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conference held every 2 years since 1972
e 2024 edition in Milan (Italy)

e 71 plenary talks

* 460 posters

* 828 participants
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neutrino unknowns
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Neutrinos Reaching the Earth
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double
beta decay

e LEGEND
* KamLAND-Zen
* CUORE
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double beta decay
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LEGEND [ltaly, 2023-]

SEARCHING FOR OVBp WITH GERMANIUM: CONCEPT

wtmwm N coutact Qpp = 2039 keV

~92% ewriched
Ge bulk at 3-5 kv ?
— ovpp &‘
— 2vBp
——— Background S o
s LAr
N\, thin p* 1950 2000 2050 M s iPHs (L
coutact SATRRTRARDE
Energy (keV)
. . . . . 76 HPG’&
High-Purity Germanium detectors enriched in Ge 5

- source = detector — high efficiency
* pure — low intrinsic background
- Ge crystal — outstanding energy resolution ¢ 1% @ Qup (,—.m)@

* “solid-state TPC" — topological discrimination PuiulShgrc
ualysis

4a GERDA and @ MAJORANA constraints among the \\ 4//

most stringent
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LEGEND

this 18 2 fit.
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- Bayesian background model using data before analysis cuts [SILVER]
* Includes 10.2 kg yr from special “background characterization” runs

- Data well reproduced, model is flat at Qg

« No “hotspot” or significant asymmetry observed in data
+ Model can test hypotheses on the origin of %°Th
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KamLAND-Zen [Japan, 2011-]

Kamioka underground Ka m LAN D -Ze N

KamLAND detector Zero Neutrino Double Beta
= ol B 2 -type of liquid scintillator

[ E

1000tonpure | 2002- KamLAND  _LE, [N .
liquid scintillator Q.+

reactor, geo, solar neutrino observation

U, Th < 10-17 g/g
N

745 kg Xe-loaded | 5041 KamLAND-Zen W
liquid sc]ntlllator
(91% enrichment) | double beta decay measurement (Ovpf search)

inner balloon (IB) 2019- Xe increase, cleaner balloon

big and pure : no background from external gamma-rays
purification of LS, replacement of mini-balloon are possible

—> high scalability

Xe | 320 kg 340 kg 383 kg 745 kg largest 136Xe !!
2011 2012 2012 2012 2013 2015 2019 2024
QOct. Feb. Mar. Jun. Dec. Oct. Jan. Jan.
KL-Zen <*—o—* — — > .
Started DS ps2 . _ Period-1" " Period-2 | IB construction -
Zen 400 Phase-I Purification * 7oy 400 Phase-|I Zen 800
Xe amount | 320 kg 340 kg 383 kg 745 kg
Exposure 54.9 kg-yr 34.6 kg-yr 493.5 kg-yr 2097 kg-yr
10 neutrino 2024
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KamLAND-Zen

Event Selection

BB isotope 136Xe 90.85% enriched Qgp = 2458 keV
745 kg Xe in all volume Feb. 5, 2019 - Jan. 12, 2024
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Energy[MeV]
Two energy spectra (OvBf, long-lived)
are fitted simultaneously
Federico Nova 11

Feb. 5, 2019 - Jan. 12, 2024
around mini-balloon
(R<2.5m)

volume cut (R <1.57 m)

Rn veto

short-lived
spallation cut

long-lived
spallation cut

untagged tagged

1131 days 111 days

Ovpp long-lived
candidate candidate

neutrino 2024



_ KamLAND-Zen

0Ovpp candidate long-lived candidate
(sensitive to 0vpg signal) (Long-lived BG constraint)
1131 days livetime 111 days livetime
R<1.57m R<1.57m
(a) SD Zvﬂ ﬂ — Total B5Xe OVBB (90%C.L. U L)) (b) LD — Total B5%e OVBB (90%C.L. U L))
10° Erepnscaans . L HT oo Total (Ovpp U.L.) Xenon spallation products = Total (Ovpp U.L.) Xenon spallation products
> — Bxe 2vpp —— Carbon spallation + B7%e - — %e 2vBp —— Carbon spallation + B37xe
é’ — IB/External RI é’ — IB/External R
w103 Internal RI w103 Internal RI
g 1 Solar Neutrino ES + CC g Solar Neutrino ES + CC
: . : —+— Data
g 10 o el A R W g 10 ! . | ;
107 o T 0'e ..ff;ﬁfﬁiﬁ....éﬁ%
1 2 3 4 1 2 3 4
Visible Energy (MeV) Visible Energy (MeV)

Ovpp Dbestfit: 0 event
upper limit : <10.0 event at 90% C.L.

iINR<1.57m
No positive signal, but we obtained a stringent upper limit

Federico Nova 12 neutrino 2024



CUORE [ltaly, 2003-]

Cryogenic Underground Observatory for Hare tvents

e Closely packed array of 988 TeO: crystals (750 g each) working as cryogenic
calorimeters

e Total mass of TeO2: 742 kg ( ~206 kg of 130Te )
e Operating temperature: ~10 mK

e Main goal: assess the Majorana nature of neutrinos by searching for Ovpp in 130Te

y
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CUORE

Build a cryogenic system with an experimental volume of ~1 m3 in
which to operate for several years a huge Low Temperature Detector
array in a low-radioactivity and low-vibrations environment

e Cryogenics
» Mass cooled below 4K : ~ 15 tons
» Mass cooled below 50 mK : ~ 3 tons
» Lowest operating temperature: 7 mK

» Continuously operating at mK temperature: > 5 years Ancient roman lead

e | ow-background

» Deep underground location

g ;
‘HEEFENERRBREE

» Strict radio-purity controls on materials and assembly

» Passive shields outside and inside the cryostat

Federico Nova 14 neutrino 2024



CUORE

Latest results on the 130Te OvBpB search L
Efficiencies

e 28 datasets analyzed from May 2017 to April 2023  Total analysis efficiency 93.4 %
» Reconstruction: 95.6 %

» Anti-coincidence (M1): 99.8 %

» PSD:97.9 %

[ Base cuts e Containment efficiency: 88.4 %

I Base cuts + AC
Base cuts + AC + PSD

e Total analysed exposure: 2039.0 kg-yr TeO2 (567.0 kg-yr 130Te)

CUORE 210pq

preliminary
19_0Pt lﬂ

Counts keV "' kg™ yr?
o

—
<
no

Energy (keV)
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CUORE

Noise reduction

S

CUOR

Quite unexpectedly we discovered that CUORE is sensitive to the faint microseismic activity
induced by the sea waves

e Strong correlation between storms and low frequency noise

in CUORE

e Sea waves characteristic frequency: 0.2 - 0.3 Hz

e Resonance frequency in the cryogenic apparatus

ves
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o : 4
J
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7 Ny
S S (4
;‘T wN\os " i w

Neutrino 2024, 17-22 June, Milan

Federico Nova

(opernicus

e Seasonal modulation of detectors
energy resolution

e Solutions under study to improve
cryostat seismic decoupling

ArXiv:2404.13602

16

Noise Power Ratio
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tritium
beta decay
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tritium 3 decay why tritium?
* small Q-value (~19 keV)
e short mean life (18 y) -> small mass ->

NEUtrinO mass in tritium B-decay small inelastic scattering

e simple atom and nucleus

Measurement of effective mass m_based on kinematic parameters & energy conservation

Rg(E) o (Eo — E)\/(Eo — E)? —mZ

3
def 2 10
T 6 i=1 2%
3. 2 6 I
-Q i qJ L
& T,
g 4 "E [
© =
= ~ S
3 2 0|
O " L " 1 1
-3 -2 -1 0
0 5 10 15 N E-E, (eV)

electron energy (keV)
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KATRIN [Germany, 2019-]

KATRIN:
Karlsruhe

The KATRIN experiment Neatino

Experiment

- = "‘A‘f ‘ ' wr r i =
s Transport and RY KA TR LI AAADSAL AL SR Segmented
Tritium source . N\ RN LA
I pumping detector
Rear wall and

(gas) Main spectrometer
electron gun

Full system description & commissioning: KATRIN, JINST 16 (2021) T08015
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KATRIN

https://www.katrin.kit.edu/130.php#Anker0

Fit result

Federico Nova

Best-fit value
ms = —0.147:8:%% eV?

Negative m? estimates allowed by the
spectrum model to accommodate
statistical fluctuations

Post-unblinding a data-combination

mistake was uncovered —

o Resolved by splitting KNM4 into two data sets
o ~0.1eV?impact on m?

20

Preprint —

=15 -1.0 -0.5 0.0 0.5
1 1 ! L | ] | L L L 1 L L L L 1 L 1 | L | !

A(=2log(L))

Q-value: (18 575.0 £ 0.3) eV

18

neutrino 2024



KATRIN

https://www.katrin.kit.edu/130.php#Anker0

Preprint —

Confidence interval

e KATRIN’s new upper limit
m, < 0.45eV (90 % CL)

using Lokhov-Tkachov construction

e Feldman-Cousins limit:
o m < 0.31eVat90 % CL

o  Shrinking upper limit for negative mvz

e Bayesian analysis in preparation

poster ®Y
W. Xu

Federico Nova

0.6
- Lokhov-Tkachov
- Feldman-Cousins
0.31 --—- Best fit (—-0.14eV?)
0.5
S d
E 0.4 %
. IS
- 0.3
- 0.2
0.0 e

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
mg,fit (eV?)

Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889
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solar
neutrinos

* Borexino

e Super-Kamiokande
* SNO+

« JUNO

Federico Nova 22 neutrino 2024



Solar neutrino flux [cm'2 s

solar neutrinos

pp [+ 0.6%)]

B16 - Solar Model

N. Vinyoles et al.
Astrophys. Journal 835:202 (2017)

Be [+ 6%]
i-- pep [+ 1%)]

BOREXINO EFFECTIVE

ENERGY RANGE

°B [+ 12%)]

hep [+ 30%)]
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Neutrino energy [MeV]

23

V. emitted by sun
total flux directly constrained by luminosity
on the way oscillations happen

vyt

V2

enhanced by matter effects in the sun
oscillation profile at 3 MeV chooses between
models (but as yet unknown)
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Borexino [Italy, 2007-21]

Borexino Experiment

Laboratori Nazionali del Gran Sasso

$8S (6.85 m
radius), supports
2212 8” PMTs

| Buffer liquid
600 t

PC+DMP

(3.5 g/

278 tons of
liquid scintillator §
PC+PPO

IV-125 pm g
| thick Ei3 CYREREREL L

ultrapure 1 e
nylon | N ‘

-

" (L 1\

a'a'4

W 466

L f'qa%
LU

L

WT, 16.9 m high and
9.0 m of radius; 2400 t
ultrapure water.

‘Seq
S aa .
COTH

) ""'-".n
- A.?’“v\l

OV 2 nylon
Vessel- barrier

TYVEK to boost light

collection; on the SSS
outer wall and the WT

against

 p——

emissions PMT
and SSS

200 PMTs- muon veto

© A. Brigatti
P. Lombardi
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Borexino
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Borexino

N

First spectroscopy of pp,’Be and pep
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Super-Kamiokande [Japan, 1996-]

eriment

e-like <+ p-like }

f

CCQE electron

SR A

+ 1000 m under the Ikenoyama-Mt

* 50 kton of pure water (until 2020 when 6d sulfate was added
inside)

-~11100 inner detector (ID) PMT's (~50cm ¢)

- 1885 outer detector (OD ) PMT's (~20cm ¢)

+ Detection technique based on the Cherenkov radiation
* Direction and particle ID determined from the ring pattern: e-like

Pt S s
. P R I I T I I r i w oy,

vs u-like
* Multipurpose machine: Nucleon Decay, Solar and Supernova
Neutrinos, Atmospheric Neutrinos, Far detector for T2K

Federico Nova 27 neutrino 2024



Super-Kamiokande

Gd concentration at SK-VI:
0.011% in weight.

1996 2002 2006 2008 2018 2019 2020 2022

SK-1I SK-IV SK-V SK-VI SK-VII

Aug-2002 =
- Super-Xamiokande
: A Re
- . ww :‘
8 % - "9 . ?
- [
(Rl S M

"

Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future...
SK VIII
last week
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TIME VARIATIONS OF 8B FLUX

[ 454:1996/5/31~2018/5/30 J

. B ]

Very precise rate :W@%ﬂ‘%-----fﬁiﬁh%-w-~-§#ﬁ@#ﬁ‘-@fm o,

measurement. consistent 1271997 1271999 1273001 1272003 1272005 12/2007 1372009 1272011 1372013 1272015 1372017
. > Date [month/year]

among various phases
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Day/night Asymmetry
SK-IV only, calc.

A € = —0.025 + 0.012(stat.) + 0.014(syst.).

N
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T T T T ‘ T T
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SK I_ \/ Combined ﬁt > 3 O Recoil electron kinetic energy [MeV]
>

AP = —0.0286 = 0.0085 (stat.) £ 0.0032 (syst.). e L

“‘D/N
—4— SK data(Stat. only)
Systematic error
=— SK combined flux
O Sun spot number

DATA/MC (Unoscillated

[
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(V)

S

_b._
} 1
! i
w
®B solar neutrino flux [x 10° cm?s]

-
(11]
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Sun spot number

£ U\C‘ P

No statistically signicant time
variations beyond eccentricity
and day/night (compatible

with MSW oscillations) 03808 Sy
No sunspot correlation

©
N
B
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sz

Lsin®(@,,) 0316 (?54 )10 *aV? stn (@,,)= 00218+00007 ! 1t

(0030630013 am 6104 10"V Solar best-fit value updated to:

_smf(_ou,)_o.am 0.012 Am;, (750 )10 eV?
2 _ +0.95 -5,1/2
Amy; = 6.1075¢] X 1077eV

in 10'59V2
o

Am

~1.5 0 away from KamLLAND

10 |

i*ni d
0.5 2468
Ax

12)

SK fit, fixed 013



THE SNO+ EXPERIMENT
Repurposing the Sudbury Neutrino Observatory (SNO) detector

2 km underground
~70 muons/day

Rope system s B, ~9300 PMTs
Hold-up and -down Al L/ R

Low Radioactivity

Actylic Vessel (AV) _I\i8 i v s %i

12 m diameter

Purification plént
Target Material

1. Water: 905 tonnes

2. LAB Scintillator: 780 tonnes
3. Tellurtum loading: +3.9 tonnes

Ultra-Pure
Water




SNO+ TIMELINE

2017 2018 2019 2020 2021 2022 2023 2024

e darid i

Water phas Partial fill phase Scintillator phase
* High Rn Scintillator over watet. * Low PPO
e« Low Rn Stop in fill due to Covid. * Nominal PPO

* Added bis-MSB

=

Tellurium-

loaded phase

PSS FER-GHI=7
B. TAM, S. MANECKI




SOLAR NEUTRINOS, WATER PHASE

Results

New analysis of 126.6 kt.days, including 3.5 MeV threshold, but large uncertainties
190.3 days of low background data in first bins

Radon in water ~6 X 10-15 gU/g Best-fit flux consistent (inc. oscillations)
Lowest background for water Cherenkov with other expetiments, and HZ and LZ
detectors > 5 MeV: 0.32 + 0.07 ev/kt.days solar models

~+0.41 /4, +0.17, 6 .. —2 1
5.367 5 3g(stat.) " s(syst.) ) x 10° cm™=s

- —— . : : . . e > - . — - . ——
S 6 r E{"‘g‘i Bke. Fit SNO+ Preliminary S 08 SNO+ Preliminary  { & 08¢ SNO+ Preliminary
N f%“:f;c:{nzmy — 06F $  Bin-By-Bin Fit = 07F $ Bin-By-Bin Fit
S sor ¢ ¢ ;:;‘ 0.4F ¥  Stat + Syst. Error 2 t ¢  Stat. + Syst. Error
«o = AF —— MC (SNO *B Flux) E 0.6 3 A —— MC (SNO °B Flux)
& af = 02F = E T ]
= g of % 0.5 __L—L 7
Ef T 02f 1 % 04T ]
e I RS : ] © C ]
S | 504 1 § 03} | ]
20 = [ 5 r ]
] = -0.6 7 = 02F J
[ e ; £ 02F ]
10 T-08F 1 B ol i ]
[ = [ = A 7
' ottt =t 18 |
PR ATK X R W S MU 3 s rureiess TRAASMILAR Y E . . . . —d 2 b . . — :
- 08 06 04 02 0 02 04 06 08 1 4 6 8 10 12 14 4 6 8 10 12 14
cos O I, [MeV] T, [MeV]
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SOLAR NEUTRINOS, SCINT. PHASE

Analysis of 8B ES interactions in
138.9 live days of scint. data
Fitted oscillation parameters
compatible with global fits ' J(

SNO+ Preliminary Data I 4‘
102y R<5.0m Oscillated *B .

232 : ] [ ] |
Internal <°“Th-chain . . ; PR ———— ——

238 . 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Internal “*°U-chain

10" ] Energy [MeV]

External

SNO+ Preliminary 4 Data
0.00 <R< 3.15m —— Oscillated *B
I Internal 232Th-chain ]

Sum

Events/0.1 MeV

Sum

>
S
—
-
~
z
c
5)
>
88}

Strict fiducial volume cut opens prospects for
future sensitivity < 3 MeV |

232Th still dominates 3-5 MeV regions, but
multisite discriminant will help

10 12 POSTER 255 /A. INACIO, R. HUNT-STOKES
Energy [MeV]




‘) JUNO Detector

oest liquid scintillator detector, starting

JUNO [China, 2024-]

Cal. House_ ;?‘
I T ———]
| E‘
| —

Cover _—T|

Chimney -

Water

Federico Nova

Top Tracker (TT)

Acrylic Sphere

SS Structure

| CDPMTs

VETO PMTs

{4 A ey

4 “I%Vﬁﬂll

1Ll i
1L

|| 172
I

Connecting Bars

Supporting Legs

EQ

I
1717 il 1574
|

P

Acrylic Sphere:
Inner Diameter (ID): 35.4 m
Thickness:12 cm
Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs
Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m
2400 20-inch PMTs

neutrino 2024



JUNO

Acrylic Sphere

‘L;L %L?@ng e: LLJLL
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() PMT

JUNO

¢ 20-inch PMT: 15,012 MCP-PMT (NNVT) + 5,000 Dynode PMT(Hamamatsu)

3.1-inch PMT: 25,600 Dynode PMT (HZC XP72B22)
= All PMTs delivered and their performance tested OK
¢ Water proof potting done: failure rate < 0.5%/6 years

¢ Implosion protection: acrylic top & SS bottom (JINST 18 (2023), P02013)

= Mass production completed

(2022) 12, 1168

LPMT (20-in) SPMT (3-in)
Hamamatsu | NNVT HZC
Quantity 5,000 15,012 25,600
Charge Collection | Dynode | MCP Dynode
Photon Det. Eff. 28.5% | 30.1% 25%
Dyr[’gr_rl“(‘)’] rﬁ‘eg\e, for [0, 100] PEs [0, 2] PEs
Coverage 75% 3%
Refbtence Eur.Phys.J.C 82 NIM.A 1005

(2021) 165347

Federico Nova
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JUNO
ID#235, LS Purification |ID# 238, Optical charactr

@ Liquid Scintillator ID#472, OSIRIS ID#618, OSIRIS hardware

¢ LAB + 2.5 g/LL PPO + 3 mg/L bis-MSB ¢ All 60 ton PPO delivered, U/Th < 0.1 ppt
= Attenuation length: LAB >24m, LS > 20 m ¢ Bis-MSB complete production soon (<5 ppt)
= Minimum U/Th requirement (for NMO) < le-15 g/g, & 20 kton LAB to be delivered, U/Th ~1 ppq
aiming at le-17 g/g for solar and future Ovpf3 ¢ Plants commissioned individually and jointly

= U (6.240.7)
o, 4 Th: (10.721.1) §

2.4%
Acid wash & filter:

U: <0.28

- Th:<0.23

ICP-MS & neutron activation analysis developed A
sensiBtEIpRa ave! (10 " glg) ID#500, NAA

Mixin¢ J: <0.30 . _.
Th: <0.24

FOC: U: <0.28 -
Th:<0.23 ° pipes to
= (T E— ) underground

U: (0.34+0.06)
ot o L JIRSL B = *1 v-a * Th: (0.85+0.09)
"f BRED “ v Monitoring pre- 4) Gas strippingto  3) Water extraction to remove

) detector (OSIRIS) remove Rn and O, radioactive impurities

;*'- -<—!-v
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‘) Precision Measurement of oscillation parameters

JUNO

15
P (Ve — Ue) = 1 — sin® 2013(cos” A2 sin® Az; + sin” 012 sin”® Ass) ID#223, Precision Measurement
, .9 . 9
— cos” #13 sin” 265 sin” Ay, Chin. Phys. C46 (2022) 12, 123001
1001‘103 - 022 _ 100 days 6years 20 years
:6 years of data taking —— No oscillations . _ 102+ i i —ryyy
=== Only solar term 0.2 T Pl Chcdmas i=Ccane | | Mee— L e Stat. only
8oL —_— INorrrrlaldord:rir?g _.0.18 g ......................... ® Am3, * Ay ]
N H —— Inverted ordering E‘O.WS % E . 4 sin’6; % 5in2813_:
= gof S 0.14 -3 s £ T
5 | 2 01214 -5 I .
£ 40:, sin® 26,5 § 0.1 . S
4 I :@ 0.08 Visible Energy(Mer g
. i sin2 2913 5 o
L zaoR g 006 " —— |BD Signal T 9 10
201 o 0.04 N —— IBD # residual BG e
i Amj, 0.02{f4
S R R SR o : ¥~ e 1072 . N R o
6 8 10 12 102 109 10° 10°
S (MaV) Visible Energy [MeV] JUNO Data Taking Time [days]
Central Value PDG2020 100 days ( OGyears ) 20 years
Am3, (x107° eV?) 2.5283 +0.034 (1.3%)  +0.021 (0.8%) |£0.0047 (0.2%)] =+0.0029 (0.1%)
Am2, (x107° eV?) 7.53 +0.18 (24%)  +0.074 (1.0%) | +0.024 (0.3%) | +0.017 (0.2%)
sin? 015 0.307 +0.013 (4.2%)  +0.0058 (1.9%) \&0.0016 (0.5%)) +0.0010 (0.3%)
sin? 03 0.0218 +£0.0007 (3.2%) +0.010 (47.9%) =+0.0026 (12.1%) +0.0016 (7.3%)

sin?260,, Am%l, |Am§z|, leading measurements in 100 days; precision <0.5% in 6 years

Federico Nova
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reactor neutrinos

Reactor neutrinos

The strongest artificial neutrino source on the Earth
2x10%° v’s per second per GW thermal power, >99.7% from 235238 and 239.241py

Easy to detect via the Inverse Beta Decays (IBD)
Correlated signals from e*/neutron captures

4.0¢ . [
35 E_ -H'+ (a) isotope V. spectra (1/fission/MeV) _: 14 ~ Gd-loaded
: Y B (b) 1115 D T—— (csz 10_42) §i T Liquid Scintillator
e - — =
. 3.0 - (©)+ +(c) expected Ve in near site ADs (10°/MeV)- - x ‘H"'a Gd
s, 1 ‘
Easp o+ ¢ s aelodad
g : ; = e’ L =~8 MeV
22.0F J0.8 2 ;
= C . 5 ) P ¥ g
< 3 2 5]
= : \
LOF- Jo04 5 : c
: ] E~E-08Mev Qe L\, Y
0.5E- 02 | Z ~""';.lz MeV
: ] T M \/ i 0
oF . e — i ] E=1.022 MeV
2 4 6 8 10 12 e
antineutrino energy/MeV e 4 |\/|eV7e
Daya Bay, Chinese Physics C Vol. 41, No. 1 (2017) 013002 ° 3

disappearence experiments
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Daya Bay [China, 2011-20]

0,; with nGd -- Daya Bay

Daya Bay reported the precision measurement with 3158-days full dataset in 2022
sin?20,; = 0.0851 +0.0024 precision 2.8%
Am?;, = 2.466 %0.060 (-2.571%— 0.060) X103 eV2 precision 2.4%

Systematics, mainly detector differences, contributed about 50% in the total error

1.06 T T r T ' T ' T

T

1.04 P EHI {EH2 | EH3

1 I 1 l 1

1.02

Best fit (3-flavor osc. model)

& [ e .
o 26F T 098
= . B - I
:8 2.5F & 096 y
92 al
23 : AN el 1
L PR PR mvges e Juve 1 W W 09 | ; | : | ; I
0.075 0.08 0.085 0.09 0095 51015 0 200 400 600 800
sin*20 Ay? L. /(Ez,)(m/MeV]
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reactor neutrinos global fits

Global comparison 0,,

Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision
By combining all reactor results, ultimate precision of sin?20,,: 2.5%

Consistent results from reactor and accelerator experiments

Experiment Value
nGd o 0.0851 £0.0024 2.8%
Daya Bay nH —— 0.0759 3999 6.5%
nGd+nH e 0.0833 +0.0022  2.6%
nGd —e—— 0.0920 +590s0 6.5%
RENO
nH — 0.082 +0.013  15.9%
) . Double Chooz nGd+nH+nC = 0.102 =+o0.012  11.8%
Note: average is error
weighted average Reactor Average —o— 0.0839+0.0021  2.5%
assuming no correlation
NO 0.0892 #3013 15.9%
T2K + NOvA
10 0.1008 #5912 14.2%
0.06 007 0.08 0.09 0.10 0.11 0.12
sin2 2013 Figure by Hongzhao Yu
Federico Nova 43
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Global comparison Am?

Consistent results from reactor and accelerator experiments

Reactor weighted average 2% dominated by Daya Bay

Accelerator weighted average 1.5% (SK+T2K) + NOvA + MINOS + IceCube

Note: average is error
weighted average
assuming no correlation

Federico Nova

Experiment Normal Mass Ordering Value (1073eV?)

nGd — 2.466+0.060 2.4%
Daya Bay

nH —_— 2.72 #i 5.3%
RENO nGd —_— 2.52 i 4.6%
T2K + NOvA 2.429+p03 1.5%
T2K —— 2.49 +0.06 2.0%
NOvA — 2.41 +0.07 2.9%
MINOS —— 240 o 3.5%
Super-K + T2K 2.520+508 2.1%
Super-K —— 2.40 *5% 3.3%

_JoeCube o2 e | 2%

Reactor Average —c— 2.506+0.050 2.0% i
Accelerator Average - = N I I I 24640038 15% |

21 22 23 24 25 26 27 28
|Am3, |, 107%eV?

44

Figure by Hongzhao Yu
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atmospheric
neutrinos

e Super-Kam iokande
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\
130000 m

Secondary
cosmic rays

\' .Ll
20000 m

Federico Nova

atmospheric

Atmospheric neutrinos ,

* Neutrinos are produced when

cosmic particles, mainly
protons, interact with the
nuclei in the atmosphere:
-with wide range of energy
MeV- TeV produced
isotropically about the
Earth atmosphere
*travel length varies 10km
~13000 km
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T10'1§|||!||||||l||||1|||||||||||||||§
= E '3 &
" _2_ r i:‘f . ﬂ ) ﬂy 7
0 107 F : X3 H -
2 = ek ) E
L P K-, 3
2107 WA o
5 = i H —> eV, )V, -
£ e u 7
> - s . ]
o 10 B
S I 3
8 10k e,
~ 1 E [ ] Super-Kamiokande I-IV v, l T
- Frejus v,
- B IceCubc'vM unfolding ¥
6| [ IceCube v, forward folding
10 = AMANDA-II v , unfolding *
- AMANDA-II v, forward folding -
B ANTARES v, ]
7 HKKMII v +¥ (w/osc.) >
10 = 9
= ™ Super-Kamiokande I-IV v ._,L )
B Frejus v,
% IceCube/DeepCore 2013 v
10 8 E —%— IccCube2014v,
= HKKMII v 4V _(w/osc.)

— —#&— ANTARES v,
10-9IllllIIIllllllllllllllllllllllll
-1 0 1 2 3 4 >
Log, (E /GeV)
v

E. Richard et al. (SK), PRD 94 (2016) 5
I
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Super-Kamiokande [Japan, 1996-]

i PRE
L ] \I ‘ B

Zenith angle atmospheric neutrino oscillation analysis

ER L

SK-123%
. . . . SK-IV 50% 0
* Latest pUbIICGTIOH = Phys. Rev. D 109, 072014 - SUPQr-_K are class|f|ed into several
Published on 24 April 2024 categories: SK-IIl 8%
* Previously published results: Phys. Rev. D97, 072001
(2018)
- Updates since the previous analysis:
« Expansion of fiducial volume and more lifetime: 6511
days, 484 kt-yr in total +50% of statistics
° Even.l. selec.ﬁon with I'IeU‘I'I"orI tagging on hYdr'ogen ., Fully contained ',-' Partially contained ,-' Upward stopping ,-' Upward through-going
(SK4-5) B .." ; muon ; muon
: Nev'{ rpul‘rl—r'mg event classification using a Boosted Expected energy spectra of atm-v samples
Declslon Tree (BDT) : E r "I"‘E_‘i': T IPHDQT, 072m1 (2018) ”'E‘ E T "”Er'.”li HRLARALL B IR IR B '””; 250:_‘ LRRLLL BERELRRL B '.;;‘.:L'-l-i.‘ '”':\Up“!"l';‘('lp‘ "”:
« Improved charged current/neutral current separation 100 1 ElRaan N B roswoV i) S
@ 12000 | i == FC Sub-GeV (v#¥,) 3 o FCMult-GaV (v,47,) | 200 ¢ " - puTrough 3
- Atmospheric v oscillation fit with external constrains Sioo. | | —rommewiss 1 o F 1L lcse 1 ﬂl o stoverng
g Boo;— I ' _ 1500i ,. ' ] pc Through 1 sor . R
- 0,5 from reactors 8 %0 T I L 1
S | D | o
0 400?55 | 7 sooz— | — 50:
2000 = L ] :
01‘..”‘._an¢_.*__‘ P - J ot il ]
10" 1 10 10? 103 10“ 105 10" 1 10 102 10® 10t 10° 107 1 10 102 103 100 10°
Neutrino Energy (GeV) Neutrino Energy (GeV) Neutrino Energy (GeV)
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Super-Kamiokande

L Sub-GeV e-like 0 d.e.* ]

400

E Sub-GeV -like 0 d.e.*

150 F

Federico Nova

- Mullti-Gc\:’ c-li.ke.vc* E ' PC St(.)pping '
100
50
0
15 15 . .
— 4 Ras . N L5 ==
1 —— —— 1M ++ e =n gkl 1_._‘v——'-v — - 1 B o Serer =
05 . - 05 . . . 05 . 05 .
150 - Y 400 — - 1000
Sub-GeV p-like 2 d.e.*  Multi-Ring e-like v, 300F  Multi-Ring e-like ¥, 7 PC Through-going
100} { 300 200
200F 3 500 F
50t 100 100F ]
0 0 . . . 0 0 .
15 T g 1.5 T v . 1.5 15 g
_+_ e & & - o — = =3 AL+ —— & ar—
1 i v v —— 1=t T 1 —.— ST T T g 1 o= ——
0.5 0.5 0.5 05
2-ring W-like Multi-GeV p-like* 800F  MultiRing u-like Multi-Ring Other
ook ring e 200k u 1wl g W 1 200k g
200 f
500 f 400 4 100F
100 g 200
0 : 0 - 0 0 : : -
15 15 . . - 15 - 15 . - T
— " —— -+ . -,
1 — 2 g ] (% "o " 1 - - 1 ¢
05 05 05 05
2 25 3 -1 05 0 05 1 -1 05 0 05 1 -1 05 0 05
log, [p (MeVic)] cosf), cosh, cosf,

~ Zenith angle or momentum distributions

Up-u Stopping

L Up-u Non-showering 4

-1 -08 06 04 02 0

cosb,

Super-Kamiokande I-V

-4 Data

W@v.ccC Ov.cc
Ev, cc Ov, cc
v, &V, CC [JNC

*Zenith angle or
momentum distributions
for the 19 analysis
samples without
neutron tagging.

*FC: Sub-GeV and Multi-
GeV samples with SK-
I~IIT data, no neutron
tagging included*

-PC, UPMU, FC 7°, FC
Multi-Ring samples use
SK-I~V data,

neutrino 2024



Super-Kamiokande

- T
6 osculla‘rlon analysis with neutron tagg

*Why neutrons are useful in the atmospheric
oscillation analysis? Energy resolution Direction resolution

. 1'hey impr'ove the v/ sepamﬁon, _ AII events W|th tagged neutrons g All gvents with t;aggedl neutr?ns
. . 8 C : ' 'Recon. with neutrons 8 40 —— Recon. with neutrons
*they improve the reconstruction of E, and > 25} L e i I S >0 o :40.0°
—_— 2} B ) ) _EB ; N :
neutrino direction d, with information on c | Ring reconstruction c i T AIng reponstuction
o 9 off:37.2% . ... 2 3p 0.:42.8
— . > - => 15
neutron momentum p, (estimated from neutron TR W :
-, i
o 5 [~
travel distance @ the SK- assuming p, « | PC|) 150 20

e - 9 o575 2 55 3 % 30 60 90 120 150 18
Recon. E, / true E, Angle to true v direction [°]

Production ~
vertex P

- See the poster #112 by Shintaro Miki: Atmospheric
Neutrino Oscillations in SK-6d

Capture vertex C
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Super-Kamiokande

-

oK samples - impact of neutron tagging P

L R Wi

Additional selections done for SK4 and SK5 data period, with neutron tagging on Hydrogen.
Improves separation between v and U events

de. > 1 +any # of neut. de=0+# of neut. =0 d.e.=0 + # of neut. > 1

Sub-GeV v, -like Sub-GeV v ike0n ] 300F Sub-GeV ¥ -ike 1 n

New selections
with neutron

tagging

1 L.'.—o—O—O—r#L_._-O- 1 jot-g—0—0—0—0—0—0o K -'-:.:-‘--ﬂ--q:.__—;
0.5 —_— 05 e 05 S
150F  Multi-GeV v -like Mult-Gev ¥ ke 0 n | 150F Multi-Gev ¥ -like 1 n 0 T
5 ] 100 4 - ulti-Gev e-like o
Old selections 200
’ 1 50 Phys. Rev. D97, 072001 (2018)
: ’ j ) 157 ’ ) ) Super-Kamiokande -V 0
05 .l > 0;- il . ﬂ +-Data 15 : . :
05 0 05 1 -1 05 0 05 1 M. CC g, c¢ 1 [go—e—0—o-—o—o oo
coso, coso, =Vp CcC 0¥, cc 0.5 : - s
v.&¥.0C [OINC :
L B V- (64%) I V. (44%) B v. (56%)
' [ ]V 29%) [ Ve (46%) _© 34%
zula, NEUTRINO 2024, Milan 17-22 June 2024 ] Ve (34%)
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Super-Kamiokande
U g

- SK Samples - impact of neutron fag

Additional selections done for SK4 and SK5 data period, with neutron tagging on Hydrogen.
Improves separation between v and U events

l

Sub-GeV t'r'e-like 0n 300F sub-GeV %re-like 1n

T T T T T T
- SK |-V expanded FV sensitivity i}

10 ) . -
— With neutron tagging . Inverted

| ===No neutron tagging . Normal

[l T o | S S

150F  Multi-GeV v -ike 150 Multi-GeV ¥_-like 1n

100 ¢~

50 L

0

15 . . .
1|=F‘+m
05 ' : e
-1 05 0 05 1

COSBZ
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SK -V expanded FV
— Data fit [ Inverted
- == MC expectation [l Normal

Full SK pure water phase (SK1-5) best fit results:

- Normal ordering, d.p =~ — /2,

- AmZ ~2.4-107%V?, sin? 6,5 ~ 0.45 (Lower octant)
- Mass ordering: Ay?, v = 5.69

Federico Nova

Super-Kamiokande

+ Updates since the last publication in Phys.
Rev. D 98 052006 (2018)
* Full SK pure water phases (SK1-5 data)
* Additional 2 years of SK-IV and SK-V
data added
+ Expanded fiducial volume - overall 50%
more data added
« Best fit of v, normalisation parameter:
a=1.359 + 0.289
« Excluding no v, appearance (@ = 0) at 4.8¢
significance, p-value=7.5-1077
- Observed # of v, CC events: 428 + 92
(normal MO)

52

Number of events

Number of events

v, appearance searches

400Ff
300f
200,

100F

Tau-like preliminary

J

05 0 05 1
Cosine of zenith angle

800}
600}
400

200F

Non tau-like

05 0 05 1
Cosine of zenith angle

YLV WE
“‘.y, ’,

1

umber of events

N

Number of events

Tau CC signal
— Background
000 —4— Data
! e
500¢
- Upward-going
% 0.5 1
Neural network output
000f
Downward-going
500k
Fo—
% 05 ]
Neural network output
D— |
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Federico Nova

Events

Super-Kamiokande

800 -

600 -

400

200

10!

T
Super-Kamiokande |-V (6511 days)
4 Data, high-res. p-like

102

- No oscillations

Preliminary

T TTTIT T T T T TTTT]

PC Through-going
PC Stopping

FC Multi-ring

FC Single-ring

-~

L/ERec. (km/GeV)

High - resolution data/MC sample
O 2024, Milan 17-22 June 2024

2.00 T LIS IIIII] L] llIl'I| L} Il'llll Ll
Super-Kamiokande |-V (6511 days)
175 ¢  Data, high-res. p-like
w | — Best-fit two-flavor osc.
® 150
-S -=- Best-fit decay
£ 125 Lo
3 Preliminary
S 1.00
=
20.75
o
& 0.50
0.25
0.00
10° 10" 102 103

« Atmospheric neutrinos at SK span ~4 orders of magnitude in L/E, possible to see a complete oscillation of v/, survival probability
* Updates since the last published results in 2004 Phys. Rev. Lett. 93, 101801, SK1:

- Full SK pure water phases (SK-I~V data - 6511 days- \/foz(decay, 2 fl. osc.) = 6.00))
* New L/E estimator, high- and low-resolution samples

L/Epec. (KM/GEV)

10*

oscillations vs. neutrino decay

53

| High resolution data: best fit for two flavour
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atmospheric neutrinos global fits

3 Mixing

The less constrained parameters are:
Esteban, Gonzalez-Garcia, Maltoni,
Schwetz, Zhou, JHEP 09 (2020)

Preference for 6,3 < 45 Preference for CP-violation

rmtrTryrrrrJyrriurid | I T T1 |'| 1
\| NUFIT 5.3 (2024) | I
\ I

I
[

15

10 — —
- i
5 | I

0 _l L1 I\I\ l/I/ [ | | | I | 1 | 1 I_

0.4 0.45 0.5 0.55 0.6

.2
sin 923
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long
baseline

 T2K

e NOvVA

 DUNE

* Hyper-Kamiokande
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long baseline

Taking data soon! UNDER CONSTRUCTION NOW!
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T2K [Japan, 2010-]

T2K experiment

e High intensity ~600 MeV v, or ¥, beam produced at J-PARC (Tokai)

* Neutrinos detected at the Near Detector (ND280) and at the Far Detector (Super-
Kamiokande)

* ve and Y. appearance — determine 013 and &cp
* Precise measurement of v, disappearance — 823 and |Am?sy|

Super-Kamiokande

l Mt. Ikeno
1,360 m

“ @

Kaniioka

>
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Osc. Prob

T2K

T2K

Physics case

vy and v, disappearance

o, . 5 Am’L
P, - v,) =P, > p,) = 1-sin"(20,5)sin"| 1.27 z

Same oscillation probability for v and ¥

Sensitive to |[Am23;| and to sin2(2023) —
no sensitivity to mass ordering and &cp

—_ — o) T
VvV, =V, V,—V ] 68% syst err. at best-fit  —— sin’0,, = 0.45, 0.50, 0.5, 0.60 -
o Ol e e v Besn — i aad o) 8 S 1
e [ ]25° Off-axi - Dam (68%stater) - Amd, = -246<10° V2 (10) o (T__
- .5° Off-axis v _flux =2
[-» "
: =0° i @ T T T T T T
2 0.08f - Scp-ﬂ » NH, v 7] g 24— u -
=] —— 5,,=270°, NH, v 1 T E
0.06lF == §,=0°, NH, ¥ - & f ]
---- §,,=270°, NH, ¥ = ]
o
(t - L+
0.04]] 2 .
H 2 = =
1 0i0 (b) 2 =
0.02‘ " £ ]
2 ]
Ry R T T —m E =
0 PR Y S o e s U B ! I i B
0.5 1 1.5 7 75 3 [ I |

Federico Nova

WY a7
TR T T T T T R A
|:| 2.5° Off-axis v, flux
1 v, spectrum at the far detector
IHAM? An2=25x10° eV2 sin,=0.5 -, 160 P
7 5 140é T2K Run 1-10, 2022 Preliminary
: . = 120; Oscillated
( SIn2(2B 100F Unoscillated
0.5l - o
60}
(a) wob
20—
[ SR i L . - ) T
0.5 1 1.5 2 25 3 % 05 1 5 2 25
True Ev (GeV) Reconstructed Ev (GeV)

Ve and Ve appearance
a = Am}/Am} ~ 1/30
Jy = sin 26, sin 26,5 5in 26,3 cos 6,5 |
A = (F)2\/2Gn,ElAm},

in2
sin” 26,5

A=) sin’[(A — 1)A,,

P(V_ﬁ - U,) = s5in’dy,

Josindqp | ) _

(¥ aA(l——A) sin Ay sin(AA)sin[(1 — A)A,]
Jycosdcp ) . X
+am cos As; sin(AA;))sin[(1 — A)A4,] + O(a®)

Sensitivity to 6cp, to the
and to the octant of 623

— Normal ordering Ocp
... Inverted ordering

9 i PVEN ISR R RN 1
True E‘V (GeV) 50 60 70 80 90 100 110 120
Neutrino mode e-like candidates
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Federico Nova

T2K

T2K\

Near Detector complex

Baby MIND

Wagasci positioned here

E,~2.2 GeV —

A

WAGASCI/BabyMIND
Installed in 2019
Cross-sections on water

C. Valls poster

INGRID: on-axis detector

Monitoring v beam profile day-by-day

Cross-section measurements
In operation since 2009

59

Near Detector
complex at 280 m
from the target

Several detectors
installed to monitor
the beam,

and measure v and »
Cross

neutrino 2024



* ND280 magnetized detector
e Select interactions on CH (FGD1) and
* Precise measurement of P, and 6, with the TPCs

 Distinguish » from 7 interactions thanks to the
reconstruction of the charge of the lepton

» Separate samples based on number of reconstructed
pions (CCOmn, CC1m, CCNm), protons, photons, etc —

T2K

ND280 selections

FGD1 v, CCOx Op
T T

T2 K

FGD1 anti-v, CCOx

84000 i mmvCCQE 1600
—4-Data Il CCQE |22} [ T T T T T LI T
51500 B~ CC2p2h [V CC Res I E1400 E ~+-Data ¥ CCQE
> [V CC Coh In []v CC Other @ E @Y CC2p2h @@V CC Res L
=2 3000 [Jv NC modes  [TJ¥ modes 1200 - @@V CC Coh 1x [V CC Other
= E [J¥ NC modes [] v modes
S 2500 r"s 1000
it E
@ 2000 i £
2 D 800 =
£ 1500 Vu Cconop 2 E Yu CCOn
. . E 600 —
Z 1000 3 a0 E
S0 200 &
g o 13 14
2 =10 3 g l2
Z* o3 ]
06 “1 08
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0.5
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’ 1] 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Run1-10, 2022 Preliminary pl-l (MeV/c)

1] 200 400

T2K Run1-10, 2022 Preliminary

After the ND280 fit

Constraint flux and cross-section model

600 800 1000 1200 1400 1600 1800 2000

P, (MeV/c)

22 samples in total are used in the fit

Federico Nova

60

neutrino 2024



T2K

Super-K selections 2K

v-mode 1R p-like  }j  v-mode 1R e-like * 6 samples are selected at SK
HNE N E ] N « 2 samples 1R p-like/e-like in »-mode = CCQE enhanced
‘ # D £ | I 2 samples CC1m enhanced (2 rings or with an additional
4 il + e Jr |={ | - decay electrons)
g m BRI | O A D D ne : A i 3
; B e Tt | ==y e e 2 samples 1R p-like/e-like in »-mode =+ CCQE enhanced
. _v-mode 1 d.e. e-like__ § v-mode 2 rings p-like _ _ _ L
B ~ el L | » New detector covariance matrix at SK — significantly
3 L | reduce SyStema’[iCS in the 1 Re+d.e. Sample
£ 11— | Sample OA22  New results
03 e |-| [T mgmm;mi‘;“m[gw n ‘Vg appearance
. . i ‘ —— Old SK det
gl e T | = New SK det
S -
| N _ L . "-._
ﬂl 1.‘2 H |I4 1IE+ -!-h‘_ : 0:1 olz oi4 0.6 D.iB ‘I| 1.i2 o-lz n."_‘ o-ls OEV reo#o (GB‘ZV)
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T2K

T2 K

Oscillation analysis results

within the 2o interval

Sample  &cp=-T/2 &cp=0 &cp=m/2 6cp=nt  Data 5 Zﬁ
v-mode 1Ry 4172  416.3 417.1 418.2 357
v-mode MR 1239 1233 123.9 124.4 140
7-mode 1Ry 146.6  146.3 146.6 147.0 137 ?
v-mode 1Re 113.2 95.5 78.3 96.0 102 L v

7-mode 1Re+d.e.  10.0 8.8 7.2 8.4 15 ,f
7-mode 1Re 17.6 20.0 22.2 19.7 16

<\>l< n EREAEEEEEE '\mnum.nzoza,mnminm T

< s —— Normal ordering 3

» Preference for Scp~-11/2 but @ ;

CP conserving values are [ EEa E

D. Carabadjac poster

Federico Nova

T2K Runi-11 Preliminary

o N D

[ —sin’0, =045,050,0.55,0.60 v
F —Amj=252x10"eV* k

- ----Amjy = -2.49x107 eV” .‘,.

- -&- Data (68% stat err.)

\,
b ¥

A

g

0 d,=m
+7/2
0

-n/2

m d
o0 d,
e

6

cp
cp
cp

P L e VAP P Sy |

P L gyl g ay
20 40 60 80 100 120 140
Neutrino mode e-like candidates

IIIIIIIIIIIIIIIIIIIIIII|II

1 1 T YA I T R
-3 -2 -1 0 1 2

40

62

Credible intervals marginalized

over both hierarchies

posterior probability

T | S LI L N R N |

l:l lo credible interval
- 20 credible interval
- 30 credible interval
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. T2K\
Mass ordering and 623 octant

2K Run1-11 2023, Preliminary

<x18

— Normal ordering
Inverted ordering

[Z7]1oCL

"~ ]90% CL
[ Ja2ccCL

 Slight preference for normal ordering and
upper octant but none of them is significant ”

IIITIIIIIIITIIIIIIIIWIIIITIIWIIII

8
(]
e Bayes factor NO/IO = 3.3 ;
2l
o BayeS faCtOr (823>0.5)/(923<0.5) - 2.6 856w oa 045 05 05 0.6 0.65 0.7
Sin2023
2 T g o credible interval |
L'g‘ | I 20 credible interval
'8 11 MM 3o credible interval |
sin®fss < 0.5 sin?6fy3 > 0.5 | Sum a. [
NH (Am2, > 0) 0.23 0.54 0.77 g
IH (Am3, < 0) 0.05 0.18 0.23 g
Sum 0.28 0.72 1.00
x107
-27-26-25-24 23 23 24 25 26 27
19 A m3
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T2K
T2k

Neutrino beamline upgrades
« Replacement of Main e ‘ Ne::r21 | ‘ N;V;g

Ring power supplies to operation

allow for higher repetition
rate from 2.48s to 1.36s

Improving performance
Increasing cooling capability for ¢ yaam monitors
the heat generated by beam

» Several upgrades done ‘
on the neutrino beamline E?ZZ’!K parformance T IS S—
to cope with higher beam

V R Muon monltor
power L WG ! Final focus section
\ R o

Vi Beam Helium vessel/ : L
dump  decay volume Improving maintainability under

higher radio-active environment

’ Horn belng Operated at Increasing capability of
320 kA |nStead Of 250 kA New MUMON Si|radio-active waste handling
— ~10% increase in the v L (Half sensors) ?

New target
radioactive water disposal |/,
25
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Federico Nova

T2K

Towards higher bﬁeampowern

home/daqkun/workspace/develop/jnu_be

MR Run# 91
MR Shot# 2448782 home/daqkun/workspace/develop/jnu_beam_smn/s

slowmonitor/epics/gui/jnu_edm/trunk/share vl (Al ix

20 6 :33:5 . S
i s Last shot MR Power is 800 9 (kW]

(2024/06/14 09:33:58) L

MR DCCT_073_1 measurement :

NU CT01 measurement :

2.2657e+14 [protons per spill]
2.2628e+14 [protons per spill]

Parameter values : Prediction from parameter values :
Deliv. p# 3. 888386420 [ Lot sz Expected PPP:  2.1075¢+14
(this J-PARC run) 3.88838e+20 MR micro pulse: 400 [usec] Xpecte : . ac
} MR chop width: 455 [nsec] Expected PPB : 2.6343e+13
Deliv. p# 2 AE AL MR thinning: 110/128 o o =
2010 F'_Uil S 4.21035e+21 MR # of bunch: s 1 Expected Power : 783 [kw)nm

e June 2024 — Beam power increased to 800

kW since last week! (~500 kW before upgrades)

« Steady improvements to reach 1.3 MW by

2027 — increase T2K statistics by a factor of 3

by 2027

e Larger statistics = need to reduce systematic
uncertainties = ND280 upgrade

26

65

% CH NAME
_soF- 1C22
00/ char%e
- |/ 493.8 pC
00 \ ' Pedestal
! ll L LA L -123.26
] 0 100 150 200 250 300 350 400 450

MR Beam Power [kW

1400

T2K

e

s

- SiSum11.78 1.C
I';t i/ CT 63.17 nC/10"%p
L T Pesk 3327 nCich
g : Xiom Vien)
Py Conner1.08 257
. Sigra 821 830

E —o
1200}— 3
- MR RF upgrade —18
1000[— l =6
—J14
800I— MR Power Supply upgrade B
—h2
600 l 710
8
400|— s
L =a [
200 B
j —2
r T2K Work in Progress
0 . . . . 0
2020 2021 2022 2023 2024 2025 2026 2027

“ W . 'cSumsi2snc
J 1C/CT 2745 pCr10*p
Peak h

Integrated Delivered Protons [10*'POT)
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T2K

The Near Detector upgrade g

ECAL

arXiv:1901.03750

Replace part of the POD detector (measured NC 70 production) with
a new scintillator target (SuperFGD), tvzvgo High-Angle TPCs and six ToF planes
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NOVA [USA, 2014-]

Far detector:
Fermilab Ash River, MN

1. Make a beam 2. Select v, and ve candidates 3. Interpret E, distributions
of v, at both detectors L

— 2024 Best-fit Pred.
[ 1-c syst. range

-
[

-

Focusing Decay

Target oI
pe .
\ XH%HS\ 't «®el
— ....
p S
]

14
@

Ratio to no oscillation
o
o

o
>

o
[

%
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NOVA

NOvA and T2K are complementary

Compared to T2K*, NOVA uses
a different experimental approach

NOVA T2K

active scintillator calorimeters
water Cherenkov FD

scintillator tracker ND

ND+FD shared uncertainties explicitly
fitted & constrained via model

]
[}
L}
]
]
]
]
]
]
]
[}
i
e W |
of 3‘39\9& -u i
el g8 !
.,..—S’:Er (] . :
~ _m" [
=™ [}
-. '
4o "m i
N -
O,;:T\\ :
» ;
“7% i v -like
]
f- i ' see only lepton energy:
2 A see significant energy from both i “kinematic” E, reconstruction
¥ f lepton and hadron systems: !
/ . . . \
“calorimetric” E, reconstruction i
Neutrino v H .
" ; Hybrid gas TPC &
i
[}
[}
[}
!

& functionally equivalent detectors

shared uncertainties mostly cancel

Federico Nova 68 neutrino 2024



Federico Nova

NOVA

NOvA and T2K are complementary
Compared to T2K*, NOvVA has Higher E,

Larger matter effects

T2K: L=295 km, E=0.6 GeV

T

————————}
5’20 =0.085

8-

X 6

e

>

T af

=

=

Q_‘ -
2_
l 0 8=0 e d=n/2
roé=m -|8=-7|:/2 |

[Am2,|=2.5x107eV? |
G2
sin"0,,=0.5

&6CP phase

0 2

4..

6 8

P( Vi—Ve) %

NOVA: L=810 km, E=2.0 GeV

Stronger mass ordering sensitivity;
more Ocp degeneracy

; —
8 sin’20, =0.085 -
I Am,[=2.5%107eV? |
- sin’@,,=0.5
67 » % 1
B R
I ~Jao,
%,
I N ’09
2__ Normal
0820 e8=m/2 ordering
FDd= md=-m/2
O P S N R T PR |
0 2 4 6 3
P(v,—v.) %o
69

Also...

More antineutrinos

More final-state pions

(see overflow slides)
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Federico Nova

NOVA

Selecting v, and v. candidates

[Data events with candidate particle IDs]

* Make heavy use of
convolutional neural

networks (CNNs)

CCv, _ - Cosmic rejection in FD
- Neutrino interaction flavor ID
- Particle PID

cco, i+ Performance is good,;

only minor updates in 2024

| = Supplement with other

NC i classifiers as needed

— BDTs for cosmic

rejection, selection of
uncontained V.S

70
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NOVA

Far detector observations: v,

v-beam NOVA Preliminary  y.peam NOvVA Preliminary
o | L L L L L
: + FD data 1"F 4 FD data :
40 — 2024 Best-fit Pred.] 4, — 2024 Best-fit Pred.-
i 1-csyst.range | [ 1-0 syst. range  _
= T I Background 110 I Background -
O 301~ B Wrong Sign: v,CCH | I Wrong Sign: v,CC -
S f 71 Cosmic bkgd. 1 8| 1+ [ Cosmic bkgd.  —
PN 1 -
= 20— — 61 dibs —
S L ] o 3
2T 1 L 7 .
oo 140 =
10~ 1 L -
i 1 2 —
0k 0E
0 1 2 .3 4 5 0 1 2 3 4 !
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
384 v, data candidates 106 V, data candidates
(11.3 background) (1.7 background)

3-flavor oscillations describe these data well: Bayesian posterior predictive p-value = 0.54
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Federico Nova

80

Events
3

20

NOVA

Far detector observations: v.

v-beam NOVA Preliminary  g-peam NOVA Preliminary
- LowPID . High PID 1 1 Low PID High PID i
: FDData | __ paetsi 1t i
- + Best-fit Pred. |15 ~4- FD Data . —— Best-fit Pred. —
[ WS bkg. | 1 : i
_ Wyete gy | [ Wvsve roan _
- eam range — = Beam range -
B Wog s | [ Mo ° I ]
i @ Cosmic o|o 10k Cosmic o |O —
c ) = | C e =
- L ol a 1 L bkg Qo |a i
n ' O |c i O |
= ) - B (7] _
| () (al — B o _
i - 1
i 15 —
05115 1 2 3 4 1 2 3 4 O——2 "3 4 1 2 3 4
Reconstructed v, energy (GeV) Reconstructed v, energy (GeV)
Best fit Range Best fit Range
fotapred 1862 119250 —
181 Ve data Wrong-sign 1.8 16-28 32 Ve data Wrong-sign 21 1.0-32
. Beam bknd. 537 . Beam bknd. 9.0
candidates  cosmicbknd. 62 candidates = comicoknd, 11
etz L 617  61-63 Total bknd 122 11-13
72
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Federico Nova

NOVA

= Vp=V3sector

Do vy/v- mix equally into va? |

NOvVA Preliminary

I I I I I I I I I | I I I I I
3l-NOVA NO 90% CL 26.6x10%° POT-equiv. v-beam |
. . 2 -—
| With 1D Daya Bay Constraint 12.5x10%° POT v-beam _
- NOvA —
—_— 2024 e
S [ x Bestfit o e ]
¥ Best-fi e T,
[4)) e e A b TPE TR i
(8]
o 25 ' —
F = —
Al
[aVep} = -
S
Q - s e -
| ¢ Bayesan -~ ]
2F------- lceCube 2024  ----:- T2K 2022 = MINOS+ 2020 —]
[ SK 2023 — — NOVA+T2K®  -== SK(IV)+T2K* 7]
L | L 1 I 1 | 1 L | L 1 L 1 I 1 L 1 L
0.4 0.5 0.6
IceCube 2024: arXiv:2405.02163 Si n2(9 )
T2K 2022: 10.5281/zen0do.6683821 23
MINOS+ 2020: Phys. Rev. Lett. 125, 131802
SK 2023: Phys. Rev. D109, 072014 : 2 _ +0.035 342
NOVA+T2K 2024: KEK IPNS seminar, (Frequentist) A, (+2'433*°-°36]X 107ev
FNAL JETP seminar best fit: sing.. = 0.5467°932
_T2K+SK 2024: arXiv:2405.12488 - == 072
73
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DUNE [USA, future ]

Sanford

Underground
Research
Facility

Fermilab

NEUTRINO
PARTICLE PRODUCTION
DETECTOR

\iﬁ’ L UNDERGROUND
w PARTICLE DETECTOR

LArTC: flavor & energy reco over a

broad range of topologies
| DUNE Horizontal Drift § DUNE Horizontal Drift

* 60% of interactions at DUNE energy have final state pions - LArTPC
enables precise hadron reconstruction

* Excellent e/y and ely separation

Federico Nova 74
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DUNE

Far detector: two readout technologies

JINST 15 T08010 (2020) arxiv:2312.03130 (2023)

Top CRPs

Bottom CRPs

e Horizontal drift (HD, left) using wire readout planes, four drift regions

 Vertical drift (VD, right) using two 6.25m drift regions and central cathode

« Simpler to install - first DUNE FD module will use vertical drift
* VD is baseline design for modules 3 and 4
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DUNE

Near detector: systematic constraints

for precision physics

Main purpose: enable prediction of
Far Detector reconstructed spectra

Movable detector system: LArTPC
with muon spectrometer

Off-axis data in different neutrino
fluxes constrains energy dependence
of neutrino cross sections

Same target, same technology -
Inform predictions of reconstructed E,

in Far Detector

76

SAND TMS
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DUNE

Buﬂdlng DUNE construction schedule

* Far site excavation is complete

* Next: Building & Site Infrastructure work
until mid-2025

* Cryostat warm structure is on its way to
US from CERN to be installed in 2025-
26

* Far Detector installation in 2026-27

* Purge and fill with argon in 2028

* Physics in 2028 or early 2029

 Beam physics with Near Detector 2031

Transport to A Coruna harbour: April
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DUNE

ProtoDUNE: preparlng for second runs

il
W,
ll,'
|

[ ﬂ

il

10.0 ©

)

5000 75 @
(=

~ 5.0 &
L ]
4500 / 2.5 {‘)
' 0.0 &

4000 Bhmevassy P
-2.50

200 300
Wire Number

400

Federico Nova 78

* 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

 LAr will be transferred to

ProtoDUNE-VD in October for
running starting in early 2025

neutrino 2024
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Number of Events

B SN N -

Vil Vs

¢ - osc v, CC

02 04 0.6 0.8 1 1.2
v Reconstructed Energy (GeV)

HK 10 yr, 2.7x1022 POT 1:3 v:v, 1-ring e-like + 0 decay e, > 1000 events each

The Japanese Alps

Ve appearance signal =

Hyper-Kamiokande [Japan, future]

J-PARC off-axis vy & vy beam (~O 6 GeV, ~295 )

~8 X Super-K"“ P !

................

250 et
‘v beam 0
200~ — 8 =-nl2
150f- —hgmin
100 -
G: el | 1 | 1 1
. 0 02 04 06 08 1 12

v Reconstructed Energy (GeV)

79

220
200F
180F
160
140F
120F
100F
80F
60F
40F
20F

0:

Vu/ i

single e event
CCQE:ve+n—e+p

(dominant process at J-PARC beam energy)

v Reconstructed Energy (GeV)

2.5 deg. off-axis

Relatively
Small matter
Effect &
Large CPV
Effect
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Hyper-Kamiokande

Excavating the world's largest human-made cavern

v Approach tunnels: \ ' Access funnel: Feb:\2022 complete... -

\ Aug. 2022 complete. W, [ ﬂT‘; \ > > T
S | \ entrance -

5888 §ii3

0
0

v’ Dome part: Oct. 2023 complete. - - A

4 area e ; :
"1‘ V' - 3 Super-K

Existing human-made caverns

1 completed. o ot
sy 3 Super-K /\
preest N 940 m

-coming ~|/2yr e
jl
/

8
\:\\
* Ny
g
a
@
b2l
=
/

Imaichi

- o y
it ' VRN
Gjovik 'II‘;’ 7.-—-—"““\3'. ,J‘=
oh AN Oume PR
PRI N
e L2~ |
‘0"—{—*—— | Shimizu No.3 § X[ 7
) 69 0 HLandsbere \'1{"-.‘-*‘\ ,‘1 i
Yoot . m i AR, py i/}
Ot H AT AW NAY L) 4 |4
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Hyper-Kamiokande

Foutm¥ ey <R RT3 g i
(N

S A

) IIBISARARLE |
’ e
= s

Oct. 3, 2023 Completion of theAd(c;)r"héﬂ(dia. 69 m, height 21 m, ~1 Super-K)
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Hyper-Kamiokande

Photo-detection system

* Detailed design of the tank lining and photosensor support structure completed.

|Underwater Electronicsl IOD PMT+WLS| Factor ~2 more Sensitive

]

[N

) Vl 70cm grid

5 -90-80 -70 60 -50 40 -30-20-10 0 10 20 30 40 50 60 70 80 90
Incident position (degree)
* New features of 50 cm PMT (B&L-dynode) include
* High QE, T resolution, pressure tolerance (x2 better than Super-K)
* dark rate reduction, low radioactivity, cover development
* long-term performance evaluation already in Super-K
=>» 20 000 of 50 cm PMTs from Japan

| i
L

Hyper-K PMT

o A

0 L

Single-photon efficiency

F’MT prodﬂttLon ongomg, >10, 000 'd;'l'ivzared
Screenlng both at Ham‘amatsu and Kamioka
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Hyper-Kamiokande

Intermediate Water Cherenkov Detector (IWCD)

><10lS

Measurements at IWCD with OAA 1.7°-4.0° £ » —:;ggg:; -

¢ 0 (V) /o), 5(7)/0(F,) N —¢(1-7°)\_§
— 3-4% accuracy at 600 MeV (work in progress) P E

- Background (beam v,, NC) for v, - v, tof 5
— Same flux at 2.5 deg. off axis for Hyper-K 3*

 Correlation (p;,6,) © E, 05"

— Combination of data with different off-axis angles

Detector site secured, depth & diameter proposed.

* 8.8 m detector diameter, and 7 m diameter for the inner
volume. Entire mass ~ 600 ton.

» Multi-PMTs are useful for resolving vertices close to the
wall and accurate particle identifications.

« Basic design is ongoing, and installation procedure is
being considered.

* International contributions welcome!
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Sensitivity (sigma)

Day/Night Asymmetry Sensitivity

T

10

LA L T L L L L O L L L O L L

Solid:

Dashed: 0.1% sys.err.

0.3% sys.err.

> — o

No asymmetry

Expectation from KamLAND

e @8

R S

%

12

14 16 18 20
Year

Sensitivity (sigma)

Hyper-Kamiokande

THANKS TO F. DI LODOVICO,
S. MORIYAMA, T. YANO

TALK 646/ S. MORIYAMA
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astrophysical
neutrinos

'''''''
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a St rop hys| ca I 1] eutrnos S.Ando et al., Proc. Jpn. Acad., Ser. B, Phys. 99 (2023) 10

* diffuse supernova neutrinos
* remnants of all exploded supernovae
* isotropic
* redshifted by universe expansion (0, 20) MeV

e first hints by Super-Kamiokande with Gd
* 2.3 G excess

Number of events [bin]
5 ™ » o ® S

[00]

| I T I | | T T | T I T
——— SK-VI+VIl observed data (956.2 days) -
[ ] Atmospheric-v (non-NCQE)
[ ] Atmospheric-v (NCQE)
I Spallation °Li

[ Reactor-v

[ 1 Accidental coincidence

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

SK-VI+VII(956 d)

'
l o | | 1 | ol

§

o N A O

20 40 60 80
Reconstructed e™ kinetic energy [MeV]

Federico Nova

86

101 [ T T T T

104

10—3 L

dF; /dE [cm~2s 1 MeV!]

10-3

E [MeV]

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

SK Phase / 99.7% C.L.
I SK-1
8+ SK-II

I SK-III /
[ SK-IV /
- |—— SK-VI /
[ |— sK-vII
\ = Combined

L
Zmax

95% C.L.

Oo—é/iﬁ fll "_fg . é lb
DSNB flux [cm™2.s71]
BeSt ﬁt: 1.4 (Rog'l_y’ Pos‘ter 79)
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IceCube [South Pole, 2010-]

South Pole Stati

\\\ Tk
<A P N
a

l NCetubeiak Amundsen-Scott

firn drill

86 strings of DOMS, 72
set'125 meters apart I

IceCube Neutrino

>N
LS
O
Is
1450 m
-
8 s
Ko
O 2450 m
Federico Nova 87

5,160 Digital Optical
Modules (DOMs)

86 string with 60 DOMs
each

6 denser strings called
DeepCore

1 km2 surface array
with 324 DOMs: IceTop

Completion in December
2010
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IceCube

lceCube v detector

50 m

* Ice Cherenkov v detector

 1.5-2.5 km under ice

* 5,160 DOMs on 86 strings

* 1 km3 volume v

* High energy array spacing
e Az=17m
* A(x,y)=125m

* LE extension: DeepCore

e Az=7m
* A(x,y)=40-70m

2450 m
2820 m |
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IceCube

Events as seen by the detector

GeV events in DeepCore for v oscillations

: o g = : T T = v

¢o @ ove

| o
| 3
: Se
It g ;
.
4
Color indicates time (red=early, blue=late). i .

Sphere size is proportional to number of photons observed. TeV event in IceCube for sterile v searches 7
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IceCube

Background Rejection

o Using up-going through-going muon events Using the outer layers as an active veto to

using Earth as a shield against atmospheric select starting events.
muons.
O P b H Vu
M dominated\.é— e
V dominated
Vi / \
o p [
Neutrino 2024 10
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IceCube

Astrophysical Neutrinos - — Astrophysical

- . - Conventional Atm.
Through-going muons 104

~ Muon-Template

. — SUmM
e Clear excess > 100 TeV (57 events) 10‘""-% \‘*' Exp. Data
* High statistics sample ~650,000 events '
- ~1000-2000 astrophysical
* Northern Sky only
* Energy range:
- 15 TeV to 5 PeV

e Hard spectrum: E~%°7
- Slightly softer than previous 8yr results

due to better treatment of the primary { i
cosmic-ray flux 0.5 v —ovrrmng ey
10° 10° 104 10° 10° 107

sutrino 2024 12 Muon Energy Proxy / GeV
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IceCube

Y. Optical

Latitude |b]

- 157 2.0 =
= £
(0] >3
5 o S
= =)
© >
- 15° 0.5=2
4
§ Predicted m° Northern Sky \ Northern Sky
v { ' %PT
e} - - e L
2 y : 25
9 / Southern Sky Southern Sky \
3 0
— : ) 05—
Q v Analysis Expectation L
o p , )
g : Typical Event Uncertainty - %
003
. 15° 4
Q @ Galactic Coord. o]
g . %._./‘ §'B'
=] 0° 1 2 = —
= , £
B = - i—’ § L | O J)
180° -120° -180°

Galactic Longitude [/] Science 380 (2023) 1338
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IceCube

Atmospheric oscillations progression

@ube, PRL 111, 081801 (2013)

/

sinz(éezz)

700 events
0% low-energy sample
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1.—,‘
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cos(reconstructed zenith angle)
T BRI B i e e ey
[ ——— MINOS, 2012 90% bestfit ANTARES |
[ ——— Superk, 2012,90% ]
gl ANTARES, 68% & best fitlceCube —|
| == ANTARES, 90% 1
N + IceCube-79, 68% » best fit MINOS ]
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> L 1
o [
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IceCube, PRD 91, 072004 (2015)

~5k events, “golden events”

800,

—— Expectation: best ﬁ:
600}| - - - Expectation: no osc. imhe,
» § Data L=
£ 400 T
(=] - ;
200 S
q
5 14
g
Z 12k
= 1.0 e .
2 0.8
2 0.6
0.4 i i
10! 10 107
Lyecol Preca (km/GeV)
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3.8 = IceCube 2014 [NH] == T2K 2014 [NH]
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3.6
Y 90% CL contours .~
% . :
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= 3.0
~ 2.8
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(10 eV?)
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IceCube, PRL 120, 071801 (2018)

~35k events, inclusive sample

Cascade-like Track-like

20001 . no ose. By, CC Bpun,
) i Ay, CC Wa5T
E. Loo0p ik Br, CC 1 data
g 1 i By NC
= 1000f
2
E
= 500
£,
i 1.9
m
° 1.0f
= 0.8
= 0 1 2 : 0 1 2
= 1081 Lyeco/ Eree [km/GeV])

A% T T T

= [C2017 [NO] (this work) SK IV 2015 [NO]

34800 MINOS wiatm [NO ~.. NOWA 2017 [NO]
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3.0
2.8}
2.6}
2.4f
2.2
2.0 90% CL contours -

0.4 0.5 0.6
sin® (657)
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IceCube, PRD 108, 012014 (2023)

~22k events, “golden events”

105

1 vy, + iy, CC —— background
—— total MC - - - No Osc.
¢ data

rate [1/s]

rate/total MC

10! 102 103
L/E [km/GeV]

++ NOvA 2021 —s
-=- T2K 2021
= SuperK 2020

MINOS/MINOS+ 2020

all contours at 90% C.L.,

2.0 Normal Ordering

=== DeepCore B years - golden event sample

0.30 035 0.40 045 050 0.55 0.60 0.65
Sinz(ezg)

0.70
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KM3NeT [Mediterraneum, 2020-]

The KM3NeT Eyes

«  KM3NeT is building a series of neutrino telescopes in the Mediterranean Sea
« The KM3NeT DOMs are the eyes of the experiment observing the light around it

Federico Nova neutrino 2024



KM3NeT

The KM3NeT DU

18 KM3NeT DOMs are joined together in a chain to form a Detection Unit (DU)
« DUs are rolled up into a Launcher of Optical Modules (LOM) for deployment at sea
* Once at the bottom, LOM is released and unrolls the DUs into its final vertical position
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|
Jﬁ
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KM3NeT

" Two Detector Scales

36m vert. x 90m horiz. spacing TeV - PeV

v N
ARCA BB1 ARCA BB2

) %R | !
1,1, ]

Event Rate [A.U.]
© o o =
4 (2] (o8} (=]

o
N

10 100 1000 10¢ 10° 106

Energy [GeV]

o
o

Y

9m vert. x 20m horiz. spacing

GeV - TeV
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Federico Nova

KM3NeT

Improved Measurement

* New measurement uses 715 kt-y of data (65% increase over 2023 dataset)
* Clear oscillation pattern in L/E _— KM3NeT/ORCA Preliminary, 715 kt-y

- Slight preference for Inverted Ordering (10) F T emern. | NO

— 433 kt-y — 15 kv

mn3;

A2 _ 2095050 X 1075V, 10
-~ ][2.10,2.37] x 1073V, NO
sin® 093 = 0.50 £ 0.07

2log(L10/Lx0) = 0.61

KM3NeT/ORCA Preliminary, 71

5 kt-y
T T

[ High purity tracks
4 == No-oscillations
[ —— NuFIT v5.0
_‘_-— — Best fit

4+ Data

Ratio to no-oscillations

L/E [km/GeV
See poster 358

97

neutrino 2024



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 Preliminary

g 1o’ 0-357 KM3NeT 10PeV u MC
3500 *as’ 106 0.30 - Preliminary 1PeV u MC
3000 . . 42 """ VHE event
. 1 in 110 million w2 20227 :
[ [
=29 data events s A
o - 10° % c
2000 - = < o
g - N s
5 1500 = — ] 10°8 o
™ £ L
=

—
o
%]

1000

l

500 10!

0.00 I I I T . T T
0 1000 2000 3000 4000 5000

# of triggered PMTs

0.1%//_’_:

—01.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos(zenith)

10°
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Federico Nova

KM3NeT

Uncharted Territory

Event is well reconstructed as a high energy muon crossing
entire ARCA21 detector

Line 25 Line 26 Line 27

| ; _}ﬁ UMHLW {

0 100 150 200
residual (ns’ Line 28

Line 30 2 . e Line 32

18 Jun 2024

bkl

sl
00 150 200
residual (ns]

Obs: Lines numbered based on seabed layout
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Federico Nova

Uncharted Territory

» Light profile consistent with at least 3 large energy depositions along
the muon track

» Characteristic of stochastic losses from very high energy muons

KM3NeT Position of light

Preliminary emission along track
consistent with hit time
assuming directlight ~  thi

b

HI‘IIII|IIII‘|||WIII||IIII|\III‘IIII|[

1 1™=1 1 l 11 1 1 I 11 1 | | 1 1 1 1 I L1 1 1 | 11 1 | | | I - I 11 1 1 | 11 1 1 | 11 | |

100 200 300 400 500 600 700 800 900 1000
distance along

18 Jun 2024
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geoneutrinos

* KamLAND-Zen
e Borexino
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Federico Nova

geo-neutrinos

10
’
THE EARTH’S HEAT BUDGET
Radiogenic heat
Integrated surface heat flux: & geoneutrinos
From measured T-gradients along bore-holes Mantle LIosphers
big uncertainty well” known
Hio =47+ 2 TW
_ 1-27TW
Lithosphere BSE models
4-27TW

Mantle

Primordial heat: Primordial heat:

core cooling mantle cooling
Outer core A Rocky Body Forms and Differentiates

Inner core

102

(From Smithsonian National Museum of Natural History - hitp://www.mnh _si edu/earth/text/5_1_4_0.html)
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geo-neutrinos

GEONEUTRINO DETECTION *
PHYS. REV. D 101, 012009 (2020) n Capture
« Inverse Beta Decay on proton (IBD): delayed coincidence. " 1 ~200 ps
«  Charge current interaction mediated by W bosons. n. ;NS ‘O p
« Sensitive only to electron flavour antineutrinos. B @/’
« Cross section well known. ‘ZE____*O,-"' :
» Coincidence = powerful background suppression tool. p‘-\ &) D
» Reactor neutrinos — irreducible background, P X e’ .
with ~10 MeV end-point, geoneutrinos ~3.3 MeV. o
o ¥ ®----- > 'y
Energy threshold = 1.8 MeV Y Y
o @ few MeV: ~1042 cm? 0.511 MeV 0.511 MeV 2.22 MeV
(~100 x more than elastic scattering on electron) prompt delayed
Geoneutrino from radioactive decay _
— Detection Eprompt = Evisible
V — with IBD -T 4
. Neutrino oscillation e Lo 2ot I Lo
> — ~ Eantinu — 0.784 MeV
Ve average P, ~ 0.55 2

vV — Invisibl .
Vi [ Invisible ¢) JULICH

_—
Forschungszentrum
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geo-neutrinos

13

GEONEUTRINO SIGNAL WORLDWIDE: from ¢ ~10% cm-2 s-! to a handful of events

Expected crustal signal: “known” and ”large”.

i The signal is small, we need big detectors!

Terrestrial Neutrino Unit

2 1 TNU = 1 IBD event / 1032 target protons / year
10 (cca 1 I1BD event /1 kton /1 year)

with 100% detection efficiency

TNU

Earth Planet. Sci. Lett.,
361 (2013) 356-366)

Expected mantle signal: super-tiny and unknown.
Hypothesis of heterogeneous mantle composition motivated by the observed Large Shear Velocity Provinces at the mantle base.

10.6 TNU
105

Mantle signal is even more challenging!

; l) JULICH

Earth Planet. Sci. Lett., Forschungszentrum

361 (2013) 356-366)
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geo-neutrinos

GEONEUTRINO SPECTRAL SHAPE @tnes

Geoneutrino flux Geoneutrinos detected via IBD

T : T T T “.8

0.7

0.6

0.5F

0.4}

0.3

Signal [TNUJ/10 keV

0.2

IBD detection threshold

0.1

0 0.5 1 1.5 2 25 3 3. 1.8 2 22 24 26 28 3 32 34

[MeV]
Ey, [MeV] .

14

Effect of neutrino oscillations

2500

2000

1500

1000

500

No oscillation

Oscillated

P | |

oﬁ

PRI R L L L
200 400 600 800

. | |
1000 1200 1400
Charge prompt [p.e.]

500 p.e. ~ 1 MeV

« We are able to detect geoneutrinos only from the decay chains of 233U and 2*2Th above 1.8 MeV.
» 238 and #*?Th have different end points: the key how to spectrally distinguish them.

» 40K geoneutrinos cannot be detected.

» Effect of neutrino oscillations: for 3 MeV antineutrino, the oscillation length is ~100 km; considering the Earth’s
dimensions and continuous distribution of U and Th: for the precision of current experiments — suppression of the

visible signal without spectral deformation.

Federico Nova 105

JULICH

Forschungszentrum

/.
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geo-neutrinos

EXPERIMENTS THAT MEASURED GEONEUTRINOS

Borexino, LNGS, Italy

CONTINENTAL CRUST

15

KamLAND(- Zen), Kamioka, Japan

Border between OCEANIC / CONTINENTAL CRUST

Stainless Steel Sphere
Nylon Outer Vessel
ylon Inner Vessel
Fiducial volume

External water tank —,

m T Liquid scintillator
: detectors Rope

5 Large target volume Internal
PMTs

al

s il ol Placed underground
xels [H é - Ao, J Steel plates
! i p for extra
o O E PMT arrays to detect shielding Muon
e loaded |+ 1 Pl L . . - PMTs
D e 7 4 scintillation light
Outer-LS [ b
1 kton S > Water Cherenkov veto

» Main goal: reactor neutrinos (+ since 2011 0vpp) Radiopurity » Main goal: solar neutrinos:
+ Data taking: since 2002 extreme radio-purity needed and achieved
* LS: ~1000 tons » Data taking: 2007 — 2021
* Depth: 2700 m.w.e. * LS: 280 tons
*» S(reactors) / S(geo) ~ 6.7 (up to 2010) * Depth: 3800 m.w.e.
~ 0.4 (from 2011 after Fukushima) * S(reactors) / S(geo) ~ 0.3 (2010)
Federico Nova 106 neutrino 2024



LATES RESULTS: SPECTRAL FIT with chondritic Th/U ratio

Borexino (PRD101 (2020) 012009)

P Geoneutrinos
Reactor antineutrinos
I Cosmogenic °Li
B Random coincidences
(ct, n) background
—+— Data

Events / (201.176 p.e. )
2

TTT IIII|IIII1IIII|IIII|

E s

Prompt charge [photoelectrons]: 1 MeV ~500 photoelectrons

1500 2000 3000

geo-neutrinos

KamLAND (Geophys. Res. Lett. 49 €2022GL099566)

+—— Period 1 —++— Period 2 Period 3

) 00— 2.6 Mel
@) = [ — 4 :KamLAND data

et 1 : Reactor v,
0.4 J il ) \ : Reactor ¥, + other BG
03 i‘ } | aq
0.2 W w N
g, |

:AllBG + geo v,
0

0. »
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Voar

Rate {events/day)

0.6

(e) 0.9 2.6 Mel

<
in

<
=

o
[¥)

Observed Rate (event/day)
o
»
N

(=]
—_

0'%‘0 0.1 02 03 04 05 06
_ Expected Background Rate (event/day)

17

= = Best-fit reactor v,

Accidental
% 601(b) Period 1
.
< 40|
& 20/

UCla,m'0  EZD Bestfit geo 5.
BN Spallation 4 KamLAND data

0=
(c) Period 2
401

Events/0.1MeV

Events/0. 1| MeV

Prompt Energy (MeV)

1.29 x 10%2 proton x years (3262 days, 280 m? of FV)

Exposure [proton x year]

6.39 x 10*? proton x years (5227 days, 905 m?)

154 in total (~90 in the geonu energy window)

IBD candidates

1178 in the geoneutrino energy window

52.6 X9¢ (stat) 227 (sys) T153% Geoneutrinos (mass ThiU fixed to 3.9) 183 122 (stat + sys): 11280
47.0 8% (stat) 24(sys) Signal [TNU] Not provided

Shape only, reactor-v free — results compatible with
prediction

(corresponds to chondritic Th/U mass ratio of 3.9)

Analysis with S(Th)/S(U) = 2.7

Rate + shape + time

Federico Nova

107
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summary

* double-beta decay

* tritium

* nuclear reactors

e accelerator neutrinos

* solar neutrinos

e atmospheric neutrinos
e astrophysical neutrinos
* geo-neutrinos
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