 122 (202}

A Channel: ES (dominated) + CC + NC ES: &4 Q0w 0Q
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Intermediate EnergySolar Neutrino

A Goodsensitivityto ’Be,pepand CNOneutrinos<2MeV 5.

. . . 10"
U Improvethe understandingpf A-emitting solarprocesse: 1oe
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Intermediate EnergySolar Neutrino

A Goodsensitivityto ‘Be,pepand CNOneutrinos<2MeV (5. HZSSM
. . . 10"
U Improvethe understandingof A~-emitting solarprocesse: 1o°
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Geoneutrino

A Neutrinosfrom U/Thinsidethe Earth
U JUNOQwill collectthe largestdatasetof geoA: 1~2events/day
U Precisiorof ~8%in 10 yearswith fixed U/Thratio

A In comparisonKamLANDB-15% Borexino~17%

U Leadingorecisionof Uand Thcomponents l
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| 232Th /238U ~55%
4004 Reactors

300

200

Geoneutrinos

100

Other Backgrounds

2 ] 4 6 8 68
Energy [MeV]




Supernovag SN)Neutrino

A 3 detectionchannelssensitiveto all flavors
U ~10' events(5kIBD)for atypical SN@ 10 kpc
A Prompt monitor can identify signai 10-30ms
U Excellentcapabilityof earlywarning:>90%of core-collapsedSN(CCSNat d<203300kpc
U Beableto determineflavor content,energyspectrumandtime evolutionof SNburst A
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Diffused SupernovaNeutrino Background DSNB)

A Superpositiorof Afrom all pastSNexplosiongyetto be observed)
A Selection{12,30]MeV with fiducialvolumecut & pulseshapediscrimination
U S/Bratio improvedfrom 2to 3.5
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DiffusedSupernovaNeutrino Background DSNB)

A Superpositiorof Afrom all pastSNexplosiongyetto be observed)
A Selection{12,30]MeV with fiducialvolumecut & pulseshapediscrimination
U S/Bratio improvedfrom 2to 3.5
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Sterile Neutrino (atTAO)

A TaishanAntineutrino Observatory
A 44 m from a4.6 GWreactor

A 2.8ton GddoppedLS

A 94% geometricoverage oSiPM
A Operated at503
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Sterile Neutrino (atTAO)

A TaishanAntineutrino Observatory

A 44 m from a4.6 GWreactor U sensitive to sterile neutrino
A 2.8ton GddoppedLS U Will provide new constraints
A 94% geometricoverage oSiPM in 0.1:3 eV ﬂmz region
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NucleonDecayviatriple coincidence

A 20ktonsof LS:1.45x 1033 free protons & 5.30x 1033 bound protons/neutrons
Proton decay
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