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Knowns about Neutrino

3
Standard Model | £, = Z[ﬁf iy*o, v’ + e’ (iy*a, — m};)ef +uf (iy*9, — mg)uf +d/ (iy*9, — ml];)df] +

CcC NC
Found three flavor of spinor neutrinos , Wé I Z é Sl
Neutrinos participate in weak interaction Y
a ve ve
Neutrino Oscillation lve) = Z = vi) la(”u) H(”u) L)) ~ Z 12E 1v:(0))
v’l’ v’l’

1 0 0 C13 0 813€_iécP C12 s12 0O elm 0 0
U=1|0 co3 S923 0 1 0 —8192 c12 O 0 e 0 PMNS Matrix
0 —S823 C23 —8136i50P 0 C13 0 0 1 0 0 1

Oscillation probability relates to 0.p,

neutrino mixing angles (615, 0,3, 013) = (34,43, 8.6) degree :
NuFit2024 NO

neutrino mass splittings (Am3,, |Am3,|) = (7.5e™>, 2.51e73) eV? (NUF )

Neutrino participates in weak/gravity interaction



Unknown about Neutrino

s sin® B,5 = 0.57? What is the ordering

. . 5
|v3) contains more |Uu> or [1,) ? of neutrino masses:

H | < the 5.2 What is the smallest
OWIarge 15 the Ocp: mass of neutrinos?

P(v, - v,)/P(9, - 7,) =7 min(my, my, my) =

Normal

2
m3P

atomospheric:

24x107 eV?

solar: 7.5><10_5 eV2

2
my

Is Neutrino Majorana or Dirac? Neutrinos are their own anti-particles ?

Inverted

solar: 7.5x10_5 6V2

{

atomospheric:

2.4x107 eV?
= .,

2
mj

2
m;




Unknown about Neutrino

Normal Inverted
. . 2 2
. m P m
s sin? 6,5 = 0.5? What is the ordering ; E ;
. 1 ’|) m2
|v5) contains more |v,) or |v;) ? of neutrino masses: | l
U T atomospheric:
24x107 eV?
: What is the smallest romospheie
How large is the 6.p? o z — 24x10°% eV
p p(5 B X mass of neutrinos: 2 solar: 7,510 eV 2
- — — : m Y — -
(UM ve)/ (vﬂ ve) . mln(ml) mz, m3) =? | ’
- Ve - VH - V‘c

Is Neutrino Majorana or Dirac? Neutrinos are their own anti-particles ?

What is the origin of neutrino mass? Liass = —Y5L' Heg,

How to extend SM? — Y} L Hv |- iM;; (V%) vh |+ hec.
If it is Dirac, why m,, is so small? Are there other types of neutrino?
Otherwise, where does M,, come from? (U1 |? + |Upy|? + |Up3|? = 17

Sterile or dark neutrinos? -




Why to Measure Neutrino Mass Ordering

ls sin? 6,5 = 0.5?
How large is the §.p?

What is the smallest mass of neutrinos?
Is Neutrino Majorana or Dirac?

How the neutrino
masses ordered?

What is the origin of neutrino mass?
Are there other types of neutrinos?

What is the mechanism of Supernova burst?
How will neutrino affects the evolution of universe...

* Improve the sensitivity of §-p and sin® 8,5

* Improve the constraint of life of OvS[ decay

* Improve the constraint of neutrino absolute mass
* Improve the constraint of cosmic parameters

How to Measure Neutrino Mass Ordering




Accelerator Neutrino Oscillation Methods

MSW HMatter = HVacuum + UT (




Accelerator Neutrino Oscillation Methods

MSW HMatter = HVacuum + UT (

2\/§GF’I’L6E

P(v,(V,) = ve(V.)) ~ sin’ a3

sin® 2013 . Am3, L
A—1)? sin“[(A — 1)—4E ]
(+)a A(L— A) sin —, sin(A 1B )sin[(1 — A) 1B ]
Jocosécp  Am3,L . Am3 L. . Am3,L
o A(L— A) cos — sin(A B )sin[(1 — A) B ]
sin? 2015 . Am2. L
+ acos? 0y yE 12 s1n2(A 4;:71 )
Am2, .y
@ = Am2, Sensitive to SCP' MO, 823

A= (-)2vV2GFn.E/Am2,

J() = sin 2012 sin 2013 sin 2023 COS 013
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Accelerator Neutrino Oscillation Methods

. 2 2
_ _ ~ ) Sin 29]_3 .. 92 Am31L
P(v,(T,) = ve(Ve)) = sin® fa3 A—1)? sin“[(A — I)T]
(+)a A(L— A) sin —, sin(A 1B )sin[(1 — A) 1B ]
- 2 2 2
V JO COS 6CP Am31L . Am31L . . Am31L
©“m ......................................................................... -« e Al - 4) 4B inA 4E ol =) 4B |
..... (AT S LI TS SR L L SO LI L LY . 2 A 2 L
v, - + v cos? Oz A22912 sin2(A Tg )
Am3, A
@ = Am2, Sensitive to 6CP' MO, 623

2V2Grn.E 0 0
MSW HMatter = HVacuum + UT 0 0 0 U
0 0

A= (-)2vV2GFn.E/Am2,
Jo = sin 2015 sin 2643 sin 26053 cos 613

m Dominant CC Observables Advantages

MINOS 735km  3/7/9 GeV Ve, Ve }(E), {v,, U, }(E) Covers high energy region
T2K/T2HK ~ 295km 0.6 GeV  {v,, 7,}(p*, 0)),{v,, 7, }(p*, 6)) Good resolution/Better
NOvVA 810 km 1.8 GeV Ve, Ve }(E), {v,, U, }(E) Separate hierarchy and 6 effects;

3D tracking and calorimetry
DUNE 1300 km 2.5 GeV Ve, Ve }(E), {v,, U, }(E) High statistics; High resolution



Atmospheric Neutrino Oscillation Methods

E2 ® [GeV cm™ sec”! sr-1]
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Frejusvy _ ",j E
IceCube v, unfolding \ M ]

6 IceCube v M forward folding
10 ——é—  AMANDA-II v unfolding . ,f AL X%
i AMANDA-II v, forward folding N
ANTARES v, S i
————  HKKMI1 v 47, (w/ ose.) )
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Atmospheric Neutrino Oscillation Methods

10!
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P(ve > vy) = P(vy — ve) = sin® O3 sin” 26073 sin” {1'27(Am§1)mE_]

(Amgl)m - Am%l \/(COS 2913 - A/Am§1)2 + Sil’l2 2913 y

.2
. 9 anm sin” 2013
sin”“ 26 = .
Y 13 (cos 2013 — A/Am2,)? + sin? 2613

Super-Kamiokande I-IV v, lv—~—f—¢
!

Frejusv ’

lceCube v, unfolding \ )

IeeCube v, forward folding A _ 2 \/5 G N E
AMANDA-II v unfolding yf —

AMANDA-II v : forward Iivldmg F € v
ANTARES vy

HKKMI1 \'M+Vu(\\/u.~c.)

——=+3 MSW Resonance A = Am3, cos26;3

Frejusv

8 IeeCube/DecepCore 2013 v,
10 —%—  lceCube 2014 v,
HKKMI1 v 47, (w/ 0sc.)

o Lo Sensitive to MO, 03

-1 0 1 2 3 4
Logl()(EV/GeV)

E2 ® [GeV cm™ sec”! sr-1]
2

3
%

13



Atmospheric Neutrino Oscillation Methods

ol e, " ERRRRARAL .2 . 209am ;2 2 \m L
N :g*'ﬁ“# P(ve > v,) =~ P(v, — V) =~ sin”f3sin” 2073 sin” | 1.27(Am3,;) 5
= = %: 2 g
_ 1()‘-‘% )ﬂ-_ . (Am2Z)™ = Ami \/(cos 2013 — A/Am3,)? + sin? 20,3,
', K (V)“ Vg —; 104 b N cn2ogm  — sin? 2013
"\\ i'—‘)"‘ ........................................................ "1’ ”:g) 05 s » 13 - (COS 2013 — A/Am%l)z + Sin2 2913 '
NV : 3 N
e* E 10° —— E A= 2\/§GFN6EV
e : : =131 MSW Resonance A = Am2; cos 263
10°® et ’ ¥
o Lol Sensitive to MO, 644
-1 0 1 2 3 4 D
L()g“)(EV/GcV)
W Dominant CC Observables Advantages
Super-K/Hyper-K 0.1-10 GeV Ve, Ve }(E, L), {v,, v,}(E, L) High statistics; Good resolution/Better
IceCube+DeepCore  5-1000 GeV {v, + 9, }(E, L), {v; + 5 }(E, L) High energy region; v, apperance
KM3Net-ORCA 1-50 GeV {v, + 5, }(E, L), {v; + 7, }(E, L) Lower energy threshold
JUNO 0.01-10 GeV {ve, U} (E, L), {v,, 9, }(E, L) Very Low energy threshold; Good resolution

DUNE 0.1-10 GeV {ve, U }(E, L), {v,, 7, }(E, L) High statistics; Good resolution



Reactor Neutrino Oscillation Methods
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L L PR T T [T T T TN T N N
2 4 6 8 10 12 14
Neutrino Energy [MeV]

Am?2, L Am? L Am?,L
_ _ . 9 4 . 253Ny .2 2 ;221 2 2230
P(V, — v,) = 1-sin“2615¢]58in g Sin 203 [clzsm iE + §7,8in iE
NO & |Am3,| = |Am3,| + |Ams, | o
Sensitive to MO
0 : |Am3,| = |Am3,| — |Am3, |

m Dominant Observables Advantages

JUNO 53 km {v,}(E) Independent of 8,5 and &.p



Supernova Neutrino Oscillation Methods

Shock oscillations

v, Burst Accretion
400 70 P —
B 60 12k
_° 300 50 10
MSW effect % :
= [ 40 SE
) 0 ER): 3 6
T Convection NO: CI)pe ~ COS 912@176 E o F 20 fi 4
~~~~~~~ .2 0 I 10| :
+ sin 912@,793 o B o L. N
0 7 | —
10: &5, ~ &, = 16F 1 1
T D L J
2 4] 14
&%
Phys.Rev. D62 (2000) 033007 s 12¢p 12
210: 10
S s 8
»
= F
6 L 6

. . ; J. Phys. G 43 (2016) 030401
See, Janka, v1211.1378 Challenges: Collective oscillation; Model dependences

16



Supernova Neutrino Oscillation Methods

Shock oscillations

OO\
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Phys.Rev. D62 (2000) 033007

~ e
~~~~~~~~

See, Janka, ¥1211.1378
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J. Phys. G 43 (2016) 030401

Challenges: Collective oscillation; Model dependences

m Dominant Channels and Observables Advantages

Super-K/Hyper-K >5 MeV IBD: U, + p —» et (p*) + n High statistics
JUNO >0.1 MeV IBD: 7, +p - e"(E) +n Very low energy threshold;

pES:v+p > v+ p(E) Multi-channels

DUNE > 5 MeV v, + *°Ar - e~ (p*) + *°K* v, information



-2Alog(L)

Accelerator methods: MINOS/T2K/NOvVA

MINOS P.R. L. 125, 131802
5_[ L L L R B
=== Normal hierarchy
=== |Nverted hierarchy

90% C.L.

18



Accelerator methods: MINOS/T2K/NOvVA

MINQOS P.R.L. 125, 131802 Eur. Phys. J.C (20%3) 83:782 oo
68% syst err. at best-fit  —— sin’0,, = 0.45, 0.50,0.55,0.60 o " _ ",

~ b — —— — v Best-fit — Am%,=2.49x10" eV* (NO) 0 s =0
:’_, - ] —o— Data (68% stat err.) ---- Am3, = 24610 eV? (10) ° 53::‘“/2
8) af === Normal hierarchy ' 2 T T T T SNSRI o e e
ﬁ X === Inverted hierarchy ] 5 U . =
Noo3b_ __N_sweor_ __________ o T »f " =
5 ] © C e, ]

of J 2 20 =

[ o :_ [ _:

" S 68%C.L. _ 1 g 18 » .

F : g 16 —
O:l..;. ..l...-.---l: .%14:_ _:
0.3 0.4 0.5 0.6 07 % E
Sin29 g 12j -]

(=} C n

2 < 10:_ | | | | | | | | _:

50 60 70 80 90 100 110 120

T2K: Favors normal ordering, Neutrino mode e-like candidates
ol LN L L L L o L
upper octant, and a nearly = , E
. T —— Normal ordering AX =~ 3 ]
maXIma“y CPV 20:_ Inverted ordering _:
L BEA s ]
C Y 9% cL _
15 Edwa -
N :I30‘CL N
10 =
5E ;
: i§ 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 |:

0—3 -2 -1 0 1 2 3

)



Accelerator methods: MINOS/T2K/NOvVA

MINOS P.R. L. 125, 131802
iy SR M
SN— 1
8) 4 === Normal hierarchy -
ﬁ === |Nverted hierarchy ]
N 3 Y eo%cL 7
2 .
1b----- 68%C.L. _ -]
oL . . . AR ST
0.3 0.4 0.5 0.6 0.7

in2
Sin“0,4

T2K: Favors normal ordering,
upper octant, and a nearly
maximally CPV

NOvVA: Favors the normal
ordering, upper octant, but a
non-maximal CPV

Antineutrino mode e-like candidates

v Best-fit
—o— Data (68% stat err.)
24
22
20

20

15

10

Eur. Phys. J. C (2023) 83:782
[ ]68% syst err. at best-fit —— sin’0,, = 0.45, 0.50, 0.55, 0.60
—— Am2,=2.49x10" eV (NO)
---- Aml, = —2.46x10 " eV (10)
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Neutrino mode e-like candidates
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— Normal ordering A X 2 z3

— Inverted ordering

lo CL
90% CL
] 2oL
[ JsocL

Sin0,,

IIII|I|~'I/'I|IIII|IIII|I

e Lol o o oy oy

PHYS. REV. D 106, 032004 (2022)

Normal Ordering

0.7

0.6
0.5
0.4 —
C Nat La5 W BF — <90% CL - <68% CL ]
0al. NOvA:+BF | | <90%cL [[] <68%CL
T hE A R S
S
0.7} N
" Inverted Ordering ]
06 -
05 7 (b)
0.4 -
[ Nettgol  — S90%CL ;
ol NOVA: <90% CL | | <68% CL 1
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0 T T 3n 2n
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ORCA

KM3NeT/ORCA Preliminary, 715 kt-y
ML B LML R RN BN R B

Atmospheric methods: ORCA/SK/IceCube+DeepCore

agenda.infn.it/event/37867/contributions/227962

ij_ ’ —
= F -2 1
<" - ]
[ I -~ ——
I o PP PP B e =ttt fortier rariFP I il L
030 035 040 045 050 055 0.60  0.65  0.70
3.0 ey 3.0p
L 90% C.L. 1
28 e - — 10
r NO
2.6F
= [
© 24k

A 20F
1.8F
1.6F
EPEPEPEPE PRI PP EPEPEPEPE EPEPEPEP PR EEPEPEP PP
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Sinfs




—n  Atmospheric methods: ORCA/SK/IceCube+DeepCore

agenda.infn.it/event/37867/contributions/227962 PHYS. REV. D 109, 072014
KM3NeT/ORCA Preliminary, 713'1{1—\' 16_. — T T T T T T T T T T T T

] 143_ SK -V expanded FV
, ””I”.(li..Tll E — Data fit - Inverted
""l""I'"'I""I""l"'“"l""". ;3,.0,:....1: 12:_ ---MCGXpeCtatiOn -Normal

10F Ay? = 5.69

[T T TP T T T[T T[T T[T rr [T oprrrT
-’

030 035 040 045 050 055  0.60  0.65 070 0 5
sin’fas —2AIn L

SK: Favors normal ordering,
upper octant, and a nearly
maximally CPV
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Atmospheric methods: ORCA/SK/IceCube+DeepCore

ORCA
agenda.infn.it/event/37867/contributions/227962 16 PHYS.REV. D 109, 072014 agenda.infn.it/event/37867/contributions/227906/
QTR R R A AR S~ AR ] g SKI—VlaxpandeleV ! ] A True Normal Ordering
14 — Data fit [ Inverted ] S 6,3 +30 (NUFit 5.2) New string
12F - E = —— NuFit w/o SK (6,3 = 49.1°) deployment
- ---MC expectation [l|Normal 2 3| == NuFit w/ SK (623 =422°) 2025/26 A
& 2 _ 3 5 - IceCube 2023 (6,5 = 47.5°) -
~ 1 O E AX - 5 . 69 ] g IceCube Simulation
é 8:— ] g 2
6F 1 =
- E T 11 ~“without
4: . % /’M ,’neW strings
o ] _ | ney st S
20 et = S [ommmmmmrmm T
3 02 ' | | | | .
1 1of 0 2 4 6 8 10 12 14 16
o 055 060 065 0.7 — )’ T Livetime (years)
I . 16 . 3.2
o - 1 Normal Ordering 90% CL
SK: Favors normal ordering, b : hormal Ordering 90% CL
L E 3.0 --- T2K 2023 IceCube 2024
upper octant, and a nearly 1oF b Super 2024 (this result 3
B ] o
. i ] (o]
maximally CPV 10F : 5
o~ [ N <
g 8 : 2
. 6F E —
IceCube: Slightly favors the ol : c:
normal ordering and upper of 3
Octa nt 0 E 207055 040 045 050 055 060 065 070

sin?(63)
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sz

Global Fit

NO, IO (IC19 w/o SK-atm) ~ Ay? = —0.6
—=—=z== NO, IO (IC24 with SK-atm) Ay? =61 J High Energ. Phys. 2024, 216

L l L I L L L |
15_|| ,I,|||||_ i—llllxl\llllll“\Illlllllll”— 3__ -
B 10 28 ToK -
10 — — - _ _
- 1 Ngm 24F N -
51— — — _ _
i i} B o 2201 — MINOS _-
L A R > - .
L \ ’ N - N _ o (- -------c-s—scosss=sz—=—s==s=========-
0 R RN il NEENE EEEE S L XYM L1 O?O L i
04 045 05 055 06 065 0 90 180 270 360 = ool 7
sin2 923 SCP . E E
NE"’ 24— /’:'_ -
. < - — :
* Global data prefers normal ordering 26 - e
* CPV strongly depends on MO 28 E
* Octant of 8,5 is still unknown 3 | | | | | e

e Additional data is required for the determination 03 04 05 06 07

sin 6,
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~The Jiangmen Underground Neutnno Observatory BOERNENI
1‘\ufe' "f}* o ‘"‘i”;trrn

700 m i

Pool Depth: 44m
HongKong

%%, Physics goals: 1, NMOZ Sub- percent |

ﬂ/ (.'.
/' .05/

'-; g measurement of sin® 26;, , Am3,, Am3, 3,
.= == Solar, earth, atmospheric, supernova neutrino.
BT Key performances:
N, 1 ~g+- =+ 1, Detector scale
=% V%‘wm e « 20 kton high light yield and transparency LS
;|

T/ ﬁiﬁé \J‘}v’/ 3 /"

e f’fﬁ NPP mo” 2, Overall energy resolution
;—;,w, <« 7/ &) i

W bllé WJ 6”
7

o e e * 3%(<2%)@1 MeV for JUNO(TAO)

hoiad £ m ) 2,
Sea s [ SRS N 0
S _,r;ﬁﬁng% i ;;;f?wf” 3, Detector backgrounds
ot h * Comparable to Borexino 25




Detector Layout  |'g||~ose

—

Central detector (CD) oo e oo o |
e 20 kton LS = iRk
* 17612 20-inch PMTs (75% coverage) ﬂ*# T
e 25600 3-inch PMTs (3% coverage) B P

* 3D calibration system AURORA
—> Precise neutrino energy calorimetry

~
®
Source
G
%{o) ‘,\\0\09
Top Tracker and % \ \%
calibration house “a yZ ‘,\,‘5
6/,6, \ \)sz
9&0 06
» G
i Water pool %, OQQ‘
% o\?)*
2 \ P Qp“‘
Al e/ /) || Q Q | N Earth magnetic
E “Eaee ./ [\ \ 9 field compensation
R N colls  Water Cherenkov detector (WP)
Vi [/
o /2 Ay .q\ ‘#QO’ Q
x S X h Itipli
A I * 35 kton pure water
G B S
7 [
"e'_ -e:*"e Acrylic spherical o 2400 ZO_InCh PMTS
it ‘A:K : vessel filled with

' 3 ‘ liquid scintillator ° 600 8_i n C h P IVITS

B S - Muon detection and background reduction
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Detector Layout

* Top Tracker (TT)
e 3 layers plastic scintillator
covering ~60% of the surface
—> Unambiguity muon directing

* Near detector (TAO)
e 2.8 ton Gd-doped liquid scintillator
* >94% coverage (~10 m?) of SiPM
44 m far from reactor
— Precise measurement of un-
oscillated energy spectrum of v,

*See poster by Giovanni

Water tank

©2100

©2200 ©
2800

950

3810

100/
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Expected Detector Performance

Chin. Phys. C 49, 033104

| | T T T T [ T T T [ T T T [ T T
o Detector - Total PE E
C I I —- Scint. Stat. .
- \ eve — Scint. Quench.
E \ \ Cherenkov E
- \\\ —- Covariance -
:_ e Summation _:
EA S ]
- \ e~ ~— e ]
o \ ~—e— - - — -
C - .
F — /*”\"’:3:’:‘*‘——0-——0——. 3
: P PR IS TR TR T N SR ST SR N T S SN SN T ]
0 2 4 6 8 10

Evis [MeV]

Energy resolution [%]

Chin. Phys. C 49, 033104

r T T T T 1] ~ 003
- —— Default Recon: %

R N Default®-A” : Vertex B

- V%82 : Dark Noise level 4§00
e N \B2-C? : Waveform reco. . %

R\ Ut VC%-D?: sPE charge smear = é 0.02
C D : Ideal ]

] Case dea i @

C . g 0015
- 1 =

- = 001
— - 0.005
C 1 l— 0

arXiv:2005.08745

— Toul For TAO

Statistics
Neutron Recoiling

——e— Scintillator Quenching
Charge Resolution
Cross Talk
Dark Noise

—e

Equivalent Visible Energy (MeV)

Components of energy resolution are clear
JUNO energy resolution is ~¥2.95% @1 MeV
TAO energy resolution < 2% @1 MeV
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Expected Detector Performance

Chin. Phys. C 49, 033104

Chin. Phys. C 49, 033104

——

—— Default

....... Default>-A? : Vertex
VA%-B? : Dark Noise

....... VB2-C? : Waveform reco.
....... \C?-D? : sPE charge smear

Case D : Ideal

Ty 17
Recon:

level

IlIIIIlIllIIl]IlIlIIIIII

= L B =) C
NN C _‘ X r
= 3F 4 Detector -~ Total PE ] =
,§ C X I I —- Scint. Stat. ] RS r
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arXiv:2005.08745

—e— Total
Statistics
Neutron Recoiling

——e— Scintillator Quenching
Charge Resolution
Cross Talk
Dark Noise

For TAO
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—
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.m.:.,.' | -
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Equivalent Visible Energy (MeV)

Components of energy resolution are clear
JUNO energy resolution is ~¥2.95% @1 MeV
TAO energy resolution < 2% @1 MeV

Uncertainty of energy non-linearity < 1%
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Measurement Principle of NMO
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NMO Sensitivity with Reactor Neutrinos

* A daily detection rate of 47.1 reactor neutrinos
 The most sensitive region is [1.5, 3] MeV

JUNO 6.5 years X 26.6 GWth
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Chin. Phys. C 49, 033104



Relative uncertainty [%]

NMO Sensitivity with Reactor Neutrinos

Chin. Phys. C 49, 033104

Reactor Ve signal IBD event number (x103)
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I r ~ Parameter shift: 16
.l P i [ +30 of PDG2020 ]
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--- Statistics —— TAO-based flux ~—— Spent nuclear fuel 4 d ¢ ¢
—— Total sytematics —— Nonlinearity Matter density+ v

Energy resolution

* The uncertainty of reactor neutrino flux < 2% in [1.5, 4] MeV
* With an exposure of 6.5 years, JUNO will achieve a median
sensitivity of 3o to reject the incorrect MO hypothesis
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cos(6)

NMO Sensitivity with Atmospheric Neutrinos

-0.4

0.0
0.64
=0.2; ' 0.56
| [ o8

cos(f)

10
E,in GeV

these structures swap between neutrinos and

antineutrinos for the 10 hypothesis

Sensitivity ()

30 17—
[-eoeenee Electron neutrinos
[- - - - Muon neutrinos

2.5 —— Electron+Muon

Normal Hierarchy

e Point-like
- - - -Track-like
—— Point+Track

J. Phys. G 43 (2016) 030401

0.0"|.|.1.|.

Livetime (year)

* Very low energy threshold and excellent energy resolution
e Characteristic signals from Michel electrons, neutron captures and
unstable daughter nuclei are helpful for the particle recognition

*See talk for more details about solar and earth neutrino physics by Livia on June 18
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Detector Construction
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Detector Construction

® @

PMT and electronics installation Final overview of CD

The installation of CD and WP was completed by December 2024
LS filling strategy: first fill with water, then replace the water with LS
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44m

CD level ~22.99m

Water Filling

2024F12 220 £ f”ﬂ::b 'L

* The water filling was started in December 2024
e CD and WP were filled with water simultaneously
 The water filling was completed in February 2025
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LS Filling Status

JUNO Liquid Level Display

48.01  2025-06-10 18:59:22

LS filling(7m3/h) 9

Height(m)

WP

Drain water(7m3/h)

LS:43.6 m
Vis: 14563.9 m?

111111

CD Water: 18.72 m WP Water: 42.48 m

LSIn: 725 m*/h

WaterOut: 7.11 m3/h

LI B S B B B B S R
O 0O N O WU s WN

=8
tage

e LS filling was started on February 8, 2025
 Remove water and fill LS simultaneously
 Completion is expected by July 2025

L12
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Commissioning Status

Dark rate of 20” PMTs in CD Waveform of a typical PMT

NNVT, PMTID: 8400, Amp: 62.22999999999956

11660 A

11640 A

11630 A

Q

2 11620 4

11610 A

11600 -

11590 A

0 200 400 600 800 1000
Time

Good grounding and low noise:
Total PMTs installed: 17596 RMS ~2.8 ADC ch. = ~0.055 PE
DNR is ~20 kHz/PMT PMT threshold: 0.2 PE/ch.
Trigger: ~ 300 PMTs/225ns =» ~150 KeV

All in agreement with the design and expectations
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PMT cos®
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The muon events during the
water phase were collected
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} BiPo214 Signal When LS Filling Paused
BiPo214 Signal During During LS Filling
Rn leak with 0.76:0.03 mBg/m® in new LS

TRn222
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Rnin fresh LS: < 1 mBg/m3
U/Th <10 g/g
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Sensitivity [o]

JUNO, ORCA

KM3NeT Preliminary

Total now: 0.65 - 1.24 sigma | Last updated: 2024-05-27 18:29:46 UTC

agenda.infn.it/event/37867/contributions/233917

rd
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Date

NMO Future

DUNE Takes 1-3 years to reach 50

40

35

 DUNE Sensitivity
[~ All Systematics
—Normal Ordering

- 0.4 < sin%0,, < 0.6

- sin%20,, = 0.088 +0.003

7 years (staged)

10 years (staged)

e Median of Throws

1o: Variations of
statistics, systematics,
and oscillation parameters

Hyper-K

sin? 6,3 Atmospheric Atm + Beam
neutrino
Mass 0.40 220 —T*380
ordering 0.60 490 —T*620
6,3 0.45 220 —T*620
octant 0.55 160 —T*360

LELILEL IIIUIIIII ljl’lllllllllll

1 -08-06-04-02 0 02 04 06 08 1

Scp/m

Eur. Phys. J. C (2020) 80:978

10 years with 1.3MW, normal mass ordering is assumed

agenda.infn.it/event/37867/contributions/233905

The NMO is highly likely to be determined by the end of 2030 with a significance of 30
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Summary
Current experiments favor NO but show tension in 6,3, 0-p
JUNO is projected to be completed by summer 2025

JUNO is expected to determine the NMO with 30 significance
around 2030

NMO is anticipated to be determined with 5o significance by
2035
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Back up
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LS receipt

a v

Solvent: Fluor: 2.5 g/L PPO Wavelength shifter:
Linear Alkyl-Benzene 3 mg/L bis-MSB
LAB
£ 1.001 o~ <
S ) \ +==+ ppo absorption || &
2 0.75 T ’/// —=—=- bis absorption |5
S "1 ! \\ // pPpPO emission S
] . . r, S
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LS Production

Four purification plants for a radio-purity of 107/ g/g(U/Th) and 20 m attenuation length at 430 nr

5000 m3 LAB tank Al,O; to remove particles

15%
= N i ,itr_‘_r._ : .
WD s i 7N
OSIRIS for LS qualification Gas strippingﬁ to remove Rn and O, Water extraction to remove

ﬁ radioaCtive impuritie§7

85%



