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1 Long-baseline, off-axis neutrino oscillation
experiment

1 Study neutrinos from NuMI beam at Fermilab
1 At 14 mrad off-axis, energy peaked at 2 GeV

1 Functionally identical detectors

= ND on site at Fermilab
o FD 810 km away in Ash River, MN

o Measurement at ND is directly used to predict FD
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Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
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Phys. Rev. Lett. 112, 061802 (2014) |
T2K observation of v, Appearance
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Frequentist results

(Feldman-Cousins method)
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1000 m ' Mt. lkeno-yama

S iorama

‘.-'!«‘4“:,

Mt. Nijyugo-yama

: Access tunnel
Sl o (~2km)

B Hyper-K with 8.4 times larger fiducial mass (190 kton) than Super-K with double-sensitivity
PMTs (20,000 + 20,000, and mPMT optional)

B Physics: oscillation (CP phase, mass ordering, 0,; octant), astrophysics (solar, SN, DSNB, proton
decay...)

B Civil construction started in 2020; 5 years excavation + subsequent 2 years detector construction.

Water filling and detector commissioning in Dec. 2026. Data taking from 2027.



1 DUNE

B Deep Underground Neutrino Experiment (DUNE),
neutrino beam from FNAL to SURF (South Dakota),
baseline 1300 km

B4 LArTPC modules deployed in stage, each 10 kt FV.
B Physics goal:
* Accelerator v: Mass ordering, CP phase, 0,5, and 0,
» Astrophysics: SN, solar
- BSM

B Excavation started in 2017, begin taking data in late
2020s

B ProtoDUNE: Single Phase operating since 2018; Dual
Phase since 2019
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EAIE:
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3 ST LK -win et ERSTPRETMEON
(. ) A A /% Wi
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s BEXZNSPUMFREINR: MHPRRFEIE?
> HMER%/1E, RBNECPER (MER-RMEFWR) HSERH
> REB—LLR——THHFVUNERELR (PRFRENEBFRAT) HRESH
> BRPHFRELRNIHFRE

x103
100F
L 6 years of data taking —— No oscillations
P..(L/E) = 1— Py, — P3; — Py !
e 2 2 i Only solar term
4 ot 2 § : 2 y I - [
Py1 = cos?(#13)sin®(2612) sin”(Aaq) Am; L 80 :\'orr?taldord:m.'g
. . . — —— Inverted ordering
>) « 27an S~ — I
P31 = cos®(612) sin”(26 4 smz(L\gl) o AF >
Py = 51112(912) sin”(26;3\%\sin”(As2) Z eof
@
o
(%]
;10—8 :lc-.') 40 |
30 ; Fourier power spectrum - NH u>.|
BE ==IH Petcov et al., PLB533(2002) 94, -
20F J. Learned et al., PRD78, 071302 (2008), 20k
15 ;— ‘e 4 L. Zhan, Y. Wang, J. Cao, L. Wen, i 9
- PRD78:111103, 2008, | Am;,
sE ; PRD79:073007, 2009 N e |
Pooz ~ 0.0022 50024 00036~ 0028 0 1 2 3 : y ° ’ ° >

dm?/eVv? Ey, (MeV)
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AINREENRFEE REIREF

SCERTNE UV G REE
=E DUNE 2030 >50 (1-34F)
HZA Hyper-K 2027 3-50 (10%F)
iAZE ORCA vl 2-40 (34F)
%[ IceCube 2026 2-40 (74F)
hE 1] 2024 3-40 (6%F)

o BE—MEZEFNE, SMEE (DUNE HyperK) . ol
x5 (HyperK,ORCA,PINGU)B; &, TEEIRSREE

Reactor

Reactor U, signal IBD event number (x10°)

0.0 0.5 1.0 1.5 2.0

25 30 35

—— NO: stat.+all syst. ]
—— |0: stat.+all syst. -

--- NO: stat. only
--- 10: stat. only

a2 1 o 00 1 o33

-
01111111[1111111111

Am3, and Am53,
Interplay

AmZ, and Amj,
difference

Matter Effect

Ml X BN 21 1 1 3 ]
2 4 6 8 10 12 14 16 18 20
JUNO and TAO DAQ time [years]

I A (O spheric

I A cccelerator
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arXiv:2204.13249, Chin. Phys. C 46 (2022) 123001 Precision of sin20,,, Am54, |Am3,| <0.5% in 6 yrs
Central Value|  PDG2020 100 days " Gyears ) 20 years Direct Measurement
Am3, (x107 V) 2.5283 +0.034 (1.3%) | £0.021 (0.8%) [40.0047 (0.2%)| =0.0029 (0.1%) 2.3% (|Am3,|, DYB)
Am3, (x107° eV?) 7.53 +0.18 (2.4%) | +0.074 (1.0%) | £0.024 (0.3%) | +0.017 (0.2%) 2.5% (KamLAND)
sin? 01 0.307 +0.013 (4.2%) | £0.0058 (1.9%) £0.0016 (0.5%)) £0.0010 (0.3%) 5% (SNO)
sin® 013 0.0218 +0.0007 (3.2%) | £0.010 (47.9%) £0.0026 (12.1%) 40.0016 (7.3%)
100 .f:ioyears of data taking —— No oscillations 101(1—O B : ye'?rs — Yq?rsw _ ISt IHI Itl - 3
I ~~~ Only solar term P e St:t: o?llj .
sol — Normalordering | [ TTTEEII ® /m * Dm3,
—— Inverted ordering S 10l TeTTTe— « sin%; R sin?0:;
% 'E' = T T i
% oof f
:
20_ ;
ol 1072 | I

C 1 1 1 1 1 111 | 1 : 1 1 1 1 I: 11 1 1 1 1 1 111 1
102 103 104 10°
Es, (MeV) IUNO Data Takina Time [davs]
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e XIIZRMRMERHFEERE > HieTHIATSE, WIMNDEBR
¢ SWRHFELE (TAO)

= J9 LI HRMHMREIRZ AR\ BEIE

= NZEIEEREEEQINEE, IAEAHEFRML TSR

o REIEIEME, sEEREEIERIP IR
RNBRR > HRMAKRINED

= SR + ([RERINANKE, ER0EIET
= BeEfREEMRRIF /5%, i1113%, TAORNIX<2%

o BRI RMIEHET44K, 1181202445
93455
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g PEERMERHNTFEIR > BUE

o FIAS LRI FEIGE]:

Entries / MeV

Local dev. Data/prediction

& (2024%-) , il
(1-65F) , SRENEZNERE, BREERERE
+ REERH TS SEICRER—N, ReETAENBIREIRE R 05
+ Al HFLRUER EREOEED PEEEERBEN &R R PR T R
v —HEIREILIP M T LR E M T REIRFH R S
v B—AEE AR ERHEBENSHLRHIE.

x10°

1200

£ mERMEPHFEER

arxiv:1710.00092

l \| |I:' N ”I 4L Ed 2 T 125644
w ASESIETER DL gpenay | Emammmmem Y § 0 —
. n — Daa REHE FIRelaT84 =0 & 98N 92Rp
800¢ - - I Full uncertainty 1.05 - - s
-  Predicti rtainty O {00E-44 | T '‘Nb
600l I I, . ;5 = 1027,
...... _ r = R
400p = — . B -
200f = T ‘é‘ 7 50E-46 9By
— T -
of . . . ‘ e - i
B = - [ 2 5 00e45 109Nb
) — — I 09| -
;s . g g
0.9+ B =
L .
D 250E-45
g 2 MeV Windows 0.85 | E
o 3 =
2 - ] <
6 ‘ . ) ) ‘ ‘ 0.8 L1 g 0.00 |
1 2 3 4 5 6 7 8 2 3 4 5 —- 150 250 35 450 550  6.50 750 850

7 8 9
Neutrino energy (MeV)
Prompt Energy / MeV

Antineutrino Energy (MeV)
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The only one SN w/ v observed!
Kamiokande-II (Japan)

= Water Cherenkov, 2140 tons, 12
Irvine-Michigan-Brookhaven (US)
= Water Cherenkov, 6800 tons, &

Baksan Scintillator Telescope
(Soviet Union)

= Scintillator, 200 tons, 5
Neutrinos bring most energy!

e 99% energy by neutrinos
1% by kinetic energy
e 0.01% by photons

20 HREF. AR NEILH80004
((RTZRABL) , @Eé*ﬂ*‘l’*ﬂﬂ'*'%ﬂ? (BEEERE. KIEE)
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For astrophysics:

Luminosity [10™ erg/s|

Average Energy [MeV]

400 ———

200 :

300 f

100 :

e SN explosion mechanism
e [ocating SN (early warning)

e SN nucleosynthesis, ...

v, Burst

Accretion

70

For particle physics:
e (ollective neutrino oscillation
e Absolute neutrino mass
e Neutrino mass ordering, ...

60
50
40
30
20
10 |
0 “ L1

220 0 20 40 60

Time [ms]

18
16
14
12
10

8

v.b
0.0 0.2 0.4 0.6

Time [s]

Model dependent

Peak IBD Rate [MHZz]

SN Probability

100
10

0.1
0.01
0.001

0.16
0.12
0.08
0.04

L e

L B R |

3 Betelgeuse E
1000 UREUSE B T

100 77

3 10 ¢ ;
X J
0.1 0.2 0.3 ]

i I e e e S S e i R e e B
L == Mirizzi 2006, <d> = 10.6 kpc-

== Ahlers 2009, <d> = 10.9 kpc

— Adams 2013, <d>=9.7kpc |

15 20 25
d [kpc]

Supernova burst rate



» Super-Kamiokande

TIERTYESL.

-.--""‘n

414 m

39.3 m

5,000-10,000 SNv@10 kpc

(32 kton SK volume, 4.5 MeV
threshold)

B Operational since 1996
» Kamioka, Japan
* 50-kton water Cherenkov detector, 11000 20-inch PMTs.
e Overburden 2700 mwe

* Atmospheric nu (discovered oscillation), accelerator nu (T2K),
solar nu, proton decay

W 2019: SK-V, refurbish detector for Gd-loading. Transitioning to SK-
Gd since 2020 for DSNB

* w/o Gd, 20% eff. for 2.2 MeV gamma from n capture on H to
tag IBD

* Currently 0.02% Gd, 50% eff. for 8 MeV gamma’s from n
capture on Gd = 4 MeV visible energy

* Goal: 0.2% Gd, 90% eft.
» SK-IV 10y result for DSNB: <2.7 cm™/s (prediction 1.7 cm?/s)



1 Hyper-K

Reconstructed Model

.. . Normal | Couch Nakazato Tamborra Totani Vartanyan
H54-90 k events for SN at 10 kpc (most sensitive to V,) 3 Con [ 982 02 16 00 0.0
Nakazato 0.1 99.9 0.0 0.0 0.0

S
* Precise neutrino time profile g Lemborra | 16 00~ 980 02 02
E Totani 0.0 0.0 0.0 100.0 0.0
* Precise spectrum measurement Vartanyan | 0.0 00 0000 1000

. ° R Reconstructed Model

° InveStlgatlon Of the SN meChanlsm (SASI/ Inverted | Couch Nakazato Tamborra Totani Vartanyan
ROtatiOn/C OnVeCtiOn) E Couch 99.9 0.1 0.0 0.0 0.0
Ec Nakazato 0.0 100.0 0.0 0.0 0.0
° ° o Tamborra 0.0 0.0 97.4 0.1 2.5
 Discriminate models =>-2>-> g e i i oo o
H Vartanyan 0.0 0.0 0.8 0.0 99.2

* Pointing resolution 1°-2°
arXiv:2101.05269 (2021)

Expected time profile (Livermore simulation) of a supernova at 10 kpc

Y
o
o

N.H. Oscillation I.H. Oscillation

v+ (74852)

No Oscillation

v, +p (50191) v, +p (57836)

Events/0.22Mt/sec
— —h
o =)
w ES

—_
=)
N
L -
|
‘_\\\
5 )
y
1%

10 1 10 10 1 10 10 1 10
Time (sec) Time (sec) Time (sec)



1 IceCube / KM3Net / Baikal

¢

Designed for high energy cosmic v

¢ IceCube (ice, since 2010, upgrading), KM3Net (sea
water) and Baikal (lake water) under construction

¢ SN appears as “correlated noise” in PMTs. Not
event-by-event, time profile

¢ Low temperature, low radioactivity ice = low dark

noise ~500 Hz/PMT
Deleptonization (4 ms bins) Accretion (10 ms bins) PNS Cooling (1 s bins)

1.0 Background 1581
< — Osc. NH arXiv:1908.07249
S 091 — Osc. H 1561
é —— Osc. None
-42 0.8 154 -
<
g 07 152%:%%&_\_'_,—\_
o
- 0.6 150y ., . o ———

~50 0 50 100 01 02 03 04 0.5 2 4 6 8 10

t-thounce [MS] t-thounce [S] t-thounce [S]



1 SN at DUNE

Channel Liver- | GKVM | Garching
more
| ve +30 Ar — e~ +10K* | 2648 3295 882
Ve +°V Ar — e™ 2V CI* | 224 | 155 | 23
vx +e- —uvx +e” 341 206 142
Total 3213 3656 1047

40 kton argon, 10 kpc

80 '

¢ Sensitive to neutrinos >5 MeV, energy

resolution 10~20%. 5 L ‘ o Nommalordering
8 ; : +— Inverted ordering
¢ ve flavor dominates. A large, cleanly tagged e %
SN ve sample Bo0F- | D T
0E- 0,1, Hthl_ﬁ_ﬁ -
¢ Expect good sensitivity to supernova ve 10E- M - 1
spectral parameters. s e s 0 s

Time (seconds)

¢ Early warning to astronomers: pointing
resolution 4.5° arXiv:2008.06647 (2021)




1 Supernova Burst Neutrinos at JUNO

(N(IHLISIM&

e FKull flavor detection and low threshold energy ~0.2 MeV
e IBD: ~5000 events for SN@10kpc

e Pointing resolution ~9°

IBD, EP'= 1.8 MeV 7

e Vv-p ES channel provides more information about v,,
better than other type of detectors, e.g. WC, LAr-TPC

e Pulse Shape Discrimination distinguish v-e ES and v-p ES

E4 dN/E,

events
E4 [MeV]
Dedicated Design for SN
e 2GB memory/3 PMTs to completely handle SN
5000 beyond 0.5 kpc (>2M events)
v-¢ ES 300 e Online vertex reconstruction to achieve 0.2 MeV
v-p ES 2000 threshold (dark noise)
NC on Carbon 200 e Dedicated multi-messenger trigger to achieve

CC on Carbon 300 ultra-low threshold of O(10 keV)



g BHERHT

Experiment | Since | Mass Type v’s @10kpc Feature
Baksan 1980 | 0.33 kt | Scintillator ~ 80 Little maintenance
Super-K | 1996- | 50kt | Water+ Gd | 5,000-10,000 Large statistics
IceCube | 2010- - Ice -
HALO 2012-| 0.079 kt | Lead+°He ~ 40 Little maintenance
KamLAND | 2002- 1 kt Scintillator ~ 250
SNO+ 2022 | 0.78 kt | Scintillator ~ 200
JUNO 2023 20 kt | Scintillator ~ 8,000 All flavor with pES, NC
Hyper-K | 2027 | 260 kt Water 54,000-90,000 Largest statistics
DUNE 2027 | 10-40 kt Argon ~ 3,000 Unique for v,

HyperK&Ztit+E£i

A, DUNEBEFRZ

E2Ihr1t, JUNOBEBEIEHEPIRE. BEERR)

5

==

X =)



1 SNEWS

Neutrinos arrive several hours before photons, thus can alert astronomers
several hours in advance.

If Supernova Early Warning System (SNEWS) computer finds a
coincidence within 10s, it sends out an automated alert to a mailing list.
Running since 1998.

SNEWS 2.0 (New J. Phys.23, 031201 (2021))

Implement triangulation, in combination
with intrinsic pointing information.

: e Coincidence
Pre-supernova neutrino capabilities are | 5
Iso in the works il erver
’ | Ly @ BNL

http://snews.bnl.gov



1 B2 S SHHF Diffused Supernova Background

w/0 event selection w/ event selection

B DSNB: Past core-collapse events i
- 10/sec in the visible universe zw
« Cosmic star-formation rate % = K
« Core-collapse neutrino spectrum 5
 Rate of failed SNe ‘
B Not observed yet. SK-1V 10y result "

10 15 20 25 30 12 14 16 18 20 22 24 26 28

<2.7 cm2/s (prediction 1.7 cm-2/s)
ko

m I )EHREELNZIDSNB
350 —— JUNO

z
- Signal Sensitivity z ZZZ MK (BH 30%)
S
£
z

— — SK-Gd (BH 30%)

Super-K Significantly improved w/ Gd 200 _ _ NG (BH 30%)
150 - é T
JUNO  17(3.6bkg) 3cin3y,56in 10y I
Hyper K ~70%17 > 4o gt O

Year
= iV A
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B R FEAREHCHRAF?

Bl: DiracfiFid2EMajoranafi=F?

B [ESEENE] (Seesaw)
B ENRENSE

A Ant? —
S N—, N +e
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a) 2v BB b)

Ov BB

Counts / (year ¥ kev)
s & a3

N
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.| Scintilation

130Te
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8ZSe

(130Te, 16Cd,
48Ca, 9Zr,
150Nd, 100Mo)

Inner Balloon
K (3.08 m diameter)
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1 Best Results from Xe-136

Ca  YZr Ndf
I Se  Te

- KamLAND-Zen (“°Xe)

107

107 107
mlightest (CV)

Gel\io I

lll-llllljllllll

50 100 150

A

KLZ Phase [|+lI:
T2 > 1.07 x 102 yr

(7)) ™" = Gow(Q, Z)| Moy |* (mpss)?

(mgg) < 61 - 165 meV

EXO0-200 limit:
T1p> 1.1x1025yr (90%CL)

<mpgp> < 190 — 450 meV




1 New Limit from Gerda

exposure [kg ¢ yr]

:i-: 10°° |
&
’—
5 ; |
T . El median
g. i Wl 68%prob. 1
T ; 90% prob.
2 : 95% prob. 1
Ov 25 8 i W 99% prob.
= | 45<NME<5.8
E; :
5
m55<(150—330)meV £
-
3]

Almost background-free

2011 2013 th 42 +4 1 42 4 46 -8 =10

time [yr]
BLEGEND=GERDA+Majorana > 1 ton enriched Ge
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o I=AREIMFNER (~2030)

5
< 10 B ’ + CUORED
L @ 3 O GERDA (phase-II, coxial)
=< e $ -7
= ootV @ B GERDA (phase-II, BEGe)
= - (St KamILAND-Zen (phase-II. period]
'B b;’f FAN Hamli AND-Zen (phase- penodal
E ’ A KamI AND-Zen (phase-II, penod?
= 10° ,'* ®  EX0-200
f— s’ .
(@) ¢ nEXO (w/o Ba-tagzing)
% 02 v  JUNO Xe-LS (5 tons)
— 1 * JUNO Xe-L5 (50 tons)
.’ o7 .27 +
x 10 A' . -”/ ”’r P d
= - o R
1 1‘&‘\"‘,"”‘ ‘,”' 15*1‘””‘ Q'lli‘,,”’
+\Q',‘ \G:‘ :ﬂ,, +\Q", ,\+\”» ]
\}4' ‘)'Q+,’ \9,' ’1‘.1’ ~ ~
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Background Index in ROI (107 cnts/keV/mol/yr) = ﬂ‘ﬁ |‘X_| == /g/g ;§A130T6 (ﬁﬁﬁ[




g ABEREF HIRPET

Surface heat flow Bulk Silicate Earth
jo (46+£3) TW (BSE) models:
"N, Bahoal Sereneii 2005 : —

101 Neutrino S m (+1o) \ 10 TW
§ "Be-{£10.5 \~"~.\ ———
" et | er s, 1 |
E wr k=" ke ] 3 \ MiddleQ
i« o & .:F:_,——"—/ LY tHa__ 16X ] 20 TW
5 o™ "Be~ i R
£ 100 f £10.50] 11 3 Core cooling
i 1=l (415 TW
/ ! HighQ
103 F | + 16 1
: hep> 30 TW
= T 1 BSE: (20+4) TW** .
10%1 T 10
Neutrino Energy in MeV

o XEHPRFINERSER TR o KU/ Th=AE i B iRl
o KIEME: SEEEE WARRE > BIRUE- 100 BREHT,
> MFME: ARSRABERER 3 LISFRAA00T

#575E < BT E R T 3

> LI JPRMFSEIuXIABHEB. "Be. pep. = B AEmBKYERE S HAIE, At
CNORRRIFAIR2%, 1%, 7%. 12% IEXT AR, WHIA I A F IR TE
HNEFRRSNERE
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X EiGRIceCube, ZEIEH;EORCA/KM3Net, HEMNIM/RiABaikal
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TSNS NMRARR, SHXZEFRIRFCKE
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