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* Measuring neutrino mixing parameters
* Observing neutrino sources Part |: the Cosmos

* Hints of sterile neutrinos? - status

* Observing neutrino sources Part ll: the Sun and the Earth
* Neutrino interactions

* Neutrino mass and their charge conjugation nature

* Upcoming large experiments DUNE, Hyper-K and JUNO




PMNS Standard Convention: Fr S. Parke
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\Global fit to v oscillation parameters

| From M. Tortola Valencia Global Fit (Pre-Nu2024)

_ __  __ _____  relative lo uncert
parameter best fit £ 10 30 range

AmZ, [10-%eV7] 755505 698819 [7g

|AmZ, | [10~3eV?] (NO) IBI-0E DA3InR mass
9 G e 40.03 - .
|Am3,| [107°eV~] (10) 2.41" 505 2.34-2.49 ordering?

sin? f,/10~! 3.04*0.16  2.57-3.55 5.4%

sin? f23/10~1 (NO) B6dtll: 4923604
sin? 3/1071 (1I0) h6d o  4.27-6.03 84%  octant?

4!
sin? 6,3/1072 (NO) 220f0: 203238
sin? 013/1072 (10) 29000 2.04-938

d/m (NO) i D 0.76-2.00 maximal CP

5/7T(IO)—150J583111—187 violation??
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Credible intervals marginalized
over both hierarchies

|:| lo credible interval
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Antineutrino mode e-like candidates

[ 168% syst err. at best-fit
v Best-fit
—o— Data (68% stat err.)
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Neutrino mode e-like candidates

Beam power > 800 kW last week!

ND280 upgraded with new SuperFGD,

2 High-Angle TPCs, 6 ToF planes for neutrons
and taking datal!

Mass ordering
NO/IO 3.3 Bayes Factor

Octant

Upper/Lower 2.6 BF

3 W

2R\

Super-Kamiokande
Arad ‘. | Mt. Ikeno
,\...’{=-££ﬁ )

295 km e
! .




Presented by C. Giganti

7 X
X %y
"3?.-»5" I g %
NS G //‘4 St
‘ Credible intervals marginalized : i
- T2K Runi-11 Preliminary g Mass orderlng 27 s/ -
g 27 over both hlerarchles z o A B .
g L0 . b, e ———1 NO/IO 3.3 Bayes Factor | | s
c C N -:E:. E [ | 10 credible interval / 2.7 . 4 2 .
§ 22; u, :_5 :’_— I:] 20 credible interval J
= . S F
T C - e e - 30 credible interval
s 200 . S . Octant
g - & = E r T
2" — sinf,, = 045,050, 0,55, 0.60 {e £ / Dpée
% 161 —Am% _252><10 eV = F
2 PF - Amj= 249107 eV? &w) E
c L S, = h E
< 14 2 §;L—J1n/2 8_ -
C O d= F
12— @ Oy =-m/2 I
C 68% syst err. at best-fit
10— v Best-fit
C —o— Data (68% stat err.) el
N R e ‘ -3 )
0 20 40 80 100 120 140
Neutnno mode e-like candldates

” il |
Beam power > 800 kW last week!
ND280 upgraded with new SuperFGD,
2 High-Angle TPCs, 6 ToF planes for neutrons
and taklng data'




Presented by J. Wolcott

’ |

S NOVA Preliminary - Mass ordering (w/1D reactor
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AR Mass ordering (w/1D reactor
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— Data ,
[ True CPC, p=0.037 , ‘ —— Data=-3.39
Posterior 6cp, p=0.75 : ‘ [ True NO

£ : [ TruelO
o p(NO)=0.58
0 p(1I0)=0.08

Fraction of toy experiments

5 2
reomeew oo L ~ XANO)-x2(10)

| CP-conserving value disfavoured with significance 1.9-2.0c
NO is preferred; 10 p-value is 0.08
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Produced by cosmic rays colliding
with the atmosphere

Cosimic ray

B i A5 o L = » = .
. E ‘ :
: N _ . — l
Airnucleus SN - Rosos - Super-Kamiokande I-IV v, 1=M—‘ %
; A" Frejus v, —rag!

IceCube v, unfolding
IceCube v, forward folding
AMANDA-II v, unfolding
AMANDA-II v, forward folding
Muon ; ) ® ANTARES v,
. HKKMI11 vu+’V‘u (w/ osc.)

Pions

Electron
2 Muon .
neutrinos { i Super-Kamiokande I-IV v,

Frejus v,
IceCube/DeepCore 2013 v,

: Em————— ¥ S S ——— IceCube 2014 v,
1 Elecrton neutrino y HKKMI11 v +v. (w/ osc.)
] ANTARES 1,

, L E
- \l.l/ 5 Oglo( V/GCV)
Super-Kamiokande ' E. Richard et al. (SK), PRD 94 (2016) 5
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Provide good sensitivity to mass ordering (at ~60)in prOJectlons

including future experiments;and to other oscillatio _‘-,j'f"arameters |

1 .. Atm. v Combined fit | SuperK + SKGd (5 years) Current reactor d'ata'ﬁt
il True NO, sin® fa; € [0.45, 0.60] e HyperK LBL projection for 2030 (2.5 years)

1 s Atm. v Combined fit ’ ] ORCA (3 years) NOVA fit, PRD 106 032004 (2022)

True 10, sin? 53 € [0.45,0.60] l Ml yea] T2K fit, PRD 103 112008 (2021)
il = HyperK acc. True NO 1 Combined fit SK atm. v fit, PRD 97 072001 (2018)
DUNE acc. True NO : Trivial x? sum IC DeepCore atm. v fit, arXiv:2304.12236

#  SuperK data fit, Neutrino 2022 1 Combined atm. v projection,
] for 2030 (this work)
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| _Sod # N

) vy 7 .

S ACH Y /
e T :

3 SN

KT Y, /

: ':. ./ ‘/

2 N ) ]

-'\\ y /

Enhancement of v and v |dent|f|cat|on and |mprovem/9rit of E}///
reconstruction from neutronson gadollmum 7 o7

SK6 reconstruction with neut

d.e.=0 + # of neut. >1 ) )
Multi-GeV v,-like Multi-GeV v-like

= 0

Preliminary

10°

Preliminary

goonen

ZAZL AR

0

R 45
log(E__/MeV)

10°

1 10
Neutrino Energy [GeV]

' Oscillogram

for Super-K



Presented by J. P. Yanez

150,000 v candidate eventsin 9 yrs data

in oscillationanalysisi(alsossterile vi 1 .
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150,000 v candidate eventsin 9 yrs data = =

in oscillationanalysisi(alsossterile vi | .

searches) | P g
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3.0 Vou + UyiNC  —— Total MC
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150,000 v candidate eventsin 9 yrs data Normal Ordering 90% C.L.
' NOVA 2022 ---= MINOS+ 2020

T2K 2023 IceCube 2024
Super-K 2018 (this result)
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Detecting’2-100 GeV (atmospheric)
neutrinos

Fully funded (NSF+partners)
Deployment to occur 2025-2026

® 9 @
lceCube DeepCore  Upgrade

1450m 2100m 2150m
2450m 2450m 2400m
Instrumented Depth
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IceCube Simulation
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0 0 0
5.6 10 18 32 56 -1.0 -05 0.0 0.5 1.0 CascadesTracks

: 5 - Reconstructed Energy [GeV] Reconstructed Cos(Zenith) Particle ID
10 10 B
True Energy [GeV] : Phys. Rev. D 99, 032007 (2019)

i ﬂﬁ_ # # ;ﬂ - #‘T . e m@==  DeepCore 2022 sensitivity (10)
Significantincrease | ] . Expectingiwotld-leading DeepCore 2019 (10)
of events at 10 GeV (and below)! ———— "= Tprecrstomrwith
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lceCube Gen2

Surface Array | Station
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23 DUs Deployed KI\/I3NeT/ ORCA
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Uncharted Territory

« Significant event observed with huge amount of light

« Horizontal event (1° above horizon) as expected since earth opaque to
neutrinos at PeV scale

« 3672 PMTs (35%) were triggered in the detector

* Muons simulated at 10 PeV almost never generate this much light
— Likely multiple 10’s of PeV

KM3NeT/ARCA21 Preliminar -
" .‘ 7
P - KM3NeT L ARENHLRIC
*as? ; Preliminary 1PeV u MC
VHE event

1 in 110 million
data events

# of triggered PMTs
N N
o w
o o
o o
.‘Numb&:r of da(a evenis
Fraction of events

: ‘ 1000 2000 3000 4000 5000
80 —075 -050 -025 000 o : . ; 4 # of triggered PMTs

cos(zenith)

18 Jun 2024 25



Succesful 2024 deployment campaign 16/02 — 07/04
« 14 regular strings carrying 36 OMs installed

« 2 strings added to experimental (“optical”) cluster

* Pilot string for HUNT project

. \Q :

~0.6 km? detector volume
110 strings with 3960 Oms

].02 3 o 1 ) 1 - 1 - 1 . 1 . 1 v 1 b | b 3 ‘
First “non-lceCube” : Vot il S Veuro ]

evidence for diffuse o' B O
astrophysical neutrino flux o e .. f

" . ”
il 000

]

10"

-------

Events per bin

10”

3

1.2 14 16 18 2.0 22 24 26 2.8 3.0
log, (£, / TeV)
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Arguelles, Halzen, and Kurahashi ( arXiv:2405.17623)

ATMOSPHERIC

EH E/GZK
GALACTIC

EXTRAGALACTIC X

10° 104 10° 10° 107 108 109 1010 10" 107
E [GeV]

Different detection technologies
Underwater Cherenkov

Under-ice Cherenkov
Horizontal shower
Radio detection

B-ONE
TRIDENTSg
HUNT |
TAMBO

GRAND possible future
BEACON neutrino

RNO-G telescopes
PUEO
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© Phase: exposure with 22.5 kton times---
© No neutron tagging (1996 - 2008): 3033 d (SK-I — III)
© pure-water with neutron tagging (2008 - 2018): 2970 d (SK-IV) P g
© Gd-loaded water with neutron tagging (2020-present): >956 d (SK-VI, VII) &

Capture on Gd nuclei

O-iiiil HE i:iiiHvé il B | HE
107° 107 107
Concentration of Gd nuclei [fraction of weight]

Total 8 MeV

Beacom and Vagins (2004)




Presented by M. Harada

(Atm. v NC quasi-elastic S
(NCQE) interaction

SK event

Signal region

DSNB
NCQE
Spallation
CC-e
Decay-e
Reactor

(Atm. v, CC interaction e

Ve n
\’

>
Energy [MeV]




Statistical and systematic errors || DSNB model: Horiuchi+09 (6 MeV, max)

SK Phase

| sKvisvil
SK-I

SK-IT , :
SK-III / _ 5823 days |

SK-1V 4 —_ ~ 1.5 0 excess
SK-VI : : f

SK-VII
Combined

o o o o o o o o o i o e

95%C.L. SKI-VII : : o 2.3 0 excess

3

S i 6
DSNB flux [cm™2.s
Best fit: 1.4 (Rogly, poster 79)
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Statistical and systematic errors || DSNB model: Horiuchi+09 (6 MeV, max)

SK Phase

SK-1

SK-II
SK-III
SK-IV
SK-VI
SK-VII
Combined

2DSNB ﬁux [cm‘62.s
Best fit: 1.4

(Rogly, poster 79)

| sKVI+VII

SKI-ViI

]

SK-VI+VII observed data (956.2 days)
Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)

Spallation oL

Reactor-v

Accidental coincidence

DSNB (Horiuchi+09 6-MeV, Max.)

SK-VI+VII(956 d)

b
®

5823 days |

o o o o o e

Number of events [bin

40 60
Reconstructed e” kinetic energy [MeV]
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Runs 1-5, 1eNpOm selection
MicroBooNE preliminary, 1.11 x 102! POT

1eNpOn
p-value 10.4%

&€ Best Fit Point T 90%C.L.
T 99%C.L. T 68%C.L

Signal strength of 1: expected rate of
events from MiniBooNE unfolded excess
under different kinematic hypotheses

0.4 0.6 0.8 1.0 1.2
Reconstructed shower energy (GeV)

MicroBooNE preliminary

Runs 1-5, 1e0p0m selection
MicroBooNE preliminary, 1.11 x 102! POT

1e0p0r _
lue 62.5% | BNB Data Run 22298 Subrun 74 Event 3723
p-vaiue .0 /0 :

o
I

Signal Strength

data inconsistent with v, -like

excess at >99% CL

Shower Neutrino
Energy Energy

0.6 0.8 1.0
Reconstructed shower energy (GeV)
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Short Basellne Neutrlno (SBN) at FNAL BNB and NuMI beams
" a definitive answer to sterile neutrinos ?

S——
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B a;s'ellne Experlments
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LA VERITA
" IN CIMENTO

“Truth in contention™" ¢ Drama per Mufica
LY 27" DA RAPPRESENTARSI
RAA is mostly understood now except for the ~5-6 MeV bump ; ’ . ‘}I Nel Teatro di S- Angelo
(other features of the spectrum also to be better understood in the future) = L'Antunwe dell’ Anme 1 730

DEDICATO

BEST result (2021) not understood: R; =0.791 Q-50, R, =0.766+0.050 4 SUA ECCELLENZA

o Ratio of 23%U to 23%Pu electron spectra is about 5% = S o W Signer Conmte
lower than ILL values. — @ P —
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“Truth in contention”

PROSPECT, Neutrino 2024, arXiv[2406.TBD] MeV bump

lllll T T

| -~ DYB, CL,, 95% C.L.

— - -+ KATRIN, 95% C.L.

- - - MicroBoone, CL, 95% C.L.
—- Neutrino-4 95% C L.

~[ | Gallium Anomaly 95%

SRPTE a

IIIIIII

— PROSPECT-I, CL,, 95% C.L.

PROSPECT

1072

1derstood in the future)

0, R> =0.766 +0.050
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The SNO+ experiment presented new solar, reactor and geo neutrino
resultsat Neutrino 2024.
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New results from SNO+ including:

- observing 2 events of CC 8B solar v, on '3C, the first time this channel has been
used to detect neutrinos! EFECTED con  IKELNeoR
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New reslts from SNO+ including:

- second measurement of Am3; = 7.961028x107° eV2 with reactor 7,

- prelim. geoneutrino flux measurement of 64 + 44 TNU (refined analysis soon)
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New Ge observation plus many new-detectors
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New Ge observation-ptus manynewdgq

sensitive to new physics=
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* 1styear of LEGEND-200: combined

with GERDA, Majorana:
76Ge T1/2 > 1.9)(1026 yrs

* New KamLAND-Zen 800 result:
136Xe Ty /2 > 3.8x10%C yrs

e Latest CUORE 2024 result (data 05/2017 to
04/2023).

130Te Ty, > 3.8x10%° yrs

OVPp search : Feb.|5, 2019 -"Jan. 12, 2024
* with the complete KamLAND-Zen 800 data/set
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- SNO+ Te systems built and undergoing full-scale
- testing; over 4,000 kg Te in-hand (underground since 2015)
ready to deploy in 2025 after reviews and approvals
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near-term new
experiments
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“ton-scale” program
(US NSAC long-range plan)
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' DUNE Horizontal Drift
simulated 3.0 GeV v

DUNE Horizontal Drift
simulated 2.5 GeV v_
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All Systematics
Normal Ordering
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e Successful prototype of horizontal
drift at CERN Neutrino Platform in
2018 (ProtoDUNE-SP)

ProtoDUNE-HD completed filling
30t April, running since May, with
beam turning on at 6pm tomorrow
evening
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* Mass Ordering Sensitivity (

DUNE Simulation ~—— CPV Sensitivity

All Systematics
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running starting in early 2025
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| aiming fdr operational
startin 2027
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True normal ordering (known)
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2 5 deg off-axis

Ve appearance signal = single e event
CCQE:ve+n—e+p

(dominant process at J-PARC beam energy)
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HK 10 yr, 2.7x10%22 POT 1:3 v:¥, 1-ring e-like + 0 decay e, > 1000 events each
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Aim to.finish construction in 2024
and start filling - | Cal. House
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@a Precision Measurement of oscillation parameters
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6 years of data taking

= No oscillations
~== Only solar term
= Normal ordering
—— Inverted ordering
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ID#223, Precision Measurement

Chin. Phys. C46 (2022) 12, 123001
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- Stat.+syst.
Stat. only

® omi * om3 ]
« sin%6;, ® Sinzen_

I
JUNO Data Taking Time [days]

Central Value

PDG2020 100 days (

6years ) 20 years

Am3; (x107° eV?)
Am3, (x1075 eV?)
sin? 012
sin? 613

2.5283
7.53
0.307
0.0218

+£0.034 (1.3%)  +0.021 (0.8%) |+£0.0047 (0.2%)| +0.0029 (0.1%)
+0.18 (24%)  +0.074 (1.0%) | £0.024 (0.3%) | +0.017 (0.2%)
+0.013 (4.2%)  40.0058 (1.9%) \£0.0016 (0.5%)) =+0.0010 (0.3%)

+0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) =+0.0016 (7.3%)

sin2204,, Am34, |Am3,|, leading measurements in 100 days; precision <0.5% in 6 years










