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B Recent solar neutrino results

0,, and Am?,, constrains by Observation of CNO
solar experiments and neutrinos by Borexino
KamLAND '5C o) ‘N quusuunnug 0]
p: p> A
+ +
oy AR R AR T paseaas ™ Y @ ||f=
> sin’(,)=0.316%5%  Am3,=(7.54'412) 10°eV* sin’(8,,)=0.0219:0.0014 : = &
© [sin®(©,,)=0.306:0.014  Amj,=(6.11:4) 10%eV* : CNO CNO
upo |sin®(®,,)=0.306'481F  AmZ,=(7.51215) 10%eV* - 13N sub-cycle 150 sub-cycle 7E
= | : I A
15; : < —
= 1 SK+SNO 7\ KamLAND 3 B
= 5 (P, ) = (b,
< I *’ 15 ‘ 16,
10 99.95% 0.05% | o]

s/ Combined \ No CNO hypothesis disfavored at 5 ¢

— T T T
— CNO-v — "Be-v and ®B-v

. . = o pepv
Contours show 1, 2, .. 5 o confidence intervals: 10° Emp. Sxieinal bigs
IIIIIIIII TS T T UBI e Other bkgs

0.1 0. 0j3 0:4 20.5
PDG2020 sin*(6)

— Total fit: p-value = 0.3 Glanpe OIO Be”lnl

Livetime x 71.3 t x 5N
)
n

=i
o
L LY L-LL N I

@ NeuTel 2021
Parameter | Am,,__|sin’0,, [
Precision  2.4% 4.2% -

500 1000 2000 2500

1500
Energy [keV]
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fs ) Recent v, disappearance results
T2K: 295 km NOvA: 810 km

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary v, and 7, Data at the Far Detector 0 23 an d | A m2 32 | constrains

'.% 2 v-mode I.H'ing % y -mode I.H'iﬂg v-beam NOVA Preliminary F-beam NOVA Preliminary o
E c C T T T T T T
B sewrs | 3o ey R B by atmospheric and
8 ‘;’ 10 ? i 1.0 syst. range <§ sf f-osystrange ]
ot a B 15 | — accelerator experlments
" T uJ‘O + :J:) ar + 7] T T T
£ 13 sp of -l- ] 0.0035 — Normal Hlerarchy 90% C. L —
4 ) u Super-K 2020 (Preliminary) b
ML L T B Super-K 2018 B
§ § ¢ o T2K 2019 b
THRE | R gt - Nowaznto ]
é gé _‘g 4 I ”ll l ‘ H Recor:strumedzneu(ring energy4(GeV) Recor:structedzneutring energy4(GeV) '; 0.003 o _-_ IlﬁleNchS)e 2018 ]
4 p@' M F ot Mo, BT ) 7
02 (4 06 08 1 12 14 16 18 02 04 06 08 1 12 14 15 18 1
Recensiructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV] "é‘g b
Patrick Dunne @ Neutrino 2020  Alex Himmel @ Neutrino 2020 < c.002s -

|

MINOS/MINOS+: lceCube-DeepCore:

. 0.002
ol
735 Km Atm. neutrinos o - L - o
T ‘ sin’ @
186 —+—MINOS MINOS+data Far Detector ] a000 T — T~ . . 23 .
L MINOS. MINOS: camtined ft E e wmi § o Yasuhiro Nakajima @ Neutrino 2020
5 1'6:_10.?1s<102”POTvJ-modeM\NOS E . Nope = 62112
= 1 4F 3.36 x10° POT v -mode MINOS = 2000
z [ 9.69 x10° POT v,-mode MINOS+ ] @& =176
8 1'2? = 51500 = 55% -
- TS [ o Parameter m sinZ0,,
Z ] 1000
o ]
2 1 Precision 1.4% 4.9%
o Kl — 0 :
E _: % 1.25 MC Uncertainty I Daa
C_I L L ] E;Sgll"".“ --------- .|I|I||||lI ......... craaaertn] PDG202O

0 5 964550 30 50 %
Reconstructed v, Energy (GeV) fanfizen)

Tom Carroll @ Neutrino 2020  Summer Blot @ Neutrino 2020
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3 0,5 In reactor experiments

“Disappearance” experiments: Double Chooz '
Ve— Ve (Nov. 2011)
1.70 ;
. . L _ _ L sl
Ps,—. = 1 — sin? 26013 sin® (Amieﬁ) — sin? 261, cos*fy3 sin? (ﬂm%lﬁ) b
==— 1 w 800
N DayaBay 17/
% 0‘8 (MarCh 2012) Lézoof—
8 ' 520 1.
o Double Chooz Fa 5
2 06F  ~1.05km 3
[g] .
2
E04 :
3 0.4F g I
v » RENO Elooo;
RENO Far . 5o T
0.2 ~1.44 km . (April 2012) roe
' 1 10 53km 100 4.9G | |
L [km] ' g 12, No oscillation I
) 0817 h{'p*{,ii*iﬁé{"}ﬁﬂﬂ

5
Prompt ene}goy [MeV]
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=y Latest results of reactor experiments

News from

Double Chooz, Thiago Bezerra

Neutrino 2020

A

— Rate+Spectrum
- - Rate-only
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vobvedndn
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J 2 4 6 8 10
T T IoToTT
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©

e Rate+Spectrum -

+ Rate-only

[199.7% C.L.
[195.5% C.L.
[ 68.3% C.L.

I
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»
o

[nd
o

[x10° eV}

<

2

ee
»n
ES

Am,

I
©

Visible Energy (MeV)
NEW! sin?26,, = 0.102 + 0.011 (syst.) + 0.004 (stat.)

1.00
0.98;

I [
> 0.96

P(Ve

0.94;

0.92;

- Best-Fit

W/O oscillations
EH1
EH2
EH3

Daya Bay

0.90;

100 200 300 400 500 600 700 800 9(']0
Ler / Ey (M/MeV)

0.15

o OF b
X 4 A
. < 4 E \
4 romoome 2E
st No oselitation 3 ! !
Bost fit on sin'28,, = 0.102 = 0.012 SIS o
I:l Total Systematics % 3
& 1. - [
2 SiE
5 =25t .
g L
+ = I
Double Chooz Preliminary 2j Prel\mlmar\/
Far (1276 days) + Near (587 days) L I
2 3 4 5 6 0 005 : Q'l
sin“20,

sin? 2013 = 0.0892 + 0.0044(stat.) £ 0.0045(sys.) =7.0%
|Am2,| = 2.74 + 0.10(stat.) £ 0.06(sys.)(x10™3eV?) = 4.4%

Reno, Jonghee Yoo

sin?20,3 = 0.0856 + 0.0029
|am2,| = (2.52 £ 0.07) x 1073 eV?
AmZ, = (2.47 +0.07) x 1073 ev? (NO)
Am$, = (-2.58+0.07) x 1073 eV2 (I0)

1 | 1
2 46
sz

Daya Bay, Jiagjie Ling

T

T T

T I T T T W T T T | T T
sin? 2615 = 0.0892 + 0.0044(stat.) + 0.0045(sys.)
|Am?,| = 2.74 4 0.10(stat.) £ 0.06(sys.)(x 10~ 3eV?)

Reno

095 _+_
. ¢ Far Data i
09— ¢ Near Data —
- — Prediction from near data Preliminary
N R T T
0 0.2 0.4 0.6 0.8

L /E, (km/MeV)
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«<» Daya Bay Mission Completed

 Precision measurement of sin?26,; and |[Am? | 5.0 .7 . s e

 Precision measurement of reactor antineutrino
flux and spectrum — two anomalies

* Most stringent limit on light sterile neutrinos L T

0By Huber x 0.92
=~ %Py Huber x 0.99

10 cm? / fission / MeV

Local dev. DYB/Huber
o o
® 0 ]
4

107 =
rg‘ 102 E =
2, E 3
O i
ﬂ- — -
@42 v R 10® —- Daya Bay 95% C.L. =
E — Daya Bay 95% CL_ ]
Lo Daya Bay 95% expected (+1g) y
Ceremony on Dec. 12, 2020. Final results in -~ Bugey 90% C.L. |

10*

2022. Precision of sin®20,3 2.7%. © o 2610 o
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> 05 In accelerator experiments

“Appearance” experiments: v, —v, T U+v
CERN NAG6I # H

Hadron prod. ~
leasuremen Decay Near detectors
30GeV ﬂﬁi}i%% TN See T T §rommee-
. Target : N T 2.5
protons 1 . ! T
£ om & Horns M Muon monitor Beam c?(nter Super-K
J-PARC MR ! * p) i
_ 0 120m 280m 295kmjJ
T2K EPS-HEP2015
2011
; —4— Data . . .
CHN < Osc. v, CC Indication of Electron Neutrino
g | Appearance from an Accelerator-produced
Py , T2K: |detected Off-axis Muon Neutrino Beam, 2011. 2.5¢
= . i :
e | 6 v, with 1.5 Evidence of Electron Neutrino Appearance
5 background. in a Muon Neutrino Beam, 2013. >3¢
5 1} . L. . .
£ Indication of Observation of Electron Neutrino
3
Z

e Appearance in a Muon Neutrino

0 ) L e iy e
0 1000 2000 3000
>
Reconstructed v energy (MeV) Beam, 2014. >5¢
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Global comparison

Experiment Global comparison Value .02
Daya Bay nGd - 3.4% 0.0856£0.0020  O'°
RENO nGi —.— 0.0806£0.0068  "0'°
Daya Bay uH — 0.071£0.011 ~= o.014
D-CHOOZ nGd+nH e 010540014 oS 0.012
RENO nH . 0.087+0.015 &N 0.01
bayessian - 0,000+ 00T .E 0.008
T2K NH 0105109 O 0006
[H . 01164001 © 0004
0.06 0 008 01 012 014 0.002
sin® 204 &
Experiment Value (1079 eV?) 025
Daya Bay —— 7 Q04 2471500
T2K . 24635057 S o2
MINOS —— 2424000 P
NOvA (UQ) b 2.48%0 406 rI:: 0.15
TeeCube —_—— 2.317013 E
RENO (nGd) e 2634014 o 0
Super-K - 2?3_11"]!‘:, 'ﬂ%
RENO (nH) - 248792 ‘E’“-Uf‘
21 22 23 24 25 26 27 28

Jiajie Ling (SYSU)

|Am3,| (NO, 10~%eV?)

|
A2 1212 1213

68.3% C.L

— At Only
Installation
Aate+Speactra
=+ Stat, anly
FRL 108 171803 (2012)
CPC 3T 011004 (2012)
PRL 112 061801 (2014}
PRL 115, 111802 (2015)
FRD 95 072006 (2017)
PRL 121 241505 (2018)

Projection

o000

Daya Bay
| R .

T

12114 01/16 12116 1217 12118 01/20 12/20
Month/Year

PN B B T

PrﬂjECtlﬂn §8.3% C.L.

= Rabe+Specira
+ Stalistics only
PAL 112 081801 [2014)
PAL 115 1"3@2‘2‘)15]
PRD 95 072006 (2017)
PAL 121 241805 (2018)

+io.§

RN T [ T T [ T T T T [ T N U O O Y B T
Dqlfﬂ 1212 1213 1214 0116 1216 1217 1218 01/20 12720

Month/Year

XXIX Neutrino Conference
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& Mass ordering and CP violation

Progress in Particle and Nuclear
Physics 60 (2008) 338—402

Atmospheric + Solar + Int

0.]0_ T T L II'Yr\lllllllll!llllllnlll I I I T ||"l‘|r
B n .|II 1!
0.08 —  Nu: Normal Inverted H‘ "‘ |'| , |,:
\ I
solid §=n/2 il
0.06 — dashed §=3r/2 11y
0.04
0.02
0.00

Accelerator neutrinos:
asymmetry between v,
and v, appearance for
both MO (matter effect)
and CP

Energy / GeV

c0s 6,

Atmospheric neutrinos:
v, and v, disappearance,

v, and v, appearance for
MO (matter effect)

Events per 1 MeV

arXiv:2104.02565

x10°
1200 2000 days of data taking  —— No oscillations
[ Only solar term
[ —— Normal ordering
100 —— Inverted ordering
80F
60 .
i sin® 20,
[ )
a0k i sin” 2603
20} N “—
r Am37
ok

Ey, (MeV)

Reactor neutrinos:

v, disappearance for MO
(independent on 8,5 and
CP phase)
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ZDI_ 2{)[ 21]_ T
15:_ _ 15:_ 15:_ Mormal Hierarchy, 2020 i
= j0- A gk . "= g0k 7
5:_95% - 5}95% 5—5% ;
oo hes oo G e\ -/
TAm, 1, 1Aam2 | eV? sin’ 6,, Ocp
930 Bins %2 0,3 8ep 0 Amy; (x107%)
SK (NH) 1037.5  0.0218 4367088, ., 0447005 2401
SK (IH) 1040-7 00218 4.54+0'88_1_32 0-45+0_09-D_03 2.40+G'09_0_32

SK data disfavors Inverted Hierarchy at 71.4-90.3% CLs (was 81.9-96.1% in 2018)
Also prefers: 1st B23 octant and 6cp~3/21

Yasuhiro Nakajima (Super-K) @ Neutrino 2020

Py VDB S T T 11



T2K

T2K Run 1-10 Preliminary

T2K Run 1-10 Preliminary

o 3 — T T 1 T T T T T T T =1 FT L L L B B B B B T T
8] C 1 a2 N i
o - I:’ Reactor Constraint . e Y -
= . —— Normal ordering ]
2~ —— T2K only 90% = B . ]
r 1 20 - Inverted ordering ]
1 <eeeeeo T2K only 68% - C 1o CL ]
E ] B B so%cL .
0 - s T2K only Best Fit B 15~ %;zzt -
E —— T2K+Reactor 90% E - :
-1 — 10 -]
C P R T2K+Reactor 68% ] N ]
Py ol ] sk ]
L 3 T2K+Reactor Best Fit . b
N NI B S B S R U] NN N N T Pl
0.01 0.02 0.03 0.04 0.05 0.06 0.07 -3 -2 -1 0 1 3
Sin“0,

1D &,

* 35% of values excluded at 30 marginalized across hierarchies
* CP conserving values (0,) excluded at 90% but m not quite at 20

Patrick Dunne @ Neutrino 2020
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e T2K-I

« Current exposure: ~3.6 X 1021 POT Mathieu Guigue @ WIN 2021
« T2K target: 7.8 X102' POT
« T2K-1I: 20X 102" POT (30 to exclude sin(6-p=0))

T2K-1l Target POT (Protons-On-Target)

— 40 — —/J40 —
% 1400 ; : '5 : E D 'I L) Ll T T I Ll T L) L) I
E’ o T MR RF upgrade ] o = a T 1 5 — =
2 i ] e s TR o - = w/ eff. stat. improvements (no sys. errors) .
Q1200 = =i = Q - ) .
E W g 2 30 8 KCD | - == w/ eff. stat. & sys. improvements i
2 B MR Power Supply upgrade 3 2 = 5 — N ]
o 1000— . 3 . o w === wi eff. stat. improvements & 2016 sys. errors "
= B fl2s 5 25 o) 10_300.L " ]
L m @ - e e g e e == ==
4 5 4 S © " ="
800 20x 10%POT a2y = oo © 3 o PL .= 4
B | g 1 & &) - 99% C.L e e -
- 2 aee X JFOEEEEEN ST 0O [ T U w2 fFrrmmmrmsssscsssssssssfeogte= Pl iy
600 3 CPV for sm"e,_?:o.s.ac,;-g T g > B e - _
= 15 @ —15 o @ e .-
N | ®8 1 2 5 . -
= = o . g 8 = . - -
o =0 2 107 L 90% C L T .
: — n x . .
200 45 s o< | )
L -_— - -_ 7 ’ 0 1 1 I I 1 1 L L L 1 L I Il 1 | I Il L L
g s | M P 0 5 10 15 20
2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Protons_on_Targ et (X1 021)

T2K
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NOVA

LD
. NOvA Preliminary NOVA FD  13.6x10% POT equiv v + 12.5x10%° POT ¥
60—NOvA FD ] 5 T T T T T T T T T T T T T T T T T T T Z
c | 13.60x10% POT-equiv (v) 1 N -=-NH Lower octant ] I®)
| 0 N - -
§ - 12.50x10% POT () N 1 ’6'4-— Lt — NH Upper octant  + i
2 50:_ © _: - r T ---|H Lower octant ] T
B : 8 - — IH Upper octant 4 @
0] B ] 3—r —_ =
£ 40 - C v 13
E 1 ® 1
-4l 1 0 12
o | | =2 <
S 30 -1 &
3 | « D
® | A .=
g | n 1
O onl ot |
=205 cp=0 * dgp=ml2 W ]
O8gp=m W Bgp=3n/2 * 2020 best fit DD —
I L L L L L L I L L L I L L L I L L L I L
20 40 60 80 100 120

Total events - neutrino beam

ExcludeIH 6 =nt/2 at >30
Disfavor NH 6 = 3m/2 at ~20
Alex Himmel @ Neutrino 2020

Py VDB S T T 14



> NOVA future

* Expected to run through 2025
* Run plan: 50-50 neutrinos/antineutrinos $in’8,,=0.45-0.60, Am,=+2.48x107%eV?, sin26,,-0.082
5 I I T I I I 1 I T T Ll
i Hierarch;l« resolution I ! ]
- NH 8 =32 -
* Potential 3-50 sensitivity to hierarchy =~ —4|- NH 8 p=n —
Possible > 2 itivity to CP violati E i ey :
L] | .
ossible > 20 sensitivity to CP violation — I NH 8 4= /2 §
D 3_ .............................................................................................................................................. —
— | -1
g .
* Proposed accelerator improvements and = E
test beam program enhance NOvVA’s 2T Z
c = .
reach o | -
n 1 —
* Improvements in simulation will improve - 2019 analysis tachrigugg -
: i 36x10°° POT(v)+36x10%° POT(V) by 2025 i
analysis robustness 0 e A T T
2018 2020 2022 2024
Year

* Joint T2K-NOvVA analysis coming soon
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=  Future projects for Mass Ordering

| We would like to be convinced the neutrino mass ordering by consistent results
from several different technologies/methods with > 3 ¢ CL from each exp.

KM3NeT ORCA Preliminary ‘ £ B ' aﬁa’ Takaaki : ;
Ty B @) Neutrihie 20 ER

..........
. TR

et Mt Rl o e i i YRR

......

it e A_«E;n%-%j? - _—"Pﬁ - PR

« Matter effect with Atm or Acc neutrino: HyperK, DUNE, INO, ORCA, PINGU
* Interference between Am?,, and Am?;, with reactor neutrino: JUNO

Py VDB S T T 16



G ) Hyper-Kamiokande

F. Di Lodovico, G. Catanesi @NeuTel2021
Kamiokande ) : . :
(1983-1996) Super-Kamiokande Hyper-Kamiokande

ectronics

50k(22.5k)ton 260k(188k)ton
20% coverage

) 40% coverage 40% coverage w/ high-QE
_with 30cm PMT with 50cm PMT

Construction started 2020.
Data taking from 2027.

J-PARC neutrino beam

will be upgraded from
0.5t0 1.3 MW

Py VDB S T T 17



| Sensifivities on Mass
| hierarchy (beam + atm nu

m (True Normal) $irf(,,=0.5
ue Normal) sirfi,,=0.6

rue Inverted) sirf,,=0.4

& " \\
am (True Inverted) sit?o, =0.5 - ""\if\\ ’\ Totetes et
It rualnvarmd]sin’ﬂzfﬂ.ﬁ ", $ 0:\%"¢.§:§:"§?§\\;. d:

’? o& ‘.‘-b,":t‘-":z:

T L
e =

% %
B e \‘\ S
= \\{%t‘ S
g’&\.%?&g?g?ﬁ%‘m‘“ Atm-nu only
S —

c
9
]

S)
2

e
14

==
L

o

=

e
IE
I

o

c

o
3

o
>

<

—

\'.-‘\.;(1 Wrong Hierarchy Rejection

Beam + Aim-nu

|
1 2 3 4 5 6 7 8 9 10
Running Time (Years)

» ~ 4sigma in 10yrs by combination of beam and atm-nu

» While Atm-nu only 2~4 sigma

Py VDB S T T 18



DUNE

neutrino source: LBNF beam, from US Fermi National Lab (FNAL)

Apex of Embankment
Max. Helght = 60’ +
Elevation 800+ MI-10 Point of Extraction

T T T
DUNE Simulation

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

Primary Beam
Service Building
(LBNF-5)

M

0

* Four (4) LArTPC FD Modules,
deployed in stages

— 17 kton each

— 1.5 km underground

. _— Central access drift

Det#2

et

= Two far detector designs:
Horizontal Drift and Vertical Drift
(both employ liquid argon phase only)

e First detector module will be Horizontal Drift (HD)

G. Karagiorgi @NeuTel2021
H ) B SE SR 7Tt e 19




B MO sensitivity

True Normal Ordering True Inverted Ordering .__Mass Ordering Sensitivity
40— 40—~ "I DUNE Sensiivity (Staged) . 5, = W2
~ DUNE Sensitivity e 7 years (staged) - DUNE Sensitivity 7 years (staged) L Al Systematit.:s W 100% of &, values
[ All Systematics 10 years (staged) - All Systematics 10 years (staged) 30 [ Normal Ordering —— Nominal Analysis
35[-Normal Ordering = Median of Throws 35 Inverted Ordering = Median of Throws [ sin’26,,=0.088 10.003 w8y, UNCONStrained
- sin26,, = 0.088 +0.003 e ena ot - sin’26,, = 0.088 + 0.003 oot [ sin'ty; =0.580 unconstrained
o statistics, sy: s, C : statistics, systematics, L
30 :_0.4 < Sinzez’ < 0.6 and oscillation parameters 30 _—0.4 < Slﬂzem < 0'6 and oscillation parameters 25 _—
25 :— 25 :— . 20 :_
3 3 7_%4 [
3 o —— o
- C 15 n
5 : E
C C 10 e‘b {S
g 3 X >
C - - \ﬂ %
5: 5: 5-_.1...' ............. -l“‘ .......
:lllllllllljllll]IlllllllllllllllllllllJ s:nnnlnngl;lxl;xxlxnnlnn.lnnnlnnllnl:l;;x -||||||||||||||||||||||||||||||||||
-1 -08-06-04-02 0 02 04 06 08 1 -1 08-06-04-02 0 02 04 06 08 1 00 1 2 3 4 5 6 7
Bp/m Bep/n Years
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arXiv:1908.09441

¥ = weafd
.1;.‘.‘5"

—
-]

lceCube Upgrade

- &
Tom Stuttard @ NeuTel 2021 ~—
= 5
The IceCube Upgrade E
« $30M extension to IceCube w bED
* Funded, planned deployment in 2022/3 R%
¢ Schedule under review due to COVID-19 é \_ 0
. 700 multi-PMT sensors finrii
« Densely packed in 2 Mton core 1t ex{ra
. veto

» Improved detector/ice calibration

D-Egg

1 I ||| i\\
A SRIRIER 20 HEL L] A
;ﬁﬂ 1 ?M]’EF |

IceCube Upgrade
2 Mton (within DeepCare)

30 cm

Py VDB S T T
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o g
e 1

Aart Heijboer @ NeuTel 2021

H H — 8 ; 1 T
115 detection units = [ mcen KM3NeT
. ] .é" - Inverleq Ordering |
— 6+1in operatlon 4% B
= i
— Increase to 31 by 8 4
o I
end 2021 s
N I N 5 s
0 2 4 6 8
data taking period [year]
* Multi-site, deep-sea neutrino telescope TN Sl
* Selected by ESFRI roadmap ;
* Single collaboration, Single technology )
i i (_‘;f’ 'J > Oscillation Research E)J
16 Icr(‘:su:l:n_:; S with Cosmics In the Abys: g)
o
=
o
3
Astroparticle Research Digital Optical Module (DOM)
with Cosmics In the Abys:  __ Multi-PMT : 31 x 3” PMTs Deteciiontln (DU)
L —— Connegtion nodeji — Gbit/s on optical fiber — 18 DOMs
I - http://dx.doi.org/10.1088/0954-3899/43/8/084001 i e G' _ P D o & . . .
+Algeria 1. Phys. G: Nucl. Part. Phys. 43 (2016) 084001 gt tomtrcoumn | V[T G O ositioning & timing — Low-drag design
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> Future acc. exp. or concept for CP

DAEJALUS

ESS/MEMPHYS

LBNF/DUNE

Cryogenics - cold box, buffer storage

Cryostat septum
LA filtration system

Detector Module
2 high x 3 wide x 18 long drift cells x 2 modules
b 4 216 APAs, 224 CPAs
e

NeutrinoFactory/MIND
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Prospective of CP

Hyper-K ®

Masaki Ishitsuka
@ Neutrino 2020

DUNE

Michael Mooney
@ Neutrino 2020

- Normal mass ordering
[ sin®8;3 =01
Sinz 923 =0.5

1[1IT}

6

&
[II

(5]
LR AR

HK 10 years (2.70E22 POT 1:3 v:V)

2150 100 -50 0

True Normal Ordering

- DUNE Sensitivity 7 years (staged)
12[~ Al Systematics 10 yoars (staged)
[ Normal Ordering = Median of Throws
| sin®26,, = 0.088 + 0.003 s Virlalons of
10}-0.4 < sin’0,, < 0.6 et oy et
L and osciliation parameters
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=¥ JUNO: a multipurpose neutrino experiment

Project

20 kton liquid scintillator,
3%@1MeV energy resolution,
/00 m underground

« Approved in 2013, construction

started in 2015, operation in 2023

. / Cosmic ray
PhySICS | , * shower
. . Supernova v’s  Atmospheric V,f y
* Determine mass ordering e sy o
. . Air

* Precision measurement of

oscillation parameters Solar v's

. (10-1000)/day Cosmic muons
« Astronomical and geo- v ~ 250K/ day
i

Proton decay and exotics

53 km
e 26.6 GW —
reactor v’s thermal power 1-2/day

~60/day
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G ) Reactor neutrino oscillation

. ® JUNO
Mass ordering: 30 for 6 years data — AN
40 with accelerator constrain of Am?;, EN
J. Phys. G 43, 030401 (2016 /~52.5km"  Taishan NPP
- ys- J ( ) I[I . \\\ 2 X 4'6 thh
Oscillation parameters: precision of Yangjiang NPP RS
. 9 2 2 o 6X2.9 GW,, ! /66‘
Sin 612, Am 21> Am 31 <O6 /0 @‘/@i‘\ ,L(,'L‘
arXiv:2104.02565 13
Updated analysis ongoing - Photoelectrons:
« Less reactor cores | : 1345 /' MeV _
, _ _ _ T Effective energy solution:
* New optical model, higher light yield 1 : 3.02%/NE(MeV)

Higher PMT detection efficiency 1
v, spectrum by TAO 1 _
-ower overburden | SIHERGR———
Better muon veto strategy 1t

Energy resolution [%]

1 2 3 4 5 6 7 8
E,, MeV]

Obtained with the latest simulation,
reconstruction and calibration
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B Rich physics potentials

Supernova burst Diffuse Supernova Geoneutrino
= ~3000 IBDs @10 kpc  neutrino background = 5% uncertainty
~30 after 10 years for 10 years

T ‘12‘ TT h T T T
CNC,EP= 151 Mev

-
[=]
T

A
3
=
£ 10°
= .; 43’ > — rcacmr antineutrinos
> - i) ceidental background
ﬁ £ - | faﬁt neutmn backgmund
=1 £ 1 ) a2} 1
o H @ rx nha kgro n 2
<} 3 g 3 -
5 c 510 0 Cﬂ ‘W f mﬂ
= @ C 1
4] E-] = P 3
5 100 7 300
15 % Jﬁ3 .=
NI R A A BRI VTR A G, (N [P BRI A
10 15 20 25 30 35 2 3 4 5 6 7 8 9

E4 [MeV] prompt event energy [MeV] anti-neutrino energy/MeV

Solar neutrinos Atmospheric neutrinos Nucleon Decay
= 2 MeV threshold = 1-20 of MO for 10 years = 1 (p—K'+tv)

(3
for 8B neutrino E> 923 accuracy of 6 deg ~2 X 103 years
SE = r 10 T T T T T T T T
BIE N\ el ' 5 43 A o ] DURE 0730
2E . < = 5 1 v, CC : i
[ JUNO ] 10 g P 6)_ v.CC 3 (;: JUNO
10[=—¢ y reactor 7 (30) ] 5 ho. 2 E J (201 -------- 7 cc 03 10* |- Superik NLINE-10
— [ —10y "B solar v ] 4 ’ ol roiEnryvT e v, v ce = —=— Pl
% 8k Sy Hhe e 2 VA s X0 4]
B ‘ P " 2 30, CInie
= g NG 8 = 1 P ny f)n“ 6)
iln it o 10 ) A EY
< I 10 £ n2( 4" =/’
4:— E % U2 rl [! Hyper=K186+186
:....|....|....|....|....|....| ,,,,, el vabinly 1 I Ly 1 = y ey 10% f ‘
0.15 0.2 0.25 0.3 0.35 0.4 0.45 2468 0 2 4 6 8 10 12 14 16 18 20 2010 2015 2020 2025 2030 2035 2040

<2 2
sin‘6), A E, . (GeV) Year
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B Civil construction

« Underground experimental hall almost ready
 Detector installation starts in October

(d3aHn ni ﬁubfxen/\ IpaID

Surface buiIdins
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N 3 Detector main structure

* @®40.1 m stainless steel truss  @®35.4 m acrylic sphere
— 30X 23 H-beams — 263 acrylic panels up to
— 140k screws 3mX8mX120 mm
— 590 connecting bars — Flat panels 100%, thermal
— Production 95% finished, forming 80% finished
shipping to JUNO site — Transparency >96% in water

— Radiopurity < 1 ppt
— Bonding onsite

Pre-assembly and welding Pre-assembly of two layers
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3 PMTs and electronics

« Multiple types of PMTs
— 5000 Hamamatsu 20-inch dynode-PMTs @&
— 12612+2400 NNVT 20-inch MCP-PMTs 1
— 25600 HZC 3-inch PMTs

 PMT instrumentations ongoing
— 20-inch PMTs 100% finished

_ o Optical coverage PMT
— 3-inch PMTs 357% finished 20-inch PMT: 75.2%  underwater
 Readout electronics: underwater 3-inch PMT: 2.7% implosion test

« Reliability: <1% failure for 6 years
(20-inch PMT + electronics)

" High voltage splitters

" Global Control Unit 4~

Large and small PMT underwater electronics boxes

600 — Al_PMT
— Ham_PMT
500 — MCP_PMT
é.*““
© 300 Hamamatsu:
200 28.1%
1o NNVT: 28.9%

10 20 30

40 S0 60 70
PDL [%2]
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3 Liquid scintillator

) JUNO LS reCIpe, Slmllar to Daya Bay’ Distillation
optimized with a Daya Bay detector: ="

Steam

LAB + 2.5 g/L PPO + 3 mg/L Bis-MSB stieins

system

* No Gd-doping Water

extraction

« Attenuation length: >20 m @ 430 nm  Utrasue

nitrogen
« Low radioactive backgrounds
— 10" g/g for reactor neutrinos

— 1077 g/g for solar neutrinos
(0.008 g dust in 20 kton LS)

" LAB
storage
W tank

Al O,
column

Unloading speed: ~3.5hour/ISO-tank
N2 pressure @ input port: ~0.5bar

Online Scintillator Internal
s Radioactivity Investigation System
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Rockfa

5 Cosmic muon veto
Water Cherenkov detector Top Tracker
« 2400 20" MCP-PMTs » Recycling the plastic scintillators
« 35 kton ultra pure water with circulation from OPERA Target Tracker
«  Temperature 21+1°C. L

Radon in water requirement: < 0.2 Bg/m3,
prototype reached 0.01 Bg/m?

Water
Cherenkov
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«<» Taishan Antineutrino Observatory

* Provide model-independent reference spectrum for JUNO

» Tons fiducial mass - Gd doped LS

« Water tanks and Plastic Scintillators for shielding and muon veto
« ~30 m to one of the 4.6 GW,, reactor cores

« NPE ~4500/MeV, full coverage
* low-T (-50 °C) — low dark noise
* 0g/E ~2% @1MeV

Plastic
Scintillator
I Top Shield (HDPE)
- 3" PMT
+ Water Tank

+ Overflow Tank

I LAB Buffer
I~ GdLS
- Cooling Pipe

Cu Shell
- SiPM Amay

ca+ HDPE Support

| Aerylic
Vessel

- SS Tank

- Insulation (PU)
Bottom Shield
(Lead)

* Prototype 1-1 before end 2021
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G ) Summary and prospective

* Neutrinos discovery and oscillation
— 3-flavor neutrinos discovery in 1956-2000
— Neutrino oscillation confirmed in 1998

— Amplitudes (mixing angles) and frequencies (mass splitting) well
understood and determined at a few percent precision

* Promising solutions to 3 X3 mixing matrix in 10-20 years
— Sub-percent precision of oscillation parameters

— 30 determination of mass ordering and CP violation in late 2020s
— possibly 50 in early 2030s

 Remain questions

— Neutrino mass and neutrinoless 33 decay (JUNO upgrade ...)
— Astronomy and astrophysics (THU, SJTU, IHEP ...)
— Sterile neutrino

Py VDB S T T
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" Discovery of neutrinos

1956: electron neutrinos

T

1962: muon neutrinos
.;_?‘..

".,;:é Leon M. Lederman, Melvin Schwartz and
i Jack Steinberger (Nobel Prize in 1988)

Melvin Schwartz and a

10-ton spark chamber
in Brookhaven

National Laboratory.

Frederick Reines Clyde L.
(Nobel Prize in 1995) Cowan

Figdoncsk RENES at Lytn COVAN
Boc (663 COs AtAmor | g, S _
Thewhs fo metege | Coorgliy cnua & R T
A 1o Anon fov Ao vack. l‘l?'ru;“‘ 2000- -
s Ii:g : tau neutrinos
-!-_4 Ll . 1 analyzing Drift Chambers D1-6 M muon ID
2t 1€ AT /IO KT * ,:“" o 7| ! u spoiler shield  veto magnet
et g/ s - g aane magnet D4 D5 D8
IV ¥ p1| D23
Atelegram from (7 B HH ;
o« i~z I T HIEH“E
Pauli: “Thanks for =y~ _— [ _
[T / [R—
i i i - " .| |
m essag e ] ; - - emulsion Calorimeter
. F |:,:‘ targets (4) IR
Everything comes fch ™ 1000 1o ocy witn 200, HEr=
1 viewed with PMTs of water with T | |
to him who knows cdcl,

how to wait.”

10m

DONUT experiment in Fermilab
) B SR A 5

Savannah River Exp.
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= Explore the universe with neutrinos

Measurement of solar Observation of supernova
neutrlnos since 19603 burst neutrinos in 1987

mlz I—-'*(_. I—* Cl == Kamio| karld
E T T T T L ||
1010 P
1Ay N \
150

o~
=
c
¥}
=]
—
£
-
-
= 108
wm
o~
k=
jon]
-
-
o
o
-
=
3
5

175 , : fTB\ Masatoshi Koshiba o
st 1 VO (Nobel Prize in 2002) &

=
]
TRy~ T T Ty 778 1 T T T
i ,

E» v-Luminosity 50 RRANNRRRNRRRRRRNRRRRRARRARRYE
Q —  Matter Flow %‘ 40 — + Kamiokande —_
= = 3
5 1l a n, | 1987A
\ \ \ F —t>pg i / é 10* + " é
DLy T
//v +ne Gaih Radius il 3
ey 4;- = 3+CL ;/ = s 3 :EEHH + e 3
: L \ \ B E =
[ W oA \ & zo*+ ++ E
—_ — | —  Proto-Neutro 4—\ -« — 10E E
‘ \ g Str d ‘ ! E E
“.» & % I O_J‘lIIJ\IIJ\KI‘\|||J\\|I\\|I\III_
" s & \\«\ u g %/sph 50 :“!II“II“II“H"H"HII‘III7
Ray Davis o\ v 'w R S
. . : U %/ 2 30f- 3
(Nobel Prize in 2002) g v A\ 5wk, b bbb 3
/ 4 ; E: 10E* 3
e o S N N S |
@ I o 0 2 4 6 8 10 12 14
Time after first event [s]
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G ) Neutrino oscillation

3 . o [T T 7] V3T ]
=30l =
VO! o a,i| vy T
i—1 \L 1 Arngtm
2
l = Mass eigenstates m Am?,,, !
. v [
= PMNS matrix ! lam?,
V3 T ] vy T

Inverted hierarchy Normal hierarchy

= Weak eigenstates
& Ve [] Ve [ v []

10 0 cosf, 0 e”“sind, | cosf, sing, 0)e™ 0 0
U=|0 cosf,, sind, 0 1 0 —sin@, cos#h, 0| 0 e™ 0
0 -sinf, cosf, )| —€’sinf, 0 cosd, 0 0 1)l0o 0 1
0,,~45" 0,5 ~8.9° 0,,=34° neutrino-

Ocp=" less double

beta decay
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37Ar production rate (Atoms/day)

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-3 Solar neutrino problem

SNO: detect
Measure.ment/ charge current
expectation = 1/3 — and neutral
“solar neutrino problem” current with 1.000
(I FWHM Results) . ton heavy Water Arthur B. McDonald
. . (Nobel Prize in 2015)
; 7
fvels o @: o
bl
. | i 2 < AR
H IHH‘ 1 32
1970 1975 1980 1985 1990 1995 1 i
Year of.

o
—
o
-
I
h
[@)

Observed solar neutrino flux
0. (106 em™ s

Pioneering experiment: Solar neutrinos do not disappear,
Homestake (Ray Davis) but oscillate to other flavors.
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< Atmospheric neutrinos problem

SuperK: 50 kton water
VA2 T Ve disappear with
propagation distance
* Driven by v,— v,
» In 1980s, v,/v,<2 — oscillation (6,; and Am?s;) Taxaaki Kajita
(Nobel Prize in 2015)

T—>U+V,,

H—>e+V, +V,.

“atmospheric neutrino problem”

' 100 50 -

140 1 | p-like ] | e-like ]
1.2F R = (w/eoain /{ie/ e)uc | 80 I ] 40 | P<25GeVic i
No osc. | ] I — ]
60 - mﬁ 30 | A7 | _

7771 % .
40 | 1 20 m

20 . 10}
D 1 1 1 i 0 I 1 1 1

| 1 1 1 1 1 -1 -06 -0.2 02 06 1 -1 -06 -02 02 06 1

cos© cos©

P(vﬂ > Vﬂ) =1-sin’ 20sin’ (1.27Am2 L/E)
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Nobs/Nexp

ency (%)

Effici

Events / 0.425 MeV

Artificial neutrinos oscillation

KamLAND: 1,000 ton liquid
scintillator, ~180 km to >50 reactors

w.Disappearance of v,,.

1.4}
1.2+
1.0 __+ _##¥___*_ ————— — — — —
0.8+
A ILL
0.6 % Savannah River
O Bugey
X Rovno
04+ « Goesgen L i
A Krasnoyarsk w
O Palo Verde
02+ m cChooz
o KamLAND
00 ! ! ! !
1 2 3 4 5
10 10 10 10 10°
Distance to Reactor (m)
100 —
60 i/
40; ﬂ/ 1 1 L
250
2001~ - oy *Clen)'®0
F i 7% best-tit Geo V,
F ; == — best-fit osci. + BG
150; ‘ 1 + best-fit GeoV,
= L 2003
of 1 i
O: [ o ‘ B ] o
0 1 2 3 4 5 6 7 8

istent to solar
'inos oscillation.

0,, and Am?,,

K2K: first long-baseline

Licans7:

accelerator experiment

¢

........

K2K: detected 56 v,
while expected 80.1.

Consistent to
atmospheric
neutrinos oscillation.

6,; and |[Am’,|
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> Discovery of non-zero 6,4

Double Chooz
with only a far detector
( Nov 20 1 1 )

Daya Bay RENO
(March 2012) (April 2012)

= 700
E - | + Double Chooz Data E [ % - % 40 E= Fast neutroon
2 goo + --===== No Osclllation B 800 |- —¢— Far hall E i % EZZ Accjdental
- S [ ] - earnsonsieo | |8 0 by S
E 500 ;_ fIL:I::w:iBackgmunds (see inset) | _T] § 600 -_ E 1000__ -% 20k o Lq
- [["""] Fastnand Stoppingu Q E E 10p
400 — Accidentals E | [_E — 53]
E 3 7 400 -
300 — = 4 £ [ 5 .20. 500_ L Prompst energy DI/(I)eV]
E }=2 1 m | 2 —
. E % 10F E 200 r —— Far Detector
- B A TRET 1 - i —— Near Detector
100 = Energy [MeV] _i 5 0 [ B
= C ] g L 0
= pE : I T e I LY No oscillation - L ) ) ) ) I ) L ) | )
;, 50 | § Lzr 4 . —Best Fit 8 r I
? + + PRL 108, < : + + ¢ PRL 108) 2 12f — No oscillation PRL 108,
Fi s <t S + """ - 131801 | % Jamt . it +I I+I + ] 71803 £ i {-{ 3 {.Tu 191802
5 50| g i 4%
- 11 . . (2012) ] < osf 1t t HT (2012), o5t Pyedit's #H’ﬁ.} I (2012)
2 4 6 8 10 12 0 0 . h : 1b
Energy [MeV] pmmpt energy (MeV) ) Prompt energy [MeV]
Rate+shape Rate only Rate only

§in220,, = 0.086 + 0.041(stat) sin226;5 = 0.092 * 0.016(stat.) sin® 26,5 = 0.103 £ 0.013(stat.)
+ 0.030(syst) + 0.005(syst.) + 0.011(syst.)
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3-v oscillation status

NO, 10 (wio SK-atm)
NO, 10 (with SK-atm})

NUFIT 4.1 {2019)
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< [ ] ]
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360

v Known

» sin® @5, sin” O3, and sin’ G5 (~ 4%, 6%, 3%)
3 |A;v-fn§1 | and Amgl (~ 1%, 3%)

- Unknown

» Mass ordering (MO, sign of Am?)zl)
» Octant of 653 (>, <or=x/47)
» Leptonic CP-violating phase 6

Global fit, Mariam

parameter

best fit + 1o

30 range

ICHEP 2020,

Am3, [1075eV?]

Ami | [107%eV?] (NO
Am3 | [107%eV?] (10)

sin?6,5 /1071

sin®os /1071 (NO)
sin®fhy /101 (10)

sin?6;5 /1072 (NO)
sin?f,3 /1072 (10)

n+0.22
7.50%0 30

a =p+0.03
2567504

2.46 £ 0.03
3.18 £0.16

+0.16
9.66 ¢ 99
= ap+0.18
9.66 023

+0.055

2.225 70 73

9 orn+0.056
220”_00?6

6.94-8.14

2.46-2.65
2.37-2.55

2.71-3.70

4.41-6.09
4.46-6.09

2.015-2.417
2.039-2.441

2%
1.2%
52%
4.9%

4.8%

3.0%
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S MO and CP in v,— v, oscillation

« CP: asymmetry between v, and v, appearance P—P
_ A= =
 MO: coherent forward scattering (matter effect) P+ P
_
. . “(A31 —al) Atmospheric + Solar + Inf.
P o) = sin 623 sin? 26;3 S 2 P
(UM, — V) S~ 623 sin 13 (ﬂ'ﬁl —(TL)2 31 0.10 WWWW
i in(Azy —al B NI
:[Aétrrrnnospherlc + sin 26»3 sin 26013 sin 261> 51?2‘3]31_ ai) ) 0.08 ;— Nu: N.nrmal Inverted 11 '
sin(aL) B solid =m/2
Interference  x A, - Aoy cos(Azq + ) 3 006 dashed §=3n/2 2
term (al) 1 :
. in%(alL oy - E=0.6GeV
Solar term — + cos” 63 sin? 26} % A3 iy (DS =
- P il
002— .7 %) |
_ \/’ -1 C E ' \
nearth, a=G,N,/\2 ~(3500km) e - AR
100 300 1000 3000
— — L (km)
P (V u—>Ve ) ,0 —>—0,4—>—da Progress in Particle and Nuclear Physics 60 (2008) 338—402

- ~A, >-A, B) Mass Ordering
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Prospective of mass ordering

DUNE KM3NeT-ORCA lceCube upgrade

Michael Mooney @ Neutrino 2020 Aart Heijboer Tom Stuttard
B @ NeuTel 2021 @ NeuTel 2021
40 All Systematics = 1% of §p valu.eu -
b o SRS e 10
35 :‘i:";‘ﬁ.,i:,:::go.nna oy sin,, = 0.580 unconstrained i E 8_ B —
% 2 | 2 -
e 2 4 f = 5
e ! :
5 - i g
: s
TR PO VI TP DU DA Pare | * 2 E— 4 EE— 6 S 8 wn

o

o 1 1]
=1 08-06-04-02 0 02 04 06 08 1
Sesfn

Hyper-K

arXiv:18056.04163

) 1 3o for 6 years

{ data — 40 with

: ] | accelerator
o /.| constrain of Am?;,

|AMZee| (X107 eV?)

Large synergy between reactor (JUNO) and accelerator/atmospheric
experiments due to disagreement on Am3, in the wrong MO hypothesis
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