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Thanks so much !!
Alessandro Granelli for theoretical overview of v oscillation

Linda Cremonesi for experimental overview of v oscillation

- However, | won’t summarize your talks.

Mainly due to redundancy.

Sunny Seo, Fermilab NNN23, Procida, Italy



Important Questions in Neutrino Physics

What is the
nature of
neutrinos,
Dirac or

Majorana? .

What are the

and the

7

Is there
' in
the PMNS
lepton mixing
matrix?

What are the

of the

?

values

Is the standard
picture
correct?

Hints for BSM
physics?

A. Granelli

» NNN23 consists of talks trying to answer these questions.

Sunny Seo, Fermilab

NNN23, Procida, Italy



A. Granelli

Pontecorvo-Maki-Nakagawa-Sakata (PIVINS) neutrino mixing matrix

2 2
023 |Am3z,| 03,8 . 01,Am3; @y, Q31
Y Y Y Y
Accelerator Reactor Solar Double-beta
Atmospheric Accelerator Reactor decay

Parameters from global fits

Ordering
NO 33.41%575 8584011 421511 232°°¢ 7415021 95070026
10| 334137 857501 49.0*19 276152 7Alb0 Lo =0 A86h00-2

l. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou (2020), NuFIT 5.2 (2022), www.nu-fit.org




Current status of neutrino parameters:
the era of very precise neutrino physics
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determining neutrino properties!

L. Clemenesi

- Most precise

2020
The past 20 years have seen a remarkable progress in



Daya Bay, RENO & Double Chooz L. Wen
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R. Zhao
Completed in Dec. 2020, 3158 days in total

~

Daya Bay

/Best—fit results:

sin? 20,3 = 0.0851+9:392% (2.8%)
Normal hierarchy:
Am3, = +(2.466%39380) X 1073eV? (2.4%)

Inverted hierarchy:

Qméz = —(2.571%0:960y » 10=3¢Vy?2

2.3%
)

RENO
@ Neutrino2022 (~2900 d)
sin?26,,=0.0892+0.0044(stat.) £0.0045(sys.) (7.0%)

|am2,,|=2.74+0.10(stat.)£0.06(sys.) x 10~3eV?2 (4.4%)

@ NuFact2023

Completed in 2023.03.16 (up to 3800 d), expect
sin?20,, :6.3%, |Am?,,|: 4.2%

Plan to reoperate the near detector for sterile v

22 23 24 25 26 27 28
|Am3,y|, 1078 eV?

Double Chooz @ TAUP2023

5in220,,=0.102+0.011 (syst.) +0.004 (stat.) (11.4%)

w/ 1276 live-days Far, 587 live-days Near
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Reactor Antineutrino flux Anomaly (RAA)

L. Wen
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Daya Bay, PRL 118, 251801 (2017)

RENO, PRL 122, 232501 (2019)



M. Grassi

Sensitivity
Design . .
(0. Phys. G 43:030401 (2016) ) Mass Ordering 3o (~10) in 6 yrs by reactor (atm.) v

JUNO

Thermal Power 36 GW,, 26.6 GW,, (26%!) Osc. Parameters Solar params & |Am?;,|< 0.5% in 6 yrs
Overburden ~700 m ~650 m SN Burst ~5k IBD, ~300 eES, ~2k pES of all-falvor v
Muon flux in LS 3 Hz 4 Hz (33%1) @10kpc
Muon veto efficiency 83% 93% (12%1) DSNB 3G in 3 yrs
Signal rate 60 /day 47.1 /day (22%!) Solar v Measure Be7, pep, CNO simultaneously,
Backgrounds 3.75 /day 4.11 /day (10%1) Measure B8 flux independently
Energy resolution 3% @ 1 MeV 2.9% @ 1 MeV (3%1) Nucleon decays 8.3x10733 yrs (90% CL) in 10 yrs
. (p 2 vKY)
Shape uncertainty 1% JUNO+TAO
~ 0, q
30 NMO sensitivity <6yrs x 35.8GW,, ~6yrs x 26.6 GW,, CE0 U 400/yr, 5% measurement in 10 yrs
exposure
JUNO-TAO

Precise measurement of reactor v spectrum

Civil 2.8 ton detector at ~44 m from reactor

construction
2013 ‘ 2022

|
‘ 2015 ’
Detector
construction

2024

Energy resolution: < 2% at 1 MeV (4500 PE/MeV)
Data-taking
Detector at -50°C (reduce SiPM dark rate) ©




Current & Future Longbaseline v experiments

> 0,3, AmZ;;, and CPV/MO measurements DUNE LArTPC, 1300 km

Super-Kamiokand
(ICRR, Univ. Toko)8

WC, 295 km




Current & Future Longbaseline v experiments

_ T2K NOVA DUNE Hyper-K | T2HKK/KNO

Beam J-PARC NuMi NuMi J-PARC J-PARC
Beam power 515 kW 700 kW 1.2 22.4 MW 1.3 MW 1.3 MW
(in 2020)
V energy <2 GeV < 8 GeV <2GeV <2 GeV
Baselines 280m/295km 1km/810km 1300 km 280m/295km | 280m/1100km
Off-axis angle 2.50 0.89 on-axis 2.50 1~30
Near Det. ND280 DUNE-Prism ND280 ND280
(on-axis) (on-/off-axis) (on-axis) (on-axis)
0.3 kt
Far Det. Water segmented LAr-TPC Water Water
Cherenkov sciintillator Cherenkov Cherenkov
SK (50 kt) 14 kt 4 x 17 kt 260 kt 260 kt

Sunny Seo, Fermilab

l

J

I

Operating until 2026

\

J

I

Construction phase

IWC detector for HK
(off-axis) 11



2] [ T T T T T T | T T ‘ T I T T T T T T ]
(0] .
[2K vs NOVA E
2 2 S —
S - L ]
g 20 -
L. Magaletti E. Catano-Mur = e =
5 T —sin’,, = 0.45,0.50,0.55, 0.60 7
2 16 — Ami, = 2.51x10‘3§V3 =
3 T2K, Super-K, IceCube: Neutrino 2022 Preliminary E - _;)_- gmg:ljt_z ATx10 eV -
%10~ NOvA: PRD 106 032004 (2022), MINOS-+: PRL 125 131802 (2020) S 4 a - .
i [T rrrr[rrrrprrrrprrrr T T E L n 62::0 7
Q = '_ 8. = — -
(\; 32 __ = T2K 2022 i Super-K 2022 === MINOS+ 2020 __ 2 12 C é 6?;75 sy:in, at best-fit ]
L _ = v Bestfit A
=, o~ NOvA2020 leeCube 2022+ Best fits ] 2 OF = T2K Run 1-10, 2022 preliminary
caen Y- O ettt L T i L1 L 1 | 1 1 L | 1 1 1 | Il 1 1 | L L 1 LT
S N ST .~ i %0 40 60 80 100 120
< L : H 4 . . .
28— i, — Neutrino mode e-like candidates
- ] [T SRR \ =
- : i _ 60-NOVA FD .
2.6~ N i - £ [ 13.60x10% POT-equiv (v) |
L Ko PP i ] @ [ 12.50x10%° POT (v 1
R o 5 [ resonoerort _
24 A R — < 501 -
L BN i - oL _
L S — /"‘ < - .E I i
- S T ——— e ] E [ ]
2ol 5, e S 90% CL. 3 | .
T Normal ordering £ 401~ 7
C ‘ 1 1 Il 1 | 1 1 1 1 | 1 1 1 1 ] Il 1 1 1 | 1 1 Il 1 | 1 1 1 1 | 1 1 ] (% : :
0.35 0.40 0.45 0.50 0.55 0.60 0.65 v _
) n ¢ i
sin6,, S 30~ N
o™ i
q) -
s | |
» P20[os —0 « =2 ' 7]
. . . . . . o = L] =TT/
L X 2 L~ Ocp cp i
»* Each experiment is limited by statistics. s s e
c .l by by by
Sunny Seo, Fermilab NNN23, Procida, Italy 0 40 o0 80 100 120

Total events - neutrino beam



T T T T T T T T T T T T T T T T

=
~

E. Catano-Mur Normal Ordering

NOvA 2020

O
o))

* New 3-flavor oscillation results:
— Am?;, = (2.41£0.07)x10-3 eV?
— sin%0,; = 0.57+0.04 , .
— exclude IH, 6 = /2 at > 30,
— disfavor NH, 6 = 31t/2 at ~20.

v
Sin“0,,
o
9]

. =
e
TEasmmammn®

o
N

T2K, NEUTRINO 2020: m BF — <90% CL --- <68% CL

NOVA: 4BF |:|s 90% CL .s 68% CL
| L . | : .
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Inverted Ordering

o
o

O Significant progress
on joint fit with T2K

& | V
= 0.5
CHE

0.4
Com | ng SOOn T2K, NEUTRINO 2020: —=<90%CL ---<68% CL
NOVA: <90% CL I:Is 68% CL
0'3— " N Ll Ll B
| , 0 U m 3 21
Sunny Seo, Fermilab NNN23, Procida, Italy 2 ?
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FC PC Up-p

Fiducial vertex, no exiting particles Fiducial vertex, exiting particles Outside vertex, upward-going

Super-K Atm. v T. Wester

Enhancement by Matter effect

T 1 15 T 1
0.9 0.8; : 0.9
P(Vu — V) 0.8 06 P(Vu — V) o8
0.7 04; 0.7
0.6 0.2F 0.6
%N N . O . 05 %N of N O 0.5 ’0’ H H
° ot 9 % Analysis improvements
0.3 70.4; 0.3
/‘ 02 —0,6? 0.2 * Expand fiducial volume (43%)
M\ . 2'1 _0;81? \ ‘ ‘ % 2'1 * New BDT for multi-ring events golreliminary
1 0 10 1 0 iE . F SK IV + T2K Runs -9 Model ]
(GeV) EGe) * Neutron tagging on Hydrogen ) 3
| : 1 1 K 3 i 40F ... MC expectation E
0.9 08 3 3 § (& . . 35t [ Inverted 3
F e 0o Pmov) fe | o SK 2023 best fit: : . Normal '
. 0.6 . 0.2; 0.6 . :
; LO. os % of 1.0, Bes * Normal ordering (Ay?=5.7)
0.4 —02F T 0.4
03 04 03 --> Reject inverted ordering
- 2:: | : . at the ~92% confidence level.
! ‘ = 0 -1t ; : . 0
1 E.,(Ge:/[)’ 10 1@ 10 . 6CP ~ -T[/2
* Am?3;;~2.4x10-3eV2 SK 2023 + T2K Runs 1-9 Model:

Ax20.-n0. ~ 8.5, CLs ~ 0.02

1
Reject inverted ordering at ﬁ‘ue ~98%
confidence level

s SK-Gd is performing as expected. NNN23, Procida, Italy



Posterior density

6CP

0

0.

0

—_

2

SK + T2K

SK+T2K preliminary, Analysis 1

1

0=

TT I‘I\[\‘HH'\I\I‘I\I\I\I\I‘H

LN B B B B B B

— SK +T2K
—T2K
—— SK (+ND)

Normal ordering
..... Inverted ordering

\l\I\I‘IJ[J\HH'HH\I\IJ'JIJI‘H

SK+T2K preliminary, Analysis 1

e,

T T T [ T T T jadfekar T Lo] T0 T T [ T 11T

- Normal ordering
=SK + T2K
< ==T2K
—SK (+ND)
—lo
=20

ammptet

\I\I‘\I\\‘\I\\l\l\\l\ll\l\\l\l‘

ok ok LSRR e VI IR SR AR

0.40

0.45

050 055 060 065 0.70

.2
sin“0,,

Posterior density

Am3, [eV?]

(Atmospheric v + beam v)

Bayesian analysis

x10° SK+T2K preliminary, Analysis 1
: T T L : SK+T2Kpreliminary, Analysisl
1010 — SK +T2K ] = A B B B LI B AL B LRI
r — T2K ] £ o — SK+TK 3
gl — SK (+ND) A S [ —TXK ]
- Normal ordering B .é 10 — SK (+ND) -
| e Inverted ordering Q r Normal ordering 7]
6} { 08‘ 8:— ----- Inverted ordering _:
. E o =
: ? e -
2 — C ]
B ] - -]
L. R B Rl bl %107 0: 2 B 5. .
?.5 20 25 30 35 40 45 5.0 55 030 035 040 60 065 0.70
A m2, (NOY/IA m2,| (I0) [eV?] sin"0,,
\ o , Thanks to
55210 ; ; ; SK+T2K preliminary, Analysis 1 ‘e
' T emaloneme ] -INCreased statistics,
50t B % 3 -Correlated uncertainties,
45k —SK(+ND) ]
—lo 1 -Broken degeneracy (matter eff.)
40 —
35 3 ‘
3006 E .
- = -CP conservation excluded at 2o
255 = -Slight preference of NO
200 ~  -Equal preference of both octant
Coovoo by by by by by 1 T
132 04 05 0.6 0.7 0.8 .
NNN23, Procida, Italy sin’6,, A. Eguch| 15



Neutrino Oscillation Physics in ~2040

K. Hiraide

Sunny Seo, Ferm

Baseline
Detector
Fiducial Vol.

POT
(run time, v:v)

Hyper-K

295 km

190 kton
water

2.7 x 1022
(10 yrs, 1:3)

DUNE

1300 km

40 kton
LAr

556/ kt. MW.yr

(10 yrs, 1:1)

ab

Scp = ﬂ:/z, 375/2
(known N.O.)

Ocp precision

Ocp COVerage
(known NO)

MO
(true: NO)

~80

7~20°

~76 % at3 o

>3.8 ¢ (+atm v)
fONmbﬁepocida, Italy

[7 o, 8 7]

6~16°

65% at3 o

>80c
for all d¢p

M. Tenti

» DUNE has

rich physics
opportunities
w/ Near Detector.

16



Nucleon Decay S. Mine

G I’a n d U n |f|Cat| O n Th EO ry 10% 10%2 1033 103 10% 109 10"
[ minimal SUG | ' |

Super-K (ruled out) Future sensitivity [90% C.L.] |
2 minimally extended SU(5) DUNE (10 yrs @ 40 kton)
5 — S
SM MSSM: my=M, ,=2 TeV, Aj=0, tanp=30 | 5 minimal S S I === DUNE (205 @ 40 kion)
] ____SUsy flipped SU(5) == THEIA (10 yrs @ 80 kton)
60 : . . 60 T T 5 SO(10): Min= G321 0 w THEIA (20 80 ki
oy : o e inimal SO(10): My,= G i
I ; P — ] 50 | . oy | (S minimal| SO(10): Mint=Gaz2 == Hyper-K (10 yrs @ 190 kton)
50 - Oy . o . = SUSY SO(10)
- . b SUSY S0(10) in 6D Hyper-K (20 yrs @ 190 kton) |
TN L i | - — — —
40 T 7 40 . a Eo:Mn=Gazzi0
6 30 T o @ 30 P N\ L Eo: Mini= Gaa —> G221
g e s T g ETE T RIRANE]  Super-K (ruled out) w== DUNE (10 yr= @ 40 kton)
o0 | o | o0 | , s | 5 SUSY SU(5) [CMSSM: c=0] === JUNO (10 yrs @ 20 kton)
e e g SUSY SU(5) [super-GUT: c#0] DUNE (20 yrs @ 40 kton)
10 f il 10 f o ’ B a mini-split SUSY SO(10) Hyper-K (10 yrs @ 190 kton)
. . 4 S
< extended SUSY SO(10) [type-| seesaw] === JUNO (20 yrs @ 20 kton)
5 S T ——
ol vy, SOFISUSYIe2 0 . . SOFTSysYsez2 IA extended SUSY SO(10) [type-II seesaw] .I THEIA (10 yrs @ 80 kton)
I
0 5 10 15 0 5 10 15 =9 SUsY 80(10)xm(1) ‘ m— THEIA (20 yrs @ 80 kton)
logo(Q/GeV) l0g10(Q/GeV) 10%" 10% 10% 103 10% 10% 10% | === Hyper—K (20 yrs @ 190 kton)

T, (years)

Currently, Hyper-K is expected to be world-leading in this measurement.

P> etn®%t>~1x10% years (3 o) < Age of the universe:

P> vK':t>~3x10%years (3 o) 1.37 x 1070 years

Sunny Seo, Fermilab 17



Y. Koshio & & W
4 20 \\L\\,‘ /j
S 12Uncertainties (SSM / experiments) 2L L W
10 T T S sin%(©,,)=0.316%8%  AmZ,=(7.54'319) 10%eV* sin*(®,,)=0.0218+0.0007 N
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Neutrino energy (MeV) & | ° e ] ~1.50 tension
2 o :
CNO =0 is disfavored by BOREXINO at ~7c. T @ o ]
' | ' f ] .
o | 2 Ercriin Nature, 496 (2018) 505 — | TR o Prospects \
« Solar 1 SN T
Metallicity - so.ief 5 T 2 * Resolve(?) solar dm? tension
5 7 ~ Borexino by JUNO & DUNE
8 45x10°| ; - .
o . * More precise measurements of CNO v
_— Hard to judge from
_— . ) i
40x10°F  SSM-LZ current neutrinoldata. \ hep v detection by HK & DUNE /

108 4 x 108 5x 108 6x 108 7 x 108

&, (om2 ) ** SSM-LZ is disfavored by BOREXINO at 3.10.'¢

Sunny Seo, Fermilab o



SuperNova v J. Migenda

** Next Galactic SN burst could happen any time. 2 We should be ready.

+ 1, from Hyper-K We learn

* Direction
* I/e from DUNE ‘ e Distance

* SN Model Discrimination
. Z v from JUNO (v — p scattering) & DARWIN 0 Bueriie Buerie

- Different detectors
complement one another.

/SNEWPHY \

* simple and unified interface to
Event Generator

. SNOWGLOBES hundreds of supernova simulations.
- Im prOVEd SN alarm SEIGCiOTSINUEIon (1 smearing matrix per * large library of flavor transformations
9 SN EWS 2 O detector & channel, -
SIESYS 140 ’ relates E. 10 Eobs) that relate neutrino fluxes produced

Reconstruction in the supernova to those reaching

Ka detector on Earth. /

Software matters! *°

Sunny Seo, Fermilab



Latitude [b]  Latitude [b]  Latitude [b] ~ Latitude [b]

Latitude [6;

Neutrinos from the Galactic Plane . B i
)))))))) I Ce C u b e SC]ence 20 18 IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees
@ Sciel 4 =
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lceCube-Gen2

v Gen2-Radio ®» Gen2-Optical

1 km

Gen2 Goals:

-- X5 sensitivity w/ x8 active volume
-- Identification of more astro. v sources
-- Precise measurement of astro. v
spectral power law index & flavor ratio
-- Multi-messenger v astronomy
etc.  O(10) PeV neutrinos/year

G. llluminati

® IceCube o IceCube Upgrade
o6 ® .. e * * 5 ®
..o.'........' L ]
s o '® » * €i'e i g [ ]
s S o . + IceCube Upgrade:
A X Start drilling in 2024-25,
e o A E S deployment in 2025-2026
250 m

:3;‘ ICECUBE UPGRADE OPTICAL SENSORS

| o0Q
F'DEIM‘ "..‘
T d 100 &/
P @
; 21

1600 m

2600 m




M. Spurio

ANTARES/ KM3Net

* ANTARES: first undersea Cherenkov detector (2006-2022)
* Demonstration of the great potential of deep-sea Neutrino Telescopes
* Excellent angular resolution, view of Southern sky, competitive sensitivities
* Constraints on the origin of the IceCube signal
* Hint of a Galactic neutrino diffuse emission
* Last results and legacy program to be pursued in the coming year

* KM3NeT: phased approach to next-generation neutrino telescope
by 2028
* Deployment of detection units at a good pace.
* Now: KM3NeT/ARCA 28 strings KM3NeT/ORCA 18 strings

* KM3NeT/ORCA and ARCA combine a rich neutrino physics and
astrophysics scientific scope, from MeV to PeV energies

* Unique infrastructure for multidisciplinary program.

/Jong! e
KM3NeT: 6 strings operating g
stably for one year
* ARCA (Astronomy) @French se
-- 115 strings, 18 DOMs / string
-- 31 PMTs/DOM (Total: 64k*3” PMTs)
* ORCA @Italian sea
-- NMO+ v properties

ARCA

2020 2021 2022 2023 2024 2025

NOW
ANTARES legacy papers

I
ORCA ARCA
completions

ANTARES

decommiSSioning M. Spurio: ANTARES and KM3NeT @NNN23

ORCA

200 m




Quantu m Gravrty G Amelino-Camelia

** In some quantum-spacetime/quantum-gravity
models, particles couple to quantum degrees of
spacetime in ways that are roughly analogous to
ordinary dispersion of light in certain materials

% the needed sensitivity could be reached by studies of
in-vacuo dispersion of particles observed from very
distant astrophysical sources, like GRBs...
2 decades of testing

 Had been searching QG from GRB gamma-rays
 Has found opportunity for QG from GRB neutrinos
 However, IceCube has found no neutrino from GRB
- Neutrinos might be delayed by 10 min due to QG.
— Found non-random signature
- Will apply this technique to IceCube Gen-ll

Sunny Seo, Fermilab NNN23, Procida, Italy
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Direct v Mass Measurements

Tritium 3 Decay  Qq-value (E,): 18.57 keV
Tl/z (3H) =12.3 yrs

*2019

*2025

Experimental efforts

Electrostatic

QTNM
il filter (MAC-E)

Project-8
(Tritium)

Ev‘;"

KATRIN

:m, < 1.1eV (90% CL)
*Current: m, < 0.8 eV (90% CL)
: m, <0.3 eV (1000 days)

KATRIN++

KATRIN (Tritium)

(Tritium)

Cyclotron
Radiation

\

Phonons }

*Current: m, < 186 eV (90% CL)
*Challenge: large volume (~m?3) atomic tritium trap

B-field homogeneity at the 107-level
*Goal: 40 meV

NNN23, Procida, Italy

T. Lassere

KATRIN++:

R&D (3H atom, MMC)

m, < 0.08 eV (90% CL)

by differential measurement

—

Holmes
(Holmium)

B

TES

183Ho 4+ e » 163Dy* + v,
163Dy* 5 163Dy+ E,

ECHo
(Holmium)

[ ]
MMC

*Prototype: m, < 150 eV (95% CL)
*ECHo-1k: 20 eV (sensitivity w/ 60 pixels)
*ECHo 100k: 2 eV (sensitivity w/ 12k pixels)
*Goal: sub eV (10 MBq = 10° pixels)



O\/ﬁﬁ Overview /EI Sizeable backgroum
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W
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—————— ¢~
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n | p

® observation of Ovf decay would ..
a. ..prove lepton number violation (LNV)

b. ..identify neutrino as Majorana particle
[Schechter, Valle, PRD 25 (1982) 2951]

c. ..determine effective Majorana mass

\_ i
1

e several sub-tone scale searches ongoing

o  Ge, LEGEND-200 (140 kg)
o 13Te, CUORE (206 kg)

o 1%Xe, KamLAND-Zen (745 kg)

Detection
Isotopic Efficiency

Abundangxk\

T,);(exp) ~ae

Detector Mass

MTL/ Time
bAE

/A
Energy

Background level Resolution
(count/keV kg year)

O “zero background”:

MT
T, (exp) ~ ag ——
\ ey /

C. Wiesinger

quasi-background free «------- |

— bAE=0.1cts/t/yr
{-- bAE=10cts/t/yr &)
et

T12 sensitivity
1

exposure (t-yr)

Mgy = me/\/ng:Mle,2

e tone-scale era about to start (see talks by R. Brugnera, R. Tsang, M. Girola)

o  probe full inverted ordering scenario

o test significant normal ordering space

25



source = detector concepts

monolithic scintillation /
ionization detectors

granular semiconductor /
cryogenic detectors

tracking
calorimeters

AXEL, DARWIN, EX0, JUNO, KamLAND-Zen,
LiquidO, LZ, nEXO, NEXT, NvDEx, R2D2,
THEIA, Panda-X, SNO+, XENON, ZICOS, ..

AMORE, BINGO, CANDLES, CEDEX, COBRA,
CUORE, CUPID, CROSS, GERDA, LEGEND,
MAJORANA, SELENA, ..

NEMO3, SuperNEMO, ..

Future ton-scale detectors
R. Brugnera

®Ge (92% enr.)

R. Tsang

10%°

Discovery (50% chance for a

nEXO (10yrs)  ™**XeTPC

—
10295— iz ’_,f
3 -
0 - LEGEND-1000 .
7172 = 1.35 x 10% year. (90{) cL 2 mp =184+ 13mev_— - .-
712 = 7.4 x 10%7 years (30 discovery) | e
_ 8 FLEGEND-2007 |
‘ " (mgg) = 8.2 meV (median) S b z S
1 ;GE —— Background free
(mgg) = 11.1 meV (median) = s
vl B
@ ~2040 ™ T e B

1
Exposure [ton-years]

100 .
v ~ -
10-1 _// GERDA (2020) _»" 7/
= =] LEGEAID
€ 1024 =
o
)
3
1073 4 &  —— normal ordering
/°' —— inverted ordering
/
107! 10°
i 3 (eV)
M. Girola
CUPID (10 yrs)  Li'%Mo

Ty}, > 1027 (30), mpg ~ 12 — 20 meV

"B < 107 *cts/ keV / kg/ yr
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X-section Measurements Y. Hayato

1. Neutrino nucleus interaction measurements are really important
for next generation neutrino experiments.

2. Currently, there are many activities on measuring x-sections.

3. So far, we have troubles on CCQE, resonance production, DIS and nuclear effects.
- We hope the discrepancies in these measurements are resolved
by new experiments and collaboration w/ theorists.

- Inter-collaboration activities are crucial.

MINERVA D. Last

1. MINERVA results can address question raised above.
2. With MINERvVA’s data preservation product (reco, tools needed to measure x-sec),

you can as well answer question raised above.



MicroBooNE

Lu Ren

MicroBooNE has completed data taking with 1.56x10?! POT BNB data and
2.37x10*! POT NuMI data collected

First low-energy excess results show no evidence of excessive electron- or photon-like
excess to explain the MiniBooNE anomaly
Full 3+1 oscillation analyses were carried out to interpret the MicroBooNE eLEE

results under a sterile neutrino oscillation hypothesis

Progress on precise neutrino-argon cross section measurements in the last few

years
More exciting results from MicroBooNE coming soon

Events Observed / Predicted (no eLEE)

2.54

2.04

1.5 1

1.0 1

0.54

@ MicroBooNE Observed
Non-ve background
Intrinsic ve

— =¥ Total, no eLEE (x=0.0)

- Total, w/ eLEE (x =1.0)

lelp CCQE leNpOmn 1eOpOn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

(eVv?)

2
41

Am

10%E
F 95% CL
exclusion
limits
10
1
- MicroBooNE
-BNB Run 1-3
' 6.369 X 10#' POT
10_1 Lol T | PP S
107 107 1072 107" 1

sin’26,,

B LsND 90% CL (allowed)
LSND 99% CL (allowed)

= MicroBooNE 95% CL (BNB data)

- . 2
profiling over sin“6,,

Ve appearance
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Short Baseline Neutrino (SBN) Status @Fermilab

SBND MicroBooNE ICARUS
(2024) (2014-2020) (2021-)

B. Howard

M. Nebot-Guinot

0| M. Del Tutto,
m 110 m 470m 600m 0 2t

* Detector installation: 2023 «— systematic
e Lar filling: end of 2023 Constraint

C e (~% level)
e Commissioning: early 2024

ICARUS  * Detector installation: July ‘18 -’19

* Detector commissioning: 2020

e 15t Physics data: June 2022

* Has been taking data for 1 year so far

(600 m, 476 ton)
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Drift Velocity [cm/us]

B. Howard

BNB and NuMI Beam

BN

= NuMI Delivered: 267.0 E18 POT

- BNB Delivered: 207.2 E18 POT
= NuMI Collected: 255.8 E18 POT
200/ = BNB Collected: 197.2 E18 POT

ICARUS FY23 beam run

+1 month of physics
running in June 2022

Jan 012023, Sun Feb 012023, Wed Mar 01 2023, Wed

ICARUS data

Drift Velocity vs. Temperature (Least-Squares)

® East
0.1574 1 ® West
—— Regression
0.1573 4
0.1572 1
0.1571 4
0.1570 4
. .
Preliminary
0.1569 4 T T T T T T T
87.68 87.70 87.72 87.74 87.76 87.78 87.80

Temperature [K]

‘Apr 012023, Sat

Area normalized

May 01 2023, Mon Jun 012023, Thu

NuMI 5.18E18 POT (10% of Run1)

0.16
| Data (On-0ff) [Jl] Simulation
0.14 -
0.12
ICARUS Preliminary
0.1

Looser selections

0
0 50
Muon candidate track length (cm)

100 150 200 250 300 350 400 450 500

M. Nebot-Guinot

SBN sensitivities for 6.6 €20 protons on the BNB target as per SBN proposal.

SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)

SBN Preliminary SBN Preliminary SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)
2 2
~10°F LI L o e L ) S B L) B S B —~10°F T T T T T T T T T
X E " E N F Injected Point q -
> £ 1 > E s : = ! B
[ r o Injected Point, ] 0 [+ sin20,,=007 B
~ - N + S8 20003 - ~ . Am, = 132eV? i
— L . sin"26,,. = 0.003, — [
N Pl 2 2 A A e 90% MINOS/MINOS+ it
= - Am?, =132V g o S S )Jj
10 " — 10 90% MiniBooNE/SciBooNE. - 7
< E 3 < E - 90% lceCube R (
E L AT e MiniBooNE (v) 9% CL 7] F - 99% lceCube
[ R - - - KARMEN 99% CL 7 r
L : 4 L
N SND w/ DiF 99% CL ;
- [ 55BN Sawsys 7 [ [ 50 SBN StatsSysi ™~ -
[ 1 [ 070 50 SBN Stat-Only
—1] — —1 —
1 0 E 50 SBN St S: =) 10 E U =
E — 50 SBN Stat+Syst B F = 50 SBN Stat+Syst e N
[ === 99% SBN Stat+Syst ] [ — - 90% SBN Stat+Syst Sl ]
=== 99% SBN, Increased POT Projection: B [ — - 90% SBN, Increased POT Projecton:: . g
[ SBND (9¢20) MicroBooNE (13.2¢20) ICARUS (14¢20) 3 [ SBND (9¢20) MicroBooNE (13.2¢20) le’AKU,S: (14e20) \.\ ]
10—2 Lol Ll co vl L 10—2 ol ol | LT
4 -3 2 1 -3 ) 1
10 10 10 10 2 1 10 10 10 5 1
sin"20,, sin"26,,

Ve appearance

v, disappearance

SBND: 7k

SBND Simulation
CC Exclusive Channels
vy CC Om, 4.3M Events
v, CC 1n*, 0.9M Events
v, CC 1n°, 0.5M Events
vy CC multi-pion, 0.4M Events

Event Rates for 10 x 10%° POT
in Active Volume (80m?)

GENIE v3.0.6 G18_10a_02_11a

Muon Neutrinos

°
A
o

o
o
@

e
o
=

Relative Event Rate / 100 MeV
g g

e
o
QO

0.5

1.0 15 2.0
Neutrino Energy [GeV]

2M v, CC events in 1 year

2.5 3.0

v/day

neutrino-argon cross-section physics program

©
=
o

e
o
©

e
o
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Relative Event Rate / 200 MeV
g g

e
o
S

Electron Neutrinos SBND Simulation

CC Exclusive Channels

ve CC Om, 27k Events

Ve CC 1n*, 8k Events

ve CC 1n°, 4k Events

Ve CC multi-pion, 6k Events

Event Rates for 10 x 102 POT
in Active Volume (80m?)

GENIE v3.0.6 G18_10a_02_11a

2 3 4 5
Neutrino Energy [GeV]

15k ve CC events in 1 year




Efforts to Reduce Systematics for

future LBL experiments

< ND280 Upgrade(++) ’é E“‘;m
’:’ IWCD . Ualmazzone

< ENUBET: F. Terranova
-monitored neutrino beam
- to improve x-section measurement
- by having v flux uncertainty < 1%

Sunny Seo, Fermilab NNN23, Procida, Italy

Good ideas
& beautiful talks!
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Al/ML in v Physics

« A Multipurpose Graph Neural Network for Reconstruction in
LArTPC Detectors. Adam Aurisano

« Deep Learning techniques to search for rare processes in
LArTPC-based neutrino experiments. Daisy Kalra

 Machine Learning Techniques for the Event Reconstruction:

the JUNO Experiment. Arsenii Gavrikov

Sunny Seo, Fermilab NNN23, Procida, Italy
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Summary of Summary

[ Remaining puzzles in PMNS matrix would be resolved within 20 year+.
DUNE, Hyper-K and JUNO

U Tensions in Sterile v search experiments should be resolved.
LSND, MiniBooN, MicroBooNE, (ICARUS, SBND); Nu-4, BEST

( Absolute mass of v is expected to be measured by KATRIN at mg < 0.3 eV in a few years.

Project-8 would measure it at 40 meV level if their R&D is successful, but very challenging!

HOLM and ECHo are also promising technologies and could reach sub eV.

 Dirac/Majorana nature of v is very important, and | hope it to be answered
by the next generation (ton scale) OvB[3 exp.  LEGEND, nEXO, CUPID etc.

 Astrophysical v: need bigger detectors to be a true neutrino observatory
& multi messenger lceCube-Gen2, KM3NET

v X-section: help reducing sys. uncertainty. Channel for new physics search.

O Apply Al/ML technigue to almost everything you do. 33



