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Outline of the talk

Introduction
* The physics case of Neutrino Oscillations
* What happened in the recent past
Next generation experiments (with a focus on INFN activities)

« JUNO
e KM3NeT
* Hyper-Kamiokande
« DUNE
Sterile Neutrinos
* |ICARUS

I'm in debt with G. Collazuol, R. Coniglione, G. Cuttone, G. DeRosa, M. Grassi, A. Guglielmi, E. Lisi, A. Longhin, L.
Ludovici, L. Patrizii, G. Ranucci, M. Spurio, L. Stanco, C. Touramanis for the material and useful discussions.

<R



SFIBE

Neutrino Physics in the past 20 years

2004 2024

SOLARS+KAMLAND SOLARSKAMLAND) 2 SOLARS+KAMLAND SOLARS+KAMLAND
811’1%2 @ Bmff(h/.l)ufe\i e12 @ 0.2 <5i’(9,) <05 8m12 @ dm’ = (7.41+-02)10%V? 012 @ Sin'(6),,) = 0.303+-0.012
ATMOSPHERICS ATMOSPIIERICS 2 LBIAATMOSPHERICS LPL+ATMOSPHERICS
6m§3 @ B2, =(2.0+/-0.4)10° oV 923 @ 0.9 <if2B ) <1 81‘1’123 @ dm’= (2.514-0.03) 10 ¢V 623 @ ()TN
9 s O c:tj)(i/;;,olmlx 6 13 @ 0 15 =8.54"+/-0.11
dcp (D Mass hierarchy () Acp (D Masshierarchy ()
BETADECAY ENI) POINT BETA DECAY END POINT
va O Im, <66eV Emv O Tm, < 0.8eV(90%CL)
Dirac/Majorana () Dirac/Majorana ()
Apparently not a great record (but have a look to the greatly increased precision).
So why several thousands of physicists are joining next generation long baseline experiments,
which are among the priorities in hep in many countries (ltaly included)?
Let’s have a closer look to the achievements of neutrino oscillations physics

_ - _ _ _ _J
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Major achievements in neutrino oscillations

See also wikipedia page: Oscillazione dei neutrini

)
. : : :
Before 90’s: detect!on of Sola_r Neutrinos (Homestgke) and detection Low energy neutrino astronomy remains a
of SuperNova neutrinos (Kamiokande), awarded with the 2002 Nobel pillar of the physics case of the far detectors
Prize to Ray Davis and Masatoshi Koshiba “for pioneering contributions of Long Baseline neutrino experiments
to astrophysics, in particular for the detection of cosmic neutrinos " )

1998: Super-Kamiokande discoveries neutrino oscillations by

At the same conference, Chooz reported
studying atmospheric neutrinos. Awarded with the 2015 Nobel Prize

no evidence of reactor v,disappearance

while MACRO reported a ~2.5c signal of to Takaaki Kajita "for the discovery of neutrino oscillations, which
atmospheric neutrino oscillation shows that neutrinos have mass" /
_ _ _ Gallex/GNO at LNGS had provided a
2002: SNO provides a model independent signature of solar model dependent evidence of solar
neutrinos oscillations. Art McDonald shares the 2015 Nobel prize. neutrino disappearance

4 2012: the reactor experiments Daya Bay and RENO provide the
first observation of a non-zero value of 643. Awarded with the EPS-
HEP prize in 2023. For a longer discussion of the 645 saga you can
read the long citation of the prize. SK, SNO, Kamland, Daya Bay

\_ and T2K awarded with the Breakthrough prize 2016 /4@

T2K and then Double Chooz reported
early indications of non-zero 6,3 values



https://eps-hepp.web.cern.ch/eps-hepp/PrizeAnnouncements/hep2023/EPS_HEPP2023_long.pdf
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... from the photo album.

M. Koshiba at Neutrino Telescopes 1988

Ray Davis with Milla Baldo Ceolin at

Neutrino Telescopes 1990 INFN
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Why neutrino oscillations matter

| Neutrino oscillations = neutrinos are massive (Am2#0) | v Ui @l selehnetar nosiliel. e Bt 2 ey e

cosmology
In two v generations (a,f flavor, i,j mass eigenstates): * Acrucial test of consistency
Amiz-(eVz)L(km) Standard model of i Standard model of
. . j particle
P(vy = vg,a # B) = sin® (zeij) sin?(1.27 EGeV) ) physics cosmology

In the Standard Model neutrinos are massless

* Absence of right-handed neutrinos = no Dirac mass for
neutrinos

* Lepton numberis an accidental symmetry at the But...

renormalizable level 2 given SM fields and gauge symmetry, Cosmology measures Zmi

lepton number cannot be violated at dimension 4 - no

i
) Double beta decay measures ‘Z ugm
Majorana mass can be generated T

N =

Direct searches measure (Z|U§i|mi2>

i

To single out individual neutrino masses you need to
measure neutrino mass ordering.

A

New physics is required to give mass to neutrinos I
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What v oscillations still have to say about v masses

. . . . m, 2 2
Neutrino oscillations cannot measure absolute neutrino N o Y~
1 Q . e :.' - 2 sol
masses, but can determine their pattern by measuring neutrino o)
mass ordering (NMO) and the octant of 0,5 (which decides if v5is .
. VC
2
mostlyv,orvy) . (b
........................................ i (bm),
10" | | I 10" | Ve
a w ,»:[ ‘n
10 c=> 10 g
10 [ E m 10 [ E m (m?
fe. P (Arnz)
8 2 8 2  — (my) e e
107 -o_ 10 [~ '5_ 1 ms
Q [«2) normal hierarchy inverted hierarchy
6| 2 6| D |
10 . _g 10 . g Neutrino mass ordering: normal (NO) or inverted (1O),
; [3) ; [3) measurable by Long Baseline experiments (the 1-2
2 10t — 2 10t — ordering already decided by solar oscillations)
a a
= 2 E 2
E 107 - 10° o
923 > 45 L ® ol
100 I ] 100 — — quarks
2 23 » Fed
21 _ 2 c |
10 10 =
5 13- ] o
10-4 L — 10-4 L d:’ — leptons
1l 1l
10° 10° ) 10" 10”
generation generation %y
The neutrino mixing is also very different from quarks
From T. Schwetz talk at EPS-HEP 2021 INFN
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Why 0,5 matters

without knowing the 0,3 value:
A “small” 0,3value (+2) would have made

need for new concepts as neutrino factories

have been almost impossible.

No way to decide the next generation LBL strategy

conventional neutrino superbeams (the same
neutrino beams of the '70s + brute force) useless:

or beta

beams. Neutrino mass ordering searches would

+ Best fit

disappearance by reactor o

experiments it breaks any 043- i o
Ocp degeneracy in LBL o
experiments and greatly
improves their sensitivity

As measured via V. £ F ~

PG 0,
— 90%
— T2K+PDG 0,

T2K: Eur.Phys.J.C 83 (2023) QD

The Jarlskog invariant in neutrino oscillations:
J, = sin 0,5 cos? 0,5 sin 6, cos O, sin O,3 cos 0,3 sin & cp

has a maximum value about three orders of magnitude bigger
than the invariant in the quark sector
Jy(max)=3.2 - 1072

Jquark= 3-8 * 10_5
opening the possibility of a role of neutrino oscillations in

explaining the matter-antimatter asymmetry in the Universe
through Leptogenesis.

This enhances a lot the interest in measuring the CP

phase dcp

N



Three generations of Long Baseline Experiments

Long baseline experiments produce intense v, (v,) beams and detect them at
the maximum of atmospheric oscillations.

Leading process are v,>v. oscillations, and so v, disappearance, allowing to
measure the atmospheric parameters 0,3 and Am?,3

Subleading process are v, > v, oscillations, sensitive to 013and cp

Disappearance formula
2
Ams5;L

4E.

P(v, »v,) =1 —4cos? 0,3 sin? O,3[1 — cos? B; 3 sin? B, ] sin? |

First Generation: K2K in Japan, aimed to confirm the Super-
Kamiokande results with accelerator neutrinos by detecting v,
disappearance.

Second Generation: Minos in the States (v, disappearance) and
Opera at CNGS (v, appearance), aimed to improve the Super-
Kamiokande results.

Third Generation: T2K in Japan and NOVA in the States.
Sensitive to subleading processes, aimed to measure 043 and
constrain CP violation in the leptonic sector.
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Subleading v. appearance formula

Am2,L 2
p(V, — D) = 4c?y 57,52, sin’ ZL]; X {1 + ﬁ(l - 25%3)} 613 driven
13

Am2.L Am2.L Am?,L

Z%g sin ;néf sin ZLEl‘Q CPeven
AmZ, L . Am2,L . Ami,L
15 sin W5 sin B

2 y :
+ 8cT5812813523(C12C23€080 — S12813823) COS

+ 80{3012623812513323sin 4 sin CPodd

2
miyL

2 22 2 2 2 2 : :
+ 4dsiycis{ci3cos + $T0555573 — 2C12C23512523513€0S0 } sin solar driven

Am2,L sin Am3,L aLl

- 2A s L. . ny
iE B 4E(l 2s75) mattereffect (CP odd)

2 2 2
T 8clo573553 COS

= 250 km | (ER Ao ierator

735 km — F

*T‘T’:—/\/’/\J\jﬁ\j«f’\/‘ {t_/_\_f'?;;r’ﬂ, oy m

295 km Cr—




Observation of Geo Neutrinos

Events/240p.e./252.6ton-year
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Furthermore wonderful results by Borexino

8r
E L] Borexino data
75 best-fit
G;_ reactors V,
5:; s "\ contribution from geo-V,
4R - background
050() 10|00I = :I‘ISIOOI o IZOIOOI - I25|00I I I3000 : 35I00

Light yield of prompt positron event [p.e.]

_—

Solar fusion processes
Neutrino emissions of all the solar fusion processes.
Awarded with the EPS-HEP Cocconi price, 2021

N
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10 il | | | ! \ T » _| LIRS
= 21 10
. E PP _2105.0 |C
3 g5 BI -~ pile-up
z Be — o Kr ----ext bkg
8 15 —He
,8- g ; , — Total fit: p-value=0.7
_%1 0" i ‘
= Lo, ..l g
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Lu : \[ ||"
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$in’20,,= 1.0
sin’20,,=0.1
Am2,=24x 107 eV?

| |
T T

0.5

T2 The T2K experlment

* T2K: Tokai to Kamioka (295 km baseline) . 7 mﬂlll///!///. | 01

I

Pv,—v)

. . - —NH,=0 —-THd,=0

* Running since 2010 1? — NH, 00 =n2 —-TH, b0 =2 1
» ~575 members, 75 Institutes, 14 countries =0 7
=¥ ]

* Firstindication of 64320

* Precise measurements of the atmoshperic
parameters 0,3 and Am3,

* Constrain the CP violation phase d¢p = —

* Neutrino cross-section measurements . R e T .

accelerator, 2

n

@2%km (A U

I
mNolg?t?)r/ Vu Far detector
77777777777 ino beamline \ P (Super-K)
A ‘
280m 295km\

o " ==
Upper dome of Super-K

Electronics hut

Control room

LINAC for |,
calibration

41.4m Water and air
purification system
1,000 m under the Ikenoyama-Mt.
Pure water 50 kton of pure water
target 22.5 kton of fiducial mass

~11,100 inner detector (ID) PMTs (20")
1,885 outer detector (OD) PMTs (8”)
direction/particle ID based on pattern

Barrel ECAL for vand
p decay

~—
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Present status of neutrino

The different contours correspond to the two-dimensional

allowed regions at 10, 90%, 20, 99%, 30 CL

| NUFIT 5.2 (2022)
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Main goals of next gen experiments

CP violation: 5¢ sensitivity for the widest possible range (= 50%) of dcp values

Mass Ordering: decide between Normal and Inverted Ordering at 5¢

Precision physics/Exotics (next slide)

Astrophysics: the gigantic far detectors are excellent observatories for rare decays and astrophysical
measurements

<R
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Precision physics > new physics

For instance by studying non-unitary leptonic mixing matrixes (LMM)

1
) Future: Disappearance, Appearance
44 5
3n/2-
g 0 2 op
[l
S B e
3 U 2Uv".3 . — _ 72 T3
I 023 + l]/nzg — —lﬁ(]gd P23 + 2"]723 [{eQU;?, I
R R s g . U 5 0 5 10
7T/2 — P23 023
From Phys.Rev.D 102 (2020) 11, 115027.
y Data are simulated with a non-unitary LMM, but analyzed assuming it is.
Current
0 Future | | |

0.3 0.4 02. 5 0.6 0.7
S1I1 923
Current and future fit to atmospheric and
CP oscillation variables, assuming as true

value the best fit of present data.
From Phys.Rev.D 102 (2020) 11, 115027.

PT Lecce, 14 giugno 2024, Mauro Mezzetto




The JUNO experiment

Jiangmen Underground Neutrino Observatory, China, v, disappearance at reactors, 53 km baseline.
Liquid Scintillator Detectors

Target Energy 0
mass resolution (o) Photo coverage: 78%
Daya Bay 20 ton 8%/,JE 1:60p..
Borexino 300 ton 5%/\E
KamLAND 1000 ton 6%/E
JUNO 20 000 ton 3%/\JE

74 institutes (8 INFN)
17 countries/regions
~700 collaborators

Signal rates

Neutrino source Expected signal
Reactor 45 evts / day
Supernova burst 104 evts at 10 kpc
Diffuse supernova background 2-4 evts/ year
Sun 8B ("Be) 16 (490) / day
Cosmic rays 100+ / year
Earth crust & mantle 400 / year



JUNO far and close detectors

Far Detector

Top Tracker

| Pure water Room

Calibration Room ‘

LS-Filling Room ‘

Earth Magnetic

Field shielding Taishan Antineutrino Observatory (TAO): a high
coils energy resolution LS detector at 30m from the core.
Central detector: 778 To measure the fine structure of the reactor
« 20kton LS _//, Acrylic Sphere : @ 35.4m | X neutrino spectrum, and eliminate the model
. A I h T SRR e e TR, X .
crylic Sphere N dependence of JUNO NMO determination.
e Steel structure A
<
PMT: § CLS A/CU . ':I::::“:
" cintillator
* dsols 2,? PMTS | o 3 = - Top Shield (HDPE)
25600 3" PMTs & o | I——
* 78% Coverage | Water Tank
WCD: © o — Overflow Tank
* 35 kton Pure water s L LAB Buffer
* 2400 20" PMTs L Gd-LS
- Cooling Pipe
= < i Cu Shell
SiPM Tile
(4] O &+~ HDPE Support
| Acrylic
Vessel
& . — SS Tank
~ Insulation (PU)
| Bottom Shield

PRITERE ............. ST o @



Arbitrary units, [MeV~!]

Oscillation probability

Pw,—rv,)|l=1

sin? 20, ¢} sin* A,

Sensitivity to NMO vs DAQ time

Reactor Ve signal IBD event number (x103)
50 100 150 200 250

—[sin®20,, (0122

T — T T T T T

:’Parameter shift: ’
[ +30 of PDG2020 ]
I —30 of PDG2020 |

X 103: N L L L L L
v spectrum —— No oscillations
80 1
----- Only solar term
— Inverted Ordering
60 —— Normal Ordering
40 1
201 [ NN
0 1 1 1 1 1 1 1 1
10 1 T T T T T T
0.5 1
0.0 T T T T T T T

sin® Ay, + 57, sin” A32)

Neutrino energy [MeV]

Expected 3o sensitivity in 7.1 years.

E 1 |aE
[ 1=
1 I P
—— NO: stat.+a|lsyst.7 g 1
—— 10: stat.+all syst.
————— NO: stat. only 1 F E
c ! ! ! 1 | 10: stat. only r ]
02 AT e 10 12 14 16 18 20 an A m o
JUNO and TAO DAQ time [years] <El <E' :Z ,SC’
<
To measure NMO: decide if the s
. . 2]
oscillation pattern corresponds to the 9
blue or to the red curve. Requires high E
statistics and extreme control of the %
energy scale. g

=
o
4

=
o
°

o
o
A
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Detect for the first time solar and atmospheric oscillation modes simultaneously

From the detected spectrum is possible to

extract several oscillation parameters...

... whose accuracy will exceed
present values

100 days 6 years 20 years
T i T
[
(S
S T
ot U TTETE— e,
[ — Stat+syst.  eeiTT—e”
N E e Stat.only 1T T,
o f ‘ 1
% ® L/mi *  Am3 :
2| | sin2912 ® 5in2913
= ! :
102 10° 10

JUNO data taking time [days]

Chin. Phys. C, 123001 (2022)



INFN contributions to JUNO | WEIRE

_ Distillation (for heavy

= impurities) and stripping (for
& * __ gaseous impurities) plants for
Y .- liquid scintillator purification -
=7 designed on the basis of the
Borexino experience - built in
I Italy and now installed

i commissioned and ready for
¥ operation at the JUNO site

1

Global control units GCU
for read-out electronics
All 7000 boards already
produced, tested and
assembled in the Under
Water Boxes (submarine
electronics) - 35% of
them already mounted in
the detector




1000 read-out boards for
the TOP Tracker
(retrieved from OPERA)
electronics already
produced tested and
delivered to the JUNO
site — installation
foreseen in the Fall — last
item to be installed

-In addition, 80
concentrator boards to
collect their signals

Trigger units for the
global trigger
generation —
produced, tested
delivered and
already assembled
in the JUNO
electronic room

INFN contributions to JUNO II WFIRE

Other JUNO involvements
-Radioactivity control and
screening of materials -
Nuclear Activation Analysis
of the liquid scintillator
-Computing (also CNAF)
and realization of the DCI
Distributed Computing
Interface

- Geological modeling for
geoneutrino signal
-Laboratory
measurements for liquid
scintillator properties
characterization

-Study of reactor
antineutrino spectra
-Increasing effort for MC
and analysis in view of
data taking

Moreover for the JUNO_TAO
near detector

-Selection and contribution to
purchase and
testing of

the read-out
SiPM - 4000
units in total
-Design of the

Front-end boards and ADC
boards of the related read-out
electronics

-Prototyping done and ready for
mass production

Sezioni INFN in the
Collaboration :

Catania, Ferrara, Frascati,
Milano, Milano Bicocca,
Padova, Perugia, Roma Tre




=
Optical Sensor ,
(DOM): g
31 PMTs (3") o

2016 and 2020 ESFRI Roadmap
KM3NeT4RR: KM3NeT for Next Generation EU (PNRR)
14 countries, 47 institutions (8 INFN), ~ 300 collaborators

etector Unit ' s
(DU): 18 DOMs

Status:
ARCA: 28 DU deployed
ORCA: 23 DU deployed

e il .. ARCA
a5

ARCA (Astroparticle Research with Cosmics in the
Abyss) Teom |

e Depth ~3500 m

e Two blocks of 115 DU each (130 fun: J“"“
e Average distance between DU~90 n

e \Vertical distance between DOMs ~36 m

—Volume {05 x 2 Hhme—————————

ORCA (Oscillation Research with Cosmics in the

P, = i

Abyss) ]
e Depth ~2500 m
One block of 115 DU (50 funded) I"’”‘

[
e Average distance between DU ~20 m
e Average vertical distance btw DOMs ~9 m

_’Rj

L SIUBIIV @aVaiTy | IUUIV b iveaTiilv
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- 0001
ARCA - status and future plans ORCA - status and future plans

Current status 28 DUs deployed Since the 4th of June <~ 23DUs deployed

. added 4DUs
27 DUs taking data . ( ) Funds
Next sea campaign
. Almost completed node 1 (24DUs) Funds already available for ~50DUs
’ Septe?mber sea campaign - Recover the not - Extra internal French funds promised <+ in total
. A working DU and add ~19 DUs <+ ~46 DUs ~70DUs
First block = . @ & _
. ymy : Plan for a request of external funds = in total

o ~90DUs

Pg*

e Yopic If all funds are available completion (115DUs) is
Funds 9p13 pz%i planned for 2028
8 \p3d
Funded already 125DUs (1 full building block + The new
10DUs of the second block) strings

New request for funds on going = in total 150 deployed
DUs + sea floor infrastructure

If all the funds are available completion
(230DUs) is planned for 2028

o = O——0——0
P101% %os 107, F6 pil2 99 98
Q g OO0~ 0/

P109911 o ppg1 104 Cpy13 1028101

o
P116 Go0—-S16_ U15 py1onts
P119 1f

&

RAB1

<R



Orca sensitivity to oscillation parameters

Am?232vs sin2023

‘ Full Statistics

Will be updated next

ICRC 2023 | #® week @Neutrino 2024
Neutel 2023
KM3NeT/ORCAG6 Preliminary
35r 90% CL
L IceCube 2023 — SK 2020
[ —T2K2020 — M NOS+ 2018
L KM3NeT 296 kton-years NOvVA
3 —KM3NeT433 kton-years
€ T
o 250
2 L
&
< 2
15 \
[ -,
o lie o Lo Lo L Lo L L s b e
025 08 035 04 045 05 055 06\065 07 0.75
P 4 sinze23 \
7
ORCAG6 DUs 354days ORCA 6 DUs 510days

JAm2,| [10° eV?]

AmZ,| 107 eV?]

03 [°]
3]5 4‘0 45 5]0: 5[5
[ sk —T2K KM3NeT
3H1{—MINOS ~ —NOvA
[ |—IceCube —ORCA /\
2'5- éﬂ)) I
, K\\Y% )
2 RS S
0.3 0.4 0.5 0.6 0.7
Sin“0,,
(a)
65 [']
3|5 ‘4!0 45 5|0: 5[5
3: —SK —T2K KM3NeT
F |-—MINOS  —NOvA
2'8:_' IceCube  —ORCA
2.6f )
24f >§ Q/
22f >
2
0.3 0.4 0.5 0.6 0.7
sin®0,,

Three years of data taking.
115 DOMs. Educated guess
about systematics

Sensitvity |0

'S

1

‘ Neutrino mass ordering

E 6 -A—Normal:Ordering KM3.A-’9T

‘..z‘ [ i~ Inverted Ordering

S i

i [ |- 8,5=180°

S [ |—BestFitdg,

g 4: est Fit

O o

= 3

p4

2
40 42 44 46 48 50
8,5 []

'B' 8 H

P e -

..;‘ [ Inverted Ordering

= 6

®

8 4l P

S~ T
Eur.Phys.).C 82 (2022) 1,26. |
025=48.6" and 5cp=221" T S S

KM3NeT Preliminary

Total now: 0.65 - 1.24 sigma | Last updated: 2024-05-27 18:29:46 UTC

data taking period [year]

Most updated prediction

- JUNO
ORCA
~ « ORCA+JUNO

On tape >

Current result ot®
-
PR o
-
l o

/
I

following the

deployment master plan,

the error band considers

~l, both NO and IO and the
range of the 0,3 allowed

= values

2 27 27 2

Date

2 20° o7 27 2

0
2%°
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An example about the many different ways to look for new

physics with oscillations at Neutrino Telescopes

.03
\5‘9 0.7 <
Present <
§\ 04 (IceCube, 0.6 %
é\‘, HESE 75.y1) . (}(
> ©
& 2

LIE (> 200 TeV)
p-damped XS
) LE(<200 TeV)
y L - !
\ %

Projected year 2040
(multiple detectors,
HESE + TGM)

0.2

0.1

All regions: 68% C'L.
Assumed v spectrum: power law

7 / / / / / / / / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Ve fraction, feq

Q.Liu et al., arXiv:2312.07649
This representation was first introduced by Fogli, Lisi et
al., Phys.Rev.D 52 (1995) 5334

Cosmic sources produce neutrinos with a
well defined flavor composition

Oscillations randomize the flavor

composition in their travel, but not
completely.

If something .hap.[)ens differentfrom
oscillations, it will modify the composition
at earth:signature for new physics

Present precision is far from enough for
these studies, but in the future, also
combining several experiments, it will be
possible to look for new physics signatures
in this plane.

The role of KM3NeT/ARCA could be crucial

<R
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Hyper-

Unified Theory the origin of CP variation

CEETTTTTT TN

3

Kamiokande

~600 collaborators
106 Institutes

22 Countries Hyper-K
(INFN: 6 sezioni~ 10% of the collaboration)

sEEEEsEEEEEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY
Inflation Baryon number production mmammglhlkumrl

TheGrand () Mixingof neutrino mass /

@
O @ 4,0 @

1073 seconds 0 ® @ ®

102c;ev 4

Supersymmetry H i Weak force
theory
trong force

ravity force

Energy emission Synthesis of heavy elements
...... from fixed stars rom supernova bursts

®annnnnns

o

1072 seconds .
Age of
1 billion years i 13.8 billion years
v the Universe ¥ 1035 years

5
105 seconds 100 seconds 380 thousand years

Hyper-Kamiokande
~2027 onwards

SuserKamlelande 260 kton (188 kton FV)

* 1996 onwards 6‘;‘, A
50 kton (22.5 kton FV) m S _

201 5 Nobel Prlze

Kamiokande

1983 - 1996
3 kton

* 2002 Nobel Prize
- Koshiba




Hyper-K detector configuration

* Inner Detector (ID) Underwater Electronicsl? OD PMT+WLS

= 64.8m diameter, 65.8m height
= 40k PMTs, 50 cm, will be installed

= 800 Multi-PMT modules will be mPMT
integrated as hybrid configuration
* Outer Detector (OD)
= 1m (barrel) or 2m (top/bottom) thick MBI 50cm PMT
= 3-inch PMT + WLS plate
= Walls are covered with high 70cm grid
reflectivity Tyvek sheets
<! v : Half coverage [~ Dolible total détection efficiency '
Excavated rock ¥ ove groun (200/0) versus 3 2 L - 3 _
Super-K but 8 [ Box&Line PMT
twice efficiency | & (Hamamatsu R12860)
o L QE 31% at peak
25 P - -
g 8 [la"  Super-kPMT AN
= 9 '4 (Hamamatsu R3600) e
T ] QE 22% at peak i
&) i l2sem) emen @25cm|
0—90—80—70—60—50—40—30—20—10 0 10 20 30 40 50 60 70 80 90 J




CP violation sensitivity

It's important to stress that efficiencies, backgrounds, systematic errors come from more than
10 years of T2K analysis efforts

Normal Ordering Inverted Ordering
18 HK 10 years (2.70E22 POT 1:3 vv) 18 HK 10 years (2.70E22 POT 1:3 viV)
N 165— —— Beam (KnownMO) e F ———— Beam (Known MO)
= [ eSm— Beam (Unknown MO) = IO s Beam (UnknownMO) 7
~— Y — Atmospherics (Unknown MO) . -~ |4 ——— Atmospherics (UnknownMO) .
= - =————— Combined (Known MO) b= - =————— Combined (Known MO)
g 12F  ceeeeeeeenee, Combined (UnknownMO) == g 12 ceeeeeeeenenn Combined (UnknownMO) ==
= o =] C
o 10 o 10
= > =
o 8 o (o) RSN SRR ., WS S—— SR . \ S ———
o = - 16
Il 6 1] G = ffimenannn FPPPTTTTTTTL e \ WY (SN W
- B -
@i) 4 o A
| k=1 -
a2 B 2N i, '
0 O 1111111|111M111111N
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Hyper-K preliminary ~ True §p Hyper-K preliminary _ True d.p
True normal ordering, improved syst. (v./V, xsec. error 2.7%) True inverted ordering, improved syst. (v./V, xsec. error 2.7%)
sin%(0,,)=0.0218 sin*(0,,)=0.528 IAm3,|= 2.509 x 10~ eV%/c* sin*(0,,)=0.0218 sin*(0,,)=0.528 IAm3, = 2.509 x 10~ eV?/c*

By combining beam neutrinos and atmospherics

* For maximal CP violation (0cp=-1/2) 50 sensitivity is reached in 3 years.
* In10years, CP conservation excluded at 5c for 60% of 6cp values.




INFN contributions in Hyper-K

HV and LV’
power supplies

2 OD front-end boards

Multi-PMT

300 mPMTs by INFN \

(project leader), 808 mPMTs
total. Derived from KM3NeT
DOMs.
Electronics
20' PMTs Front-end digitizer,
project leader, INFN design
chosen vs Japan and France.
Timing distribution
Computing
~25% computing power of
Hyper-K 2022-26 at CNAF,
collaborative tools, analysis
tools

High Angle TPCs

Just installed: two new TPCs
for the near detector upgrade

of T2K (will be part of the
near detector of Hyper-K)

Acrylic Dome
Optical gel

PMT support matri
Scintillator plate

Electronics ¢
Mainboard

Lowering bottom HATPC
202398

PMT

PMT cup

High Voltage &
Control board

Water-tight

E E feedthrough

fiKR /SR

ND280 after lowering of top HATPC
20244.25

SFIBE




Systematic Errors

T2K overall systematic errors for the v, appearance channel are 4.7% (initial goal IWCD

was 5%).
Without the close detectors they are about 13%.
Aim to reduce them to around 2% (full simulation undergoing):

« ND280 redesigned and optimized to better constrain systematic errors
(already fully in place)

* Anew Intermediate (0.75 km) Water Cherenkov Close Detector (IWCD) to =~
further constrain systematic errors (ready for Hyper-K)

* More statistics (20x T2K) will allow close detectors to constrain v-nucleus
interaction models better (no assumptions on better models)

* Gadolinium doping can enhance efficiency and purity of antineutrinos’
detection (will not be added on day one)

* Dedicated experiments like Enubet could reduce (anti-)v, cross section HK Expected event rate @10 years vs T2K today
uncertainty further. viv = 1:3(T2Kis 1:0.7), @6cp = 0
Total percentage error on sample event rates: . .
_ - v-mode, 1 ring p-like ~8800 318
p-like e-like : . -
Error model || v-mode | U-mode || v-mode | 7-mode | v-mode || v/D modes VRITBE ;U g i ~12000 137
0d.e. 0de. 1de. 0d.e. v-mode, 1 ring e-like ~2100 94
T2K 2020 3.0% 4.0% 4.7% 5.9% 14.1% 4.6% -mode, 1 ring e-like ~1800 16
Improved 12% 11% 21% 22% 52% 20% v-mode, 1 ring e-like, 1 decay e- ~300 14

w



Near detector (ND280) upgrade

Event number : 345342 | Run number : 16847 | Spill : 28852 | Time : Fri 2024-06-07 18:29:00 JST |Triggd

Almostin place now for T2K, will be re-used by Hyper-K
More (and more granular) mass for the neutrino interactions: SFGD
More angular acceptance: High Angle TPCs > INFN responsibility
Better veto for external tracks: Time-of-flight

Significant lower energy threshold for protons and much better neutron
detection efficiency.

Inside the former UA1 and Nomad magnet: original contribution of INFN
at the beginning of T2K

Drift volume

(Technical Design Report on T2K, arXiv:1901.03750)

T HATPC

SMRD

UA1 Magnet Yoke ”
MicroMegas

POD
Downstream

Module Frame

(o=
detector) ECAL

SFGD:

. . 3D plastic scintillator ~ 2 million 1.0 cm3 cubes
Super Fine-Grained ’u-‘

| i




Rare decays and astrophysics in HK

Great complementarity with DUNE and JUNO in most of these searches ’

Proton Decay

Soudan Frejus IMB Super-K Hyper-K
D — etn® ¢ 0 B — R
. minimal SU(5) minimal SUSY SU(5)
it pRs3EUiE)
SUSY SO(10)
non-SUSY SO(10) Gzzen 0. 50(10)
p— et K° ¢ e——
p— ptK° ¢ ——
n— pK°|  ¢u (g ... AND DUNE: (40 kt)
p—> KT @ ¢ _ﬁ
minimal SUSY SU(5) .- Hyper-K
p— oK+ non-minimal SUSY SU(5)
predictions
SUSY SO(10)
31 32 33 34 35
1in 10 10 10 10
g
O & /B (years)
S O
DS
oo
O

events / 0.22Mt

%1 0 6( Constant SN rate (Totani et al., 1996
z 10 5 ",.‘r Reactor v (¥)) Hartmann, Wooske
B0y |
a3 Lunarcini,
Fukugita, saki, 2003(dashed)

Ll

g pmunl ¢ isermll \\ o

SHN predictions
Ve fluxes)

]
10 1 10

10” _
distance (kpc) 16°%

3
10 3.2
=

0 10

(B = P/ Dy

M

Indirect Dark
atter searches

** Super-K 2016 preliminary bb
Hyper-K sensitivity 20yrs bb

Hyper-K sensitivity 20yrs u*u-
Super-K 2016 preliminary vV
Hyper-K sensitivity 20yrs v¥
IceCube-79 limit bb
IceCube-79 limit W'W"
IceCube-79 limit p*p-
IceCube-79 limit vv

SFIBE

90% CL UPPER LIMIT

.IT 10'21 B arXiv:1309.7007 [astro-ph.HE]
> E
91°-n§‘ -
10 =
102 r
105 expectation for thermal relic scenario .
AW & i usisaral_ 6 bt v foidial vty
10" 1 10 10? 10° 10*
2
M, [GeVic”]
Maltoni, M. et al Phys. Eur. Phys. J. A52, 87 (2016)
T T
c T | ° Borexino (°B) 1
07 & 4 SuperK ;]
o E-, = SNO 13
osk Up-turn {3
TE Oat 4.5MeV threshold P 3
05F Oat3.5MeV threshold
o & HE
0.4 = &
B\ e T E
03 — 3
E —— Standard  —— NSl-up ] SO|arV
02f o
F —— Sterile NSI-dw ]
P o O RPN NP I S 1
0.1 05 1 2 3 5 7 10 14
E, [MeV]

Low energy v bursts
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DEEP UNDERGROUND SFIBE
m— NEUTRINO EXPERIMENT

* 1450 collaborators

« 215 Institutes (11 INFN)
e ks « 35 Countries

Fermilab

800 mi\este;;s,,,,,,
<~ (1300 kilome€ o

* On-axis, with a baseline of 1300 km

* Sensitive to first and second oscillation
maxima

* Part of the spectrum above the tau
creation threshold (~3.5 GeV)

[ |
* High precision measurements of neutrino mixing in a single experiment. [ _ un-oscillated 1
0.15 z ypspectrum -
« Determination of the neutrino mass ordering in the first few years. — 0p=0°NH ]
« Observation and measurement of CP Violation in the neutrino sector. s S0kl ]
010 — 0cp=90°NH E
+ Test of the 3-neutrino paradigm (PMNS unitarity). ! g2 ]
» Observatory for astrophysical neutrino sources (solar, atmospheric, T (v cilaton '
r probabilities o
supernova). 005 4
» Search for BSM physics. 5 ]
R« e |

\‘\\}\\ -------

2

0.00 &=
0

PT Lecce, 14 giugno 2024, Mauro Mezzetto E, (GeV)




SFISE
Current status and future plans in a nutshell

« LBNF is being delivered in its entirety.

e DUNE Phase I:

- FD (approved): 2 x 17 kt (total) LAr TPCs: one Horizontal Drift (ready in 2029), one Vertical
Drift (ready in 2030).

- ND (baseline TBC and approved by 2025): NDLAr with TMS; DUNE-PRISM; SAND on-axis.
 PIP Il: ongoing construction, first beam in 2031, reaching 1.2 MW by end 2032.

» Phase 2, as submitted to P5 (report due in early December):
- DUNE ND plan: More Capable Near Detector (HPGAr TPC, magnet, calorimeter).
- DUNE FD plan: FD3, FD4.
- Fermilab plan: ACE: MIRT, Booster Replacement. Can provide up to 2.1 MW at DUNE start.

PT Lecce, 14 giugno 2024, Mauro Mezzetto INFN



SFIBE

P5 recommendations

“DUNE will comprehensively explore the quantum realm of neutrinos, potentially unearthing new physics beyond current theoretical
frameworks. Early implementation of the accelerator upgrade ACE-MIRT advances the DUNE program significantly, hastening the definite

discovery of the neutrino mass ordering. This upgrade in conjunction with the deployment of the third far detector and a more capable near
detector are indispensable components of the re-envisioned next phase of DUNE.”

1) As the highest priority independent of the budget scenario (7 recommendations, 2 of which are about neutrinos, the other are running
experiments NOvA, SBN and T2K)

"The first phase of DUNE and PIP-1l to determine the mass ordering among neutrinos, a fundamental property and a crucial input to
cosmology and nuclear science"

2) Construct a portfolio of major projects that collectively study nearly all fundamental constituents of our universe (5 projects, 2 of
which are about neutrinos, the other one is Ice Cube Gen2)

"Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam—ACE-MIRT—a third far detector, and an
upgraded near-detector complex as the definitive long-baseline neutrino oscillation experiment of its kind"

Less Favorable Budget Scenario

"DUNE Third Far Detector (FD3), but defer ACE-MIRT and the More Capable Near Detector (MCND)."

<R
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CP Violation and neutrino mass ordering

9 Determining Mass Ordering with DUNE Phase |, 4 yrs,
DUNE CPV Sensitivity . .
b Al Systematics using ve and anti-v spectra.

Normal Ordering Varying MO and sin®0
7FPhase | 23
?ﬁ;::” a o 100~ opunerDv, e NO sin”0,, = 0.44

values Pr B ——— NOsin“0,, = 0.56
6F ..... 75% of o valuss CPV sensitivity, e B o o asath s
o = " — 10sin%0,, = 0.56
15 Phase | 5 L 8 }  NOsin%0, =0.50
—_— a =
: '10 '_
>° i
276 T8 10 12 14 16 18 C
Years sl
~ 5 6
“F DUNE CPV Sensitivity Reconstructed E, (GeV)
CPV Sensitivity gF-All Systematics % [ bunerDv, o NO si":923=o_44
) Normal Ordering (G} 50— Stat errors only _— Ir;o ?ir; 6,y =°0£6
Full Phase Il 7f-Phase I + ACE - T o sin e 056
) Ogp =2 = r }  NOsin%,, = 0.50
6L 50% of 5, values g 4o
e 75% Of 3 Values @ r
M o 2 C
I3 = Sk
n E
© 4 20.-_
3 :
o AT e
2 L
Booster Replacement -
meno = 0’ Pl EPEPEPETEN EPEPEPET EPEPET EPEEEr B
1 0 1 2 3 4 5 6
P S T R A R T T Reconstructed E, (GeV)
0 2 4 6 8 10 12 14 16 18

Years I N F N
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Far Detectors

2 (max 4) LAr TPCs, 17 kt Argon total (10 kt fiducial) each one:

Vertical Drift

Horizontal Drift
Top CRPs

top and endwall
field cage

P toh

AR AAAPAS §
) 9729 K detectors
,:\\ / | I I
\ \‘\ i
‘\:\ 4 Bottom
: -...‘.\ Pqiig CRPs ”
bottom field cage
* APA: based on a wire chamber technology
» CRP: based on perforated PCB technology
 Dirift length ~ 640 cm — 300 kV on cathode

Drift length ~ 350 cm -> ~ 180 KV on cathode
Photon detectors on the cathode at 300 kV

~ 9800 m3=~ 13’661 tons of active LAr _
« ~10180 m3= 14190 tons of active LAr

PT Lecce, 14 giugno 2024, Mauro Mezzetto INFN



ND System and SAND overview

ND measurements shall be of sufficient precision to
ensure that when extrapolated to FD to predict the FD
event spectra, the associated systematic error must

not dominate the measurement precision.

STT FV mass:
4.7 t CHz
557 kg C

GRAIN mass:
1tLAr

Front ECAL mass:
22.8tPb

PT Lecce, 14 giugno 2024, Mauro Mezzetto

TMS
moveable
muon spectrometer

SFILE
DUNE-PRISM
NDLAr & TMS move

2‘9/;, perpendicular to

the beam

Neutrino
beam

NDLAr
moveable 35 modules
pixel readout



KLOE-TO SAND activity at Frascati

Plan of operations: going on smoothly
v Removal of all cables and the FEE+HV racks

v Extraction of the Drift Chamber
Calorimeter / :
e | aser tracker survey before ECAL dismounting

- originalinsertion/extraction machine co
refurbished and operational
- platform construction is amost completed
[ ]
- original insertion/extraction/rotation machine
is being refurbished and modified

Magnet and Yoke *

¢ Installation of new Power Supply
- new Power supply is being purchased (CAENels)
- Power Electronicsis being revamped (OCEM)
- Control system and full support for magnet test/
dismount/remount by ANSALDO ASG

¢ Cooling of coil

* Operational test of magnet
- in preparation /

* Extraction of coil : . . N
+ Dismounting of Iron Yoke Packaging & Shipping at Fermilab for beginning 2026



Recent news on GRAIN SFIBE

Granular Argon for Interaction of Neutrinos, 1t liquid argon cryostat External Vessel

inside SAND magnetic volume with imaging devices on the inner
walls to take pictures of neutrino interactions

Vacuum tank for Inner
Vesseltest at INFN-Legnaro almost
ready for tender

=
R

|

= N Test degassing and permeability of different
nternal Vessel 3L L\ n | samples of Carbon Fiber compositesin
4 1% Y j INFN-FrascaA (next weeks)

Camera with 256 channels
ready to be tested in ARTIC
facility, Genovg (LAr ryostat)

Helicoflex sealing
under simulation

ASIC

(A

INFN-Torino started the design of
anew ASIC 1024 channels. Expected
dynamics of photon arrival on SiPMs Is

| used to choose optimized frontend
architecture

Cold Demonstrator




SFIBE

The Photon Detection System of DUNE (X-ARAPUCA) /aﬂic‘-
ch gl liquid argon

The ty for the LAr TPCs is provided by scintillation light. ‘// k‘;

The wavelength of scintillation light in LAr doesn't match the sensitivity v WS coating 128 nm — 350 nm
range of photodetectors. : AN
The 'X-ARAPUCA' technique, developed by INFN, is available in two § p g

types for the first (FD1-HD) and the second module (FD2-VD).

INFN plays a leading role in the Consortium, which has been further
strengthened with the signing of the MoU for Vertical Drift

I PD Module Designs Reflective plane

Wd!S

Horizontal Drift: 1500 rectangular ‘'modules'
(2m x 20 cm?2),each with four channels,
. containing 48 SiPM (288000 SiPM in total)

Vertical Drift: 672 square tiles (60 x 60

cm2), each with two channels containing
80 SiPMs (107000 SiPM in total)

Half of SiPMs by FBK and half by Hamamatsu.

PT Lecce, 14 giugno 2024, Mauro Mezzetto INFN



NMO can only be +/-1, so sensitivity means
wrong ordering rejection

The race for neutrino mass ordering (aka hierarchy) [1PE

Reactor U, signal IBD event number (x103) o . . . 2
JUNO &——>20 0 1o 200 20 00 The experimental quantity is sign(Am=<y3)
6F 1
- .
T ——— i Plug your preferred starting years and guess
— T r
orca r
ORCA/KM3NeT £ 4o
| 4 s _4 Neutel 2023:
4 gl DUNE Phase 1: 1yr=24 kt-MW IceCube (+Upgrade) S
a - £ 30 https://doi.org/10.5281/
o 4 e 230 35, zenodo.10567782
. L > t DUNE MO Sensitivity - 5, =2 NO=True
P y & L All Systematics . 100% of 5, values 6 Computed for 0,3=40°
2 On-tape 4 i 2 2r p . ] 30| Normal Ordering —— Nominal Analysis - IC86
5 Current result e 4 oy [/ . [ NO:stat-+al syst sin’26,, = 0.088 £ 0.003 —— 0,5 unconstrained 5] — 186 (12 yr) + IC93
g. l e ) 1/ anKivi2405.18008  — o sat-all ot | i, - 0.580 unconstrained o DA O
- s PR I = H . + "
pr ,/ ’;, [ - 10: stat. only 25 ‘? 4 623 £30 range (NuFit 5.2)
1 - 1 ) PRSP IS NN AN AN EAAES S| i L 2>
il 0 2 4 6 8 10 12 14 16 18 20 k= ) )
/ JUNO and TAO DAQ time [years] @ 3 lceCube Simulation
0 3 20 o]
B T 5 @ JRORCIY |~X a ,
Date T o o ot T T L B B B B |>< 1 yri2ye iy g Today
E’, 6 o ] 15 z 1 New-string
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s [ ] C years
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F b b Exposure (kt-MW-years) >4 6,3 +30 range (NuFit 5.2)
- F HK (mostly from atmospherics) 3 z
F : ] . . . @ 3 -lceCube Simulation
= HK TDR arXiv:1805.04163 = Vertical Drift TDR: arXiv:2312.03130 @
F ] o 21
oll | | Loaa b b b ba 14 s Today
1 2 3 4 5 6 7 8 9 10 z )
Running Time (Years) 1 g:;vlosyt;rgt
........................... & JUNO start

Depend on:
Assumptions on 0,5 (atmospherics have terms o sin“0,3)

o

75
years

100 125 15.0

No way to display these curves in
a single plot keeping the same
assumptions

e Assumptions on d¢p (DUNE)

e True Ordering

* Degree of optimism in the calculation of systematic errors
* Performance of the detector (JUNO)

* Fiducial mass (ORCA)

—>

Anyway ....



https://doi.org/10.5281/zenodo.10567782
https://doi.org/10.5281/zenodo.10567782
https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/2312.03130

. . . NMO can only be +/-1, so sensitivity means
... The race for neutrino mass ordering (aka hierarchy) Wrongo,deri:g e ¢ e
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50 100
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e Assumptions on dcp (DUNE)
* True Ordering . H+1+J+K+(S+T): combination of HK,
* Degree of optimism in the calculation of systematic errors No Way.to dI'Splay these . _) Lcnea?;s?:;i%’;l(c;h?ﬂrgs:Ifatﬂldsjtoaltni;tics
* Performance of the detector (JUNO) curves in a single p.lOt keeping
e Fiducial mass (ORCA) the same assumptions ... anyway
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https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/2312.03130
https://doi.org/10.5281/zenodo.10567782
https://doi.org/10.5281/zenodo.10567782

About the complementarity of Hyper-K and DUNE

Discussed the first time by the ICFA Neutrino Panel: arXiv:1501.03918
To make the most of complementarity, it would be necessary to form L. o5 2::22;;:;;? ]
and support a joint working group. After the very positive experience of N (ERX skl
the T2K-NOVA combined analysis. 2o T Tt
=0.05
£ f
Same L/E but the baselines, L, and energies, E, differ by almost a factorof 5—— j
1
Hyper-K is off-axis, with a narrow neutrino spectrum optimized to the first 5 .
oscillation maximum £ os
g ]
DUNE is on-axis with a wide spectrum that can cover the second oscillation
maximum and with a tail above the tau production threshold ) —) 3
0.6 GeV
The differing degree to which the matter effect modifies the oscillation
probabilities at Hyper-K and DUNE may be exploited to break parameter e
degeneracies s} e
To fully understand the mechanisms of supernova explosion requires - -

accurate measurements of the vg and v, fluxes, along with some neutral i Bl
current data (which is sensitive to the flux of v, ;). These measurements can
not be made with Hyper-K or DUNE alone (and also JUNO contribution is

important).

010
— 0p=270°NH

Plv,—v,)

0.05

0.00
0
E, (GeV)

=Z
S
=z




ICARUS at LNGS: Sterile Neutrinos

140 cm

single mip electron (12.7cm) [
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SBND

700 MeV
—| peak energy

110 m baseline ' ' '
. i (e = ~Vu
112t active volume 8 10" BNB -,
. . . NS - -
o
i
> 10%F
£
© 10°F
§ :
=== S — %10‘4:
S 4="T . - - -+~ BoosterNeutrino Beam (BNB) g
2 " -7‘1 : - ¥ 105 L 1 L 1 L .‘-".I-”F
arxiv:1503.01520 ‘ 0.0 0.5 1.0 1.5 2.0 25 3.0

Energy (GeV)

® SBN program should clarify the question of sterile neutrinos exploiting the BNB beam and
comparing the v, and v, interactions at different distances from target by ICARUS and
SBND LAr-TPCs installed at 600 and 110 m from target.

® In addition: Beyond Standard Model/Dark Matter searches, high-stat. v-Ar cross-section
measurement and event identification/reconstruction tools in the region of interest of DUNE:
> ~106 events/y in SBND < 1 GeV from Booster
> ~10%events/y in ICARUS > 1 GeV from of f-axis NuMI beam.

ICARUS: 12 INFN groups, 12 US institutions, CERN, 1 Mexican institution, 1 Indian Institution
Spokesperson: C. Rubbia

SFIBE
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. . ce . SFIBE
SBN Program: sterile neutrino sensitivity, 3 years (6.6 x102° pot)
® Combined analysis of events collected far by ICARUS at far site and by SBND at near using
the same LAr-TPC event imaging technology greatly reduces the expec'red systematics:
Vi a’/sappea/"ancew ... Vedppearance Ve a’/.s'appea/'ance

10°5

v' 5o coverage of the

parameter area relevant
to LSND anomaly

v' Probing the parameter 1
area relevant to gallium ey
and reactor anomalies, ot o

Unigue capability to study e 1 fEm 1 pE
v app. /. a’/sapp 5//71U/7"0/7€0U5‘/y % 10° 10° w0t i 10" 10° 10" RS 10 e i

Am3, (eV?)
Am?, (eV?)

10"; s 1 e 107

® Exciting new result from Neutrino-4 experiment at nuclear reactor, which could change all
the sterile neutrino story, investigated by ICARUS before the joint operation with SBND:

y
a

y
&

1.3

> Oscillations should produce
disapp. pattern of v in BNB % "

and of ve in NUMI in the same 2 ;_ -, i +*'+ N ﬁﬂ» oz H* b * *H#M#ﬂH#HH

19 NuMI 5200 QE ve CC

1.2
11

BNB: 8400 QE vu CC

1.2F

[
11

utrino-4 anomal
leutrino-4 anomal

I

L/E ~1-3 m/MeV but events 07

collected at ~100 times energy o os

0.4EL 1 L L L L 1 1 L L 0.4EL ! 1 1 1 1 ! L L Jl l
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Expected measured v oscillation pattern (red) for Neutrino-4 best fit: Am?,,=7.25 eV? sin’26,,=0.26
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ICARUS detector status and data taking

® ICARUS is successfully taking data since June 2021 exposed to Booster and NuMI v beams
with remarkable stability/performance of all detector components, collecting high quality
neutrino events in RUNI1, 2: BNB (2.5 1020 PoT) and NuMI (3.5 1020 PoT).

® Significant investments by the ICARUS Collaboration devoted to achieve better
performance following the initial detector operation. Several detector improvements took
place during 2022, 23 beam summer shutdowns and before the delayed restart of FNAL

accelerator complex on mid March 2024:

> Higher liquid argon purity - increases ionization e- signal detected on TPC wires;

> Reduction of the electronic noise of the TPC - increases track reconstruction efficiency;

> New PMT external cabling - increases/better defines scintillation light signals;
> Improved trigger system - increases event detection efficiency at low energy:

> Improved Cosmic Ray Tagger exploitation.

RUNS3 officially started on March 15t taking data
with BNB & NuMI extending to July 12th;

Expected ICARUS RUN3 beam exposure: 1.5
1020 (BNB), and 1.9 1020 (NuMI) PoT;

Data taking is supposed to restart in the fall, still
depending on FNAL, extending to 31/12/2027.

40

---= NuMI Delivered: 43.0 E18 POT
BNB Delivered: 28.9 E18POT ...

—— NuMi Collected: 419 £18 POT
BNB Collected: 28.1 E18 POT

4//1' CARUS 2024 data taking

VY N W P P 0 ©
W W N4 W NCY M

FIsE
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Conclusions

KM3NeT

DUNE

The outstanding achievements of neutrino physics in the past 25 years will allow exciting new neutrino
physics for the next 25 (at minimum)

Both guaranteed signals and new physics searches will be performed
With a great complementarity between JUNO, ORCA, DUNE and Hyper-K

The gigantic 3-liquids far detectors are the ultimate observatories for low-energy neutrino astronomy

INFN always played a leading role in neutrino oscillations, and significantly invested in new

experiments. In 2024, 246 FTE are involved in these experiments, in 2014 we were 136!

If you like to hear about neutrinos at Lecce don't miss NOW 2024, September 2-8, Otranto

INFN


https://home.ba.infn.it/~now/now2024/Home.html

SFIBE

Backup slides
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Accelerators: ve events > 0
Reactors: ve (meas/expected) <1

14/06/11
29/07/11

29/11/11

08/03/12

03/04/12

27/07/12

14/06/13

29/01/19

T2K, “Indication of ...”, 2.5 ¢, 1737 citations

MINOS, “Improved search ...”, 89%CL, 898
citations

Double Chooz, “Indication for...”, 1.3 o, 1567
citations, Phys.Rev.Lett. 108 (2012) 131801

Daya Bay, “Observation of ...”, 5.2 ¢, 2759 citations,
Phys. Rev. Lett. 108 (2012) 171803

Reno, “Observation of ...”, 4.9 5, 2398 citations, Phys.

Rev. Lett. 108 (2012) 191802

Double Chooz, “Reactor electron antineutrino disappearance

..”, 2.8 ¢, 575 citations.

T2K, “Observation of ...”, 7.2 o, 696 citations
/ c

Double Chooz, Nature Phys. 16 (2020) 5, 7.5 o, 138

citations,

“The establishment of 0,; awaited the Daya Bay experiment's observation in

2012 [10]; confirmed soon after by the RENO experiment [11].”

Breakthrough prize 2016: Daya Bay (China); KamLAND (Japan); K2K / T2K
(Japan); Sudbury Neutrino Observatory (Canada); and Super-Kamiokande
(Japan)

Panofsky prize 2014: “...For their leadership of the Daya Bay experiment, which

produced the first definitive measurement of 8,5 angle of the neutrino mixing
matrix.”
Pontecorvo prize 2016: Daya Bay, Reno, T2K

Timeline of 0,5 (dates from arXiv, citations from iNSPIRE at 11/3/23)

First paper with more than 3

SFIBE

From the long citation of the EPS-HEP prize

... Indications of non-zero values of 6,5 were provided in the year 2011 by global
fits to atmospheric and solar neutrino oscillations, initial results on electron
neutrino appearance by the accelerator long-baseline T2K experiment, and by
the reactor neutrino experiment Double Chooz. T2K could not improve its results
due to the catastrophic earthquake of 2011 in Japan, which caused a one year
shutdown, while Double Chooz, a pioneer of the new generation of short baseline
experiments at reactors, was unable to improve its sensitivity due to logistical
problems with the construction of its near detector.

The first observations of non-zero values of 6,; were reported in 2012 by the
reactor neutrino experiments Daya Bay and RENO, detecting short baseline
electron antineutrino disappearance with a significance of 5.2 and 4.9 standard
deviations, respectively. The Daya Bay experiment, based in China, consisted of
eight identical antineutrino detectors, each containing 20 tons of gadolinium-
doped liquid scintillator. Four of them acted as close detectors at about 360 m
from the Daya Bay and Ling Ao nuclear power plants, which have a total nuclear
power of 17.4 GW, while 4 detectors were located at 1.8 km from the reactor
cores. Daya Bay had been designed to achieve the smallest possible systematic
errors (down to 0.2%) and for precision measurements of 6,5. The RENO
experiment was based in South Korea and consisted of two identical detectors,
containing 16.5 tons of gadolinium-doped liquid scintillator, placed at 294 m and
1383 m from the Yoinggwang (now Hanbit) nuclear power plant, which delivers
16.4 GW nuclear power.

At present the best determination of 6,3 is sin?(6,3) = 0.0220 +/- 0.0007, setting a
large enough amplitude of the processes leading to CP violation to allow
sensitive searches by long-baseline neutrino experiments with conventional
accelerator neutrino beams ...
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Ry The NOVA experiment

NuMI t decay-in flight beam from Fermilab

14.6 mrad off-axis beam for narrow peak @ 2 GeV

High-purity neutrino or antineutrino mode polarities

Two detectors: 14 kton far detector (FD) 810 km from beam source,
300 ton near detector (ND) @ 1 km

ND has high number (>1M v,, CC) of interactions e - g

 MINQS Far Detectot {Sougan, M}

Detectors are tracking calorimeters

4cmx6cmx 16 m (FD) ‘cells’ are extruded plastic filled with liquid
scintillator

Wavelength-shifting fibers connected to APDs collect light

Cells are alternately oriented horizontally or vertically for full 3D picture

10 CC Events / kton/ GeV / 5 x 10" POT

Neutrino beam
F T T

Antineutrino beam  NOvA Simulation
AF T T T T T ]

NOvVA Far det.
Events 1-5 GeV

96% v,

o -
3% vy
1% v,

i )JJPLL&\ 1% v, ]

NOVA Far det.

Events 1-5 GeV
15% v,

o -
84% 7,

L
0 1 2 3 4 5

1 3 4 5 6]

2
Neutrino energy (GeV)

NOVA FD (14 ktons)
Installation finished Sept. 2012
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Neutrino Facility

400-MeV oS R
Ll NAC ‘ 320kA horn Operatlon | Circumference 348.333 m 1567.5 m
(3 'G eV R da p | d CyCl | n g | Super-periodicity 3 3
Injection Multi-turn, charge-exchange bunch to bucket
Syn C h r‘ot ron ) Injection energy 400 MeV 3 GeV
Injection period 0.5 ms (307 turns) 120 ms
Harmonic number 2 9
Number of bunches 2 8
= u u Transition v 10.8 31.6¢
Achieved 760 kW (continuous) in JFY2023 0 Gev

Repetition rate 25 Hz 0.4-0.86 Hz

Aiming 1.3 MW by JFY2028 E — Particles per pulse 833 x 101 3.3 x 101

Beam power 1 MW 0.75-1.3 MW
-




Most of the neutrino beam line upgrades already in place

T2K will run until 2027 and profit of the J-PARC power upgrades

New FX

Septum
New - magnets
FVD2 magnet

New Horn PS/ New Horn1, 2
trans/strip-lines :
for 320kA, 1Hz

New position of
proton beam monitor
(WSEM18,ESM20) +
new monitor

New target cooling system

- . NS
+ New beam interiocks INFN

New mumon Si (half of sensors)



Gadolinium loading

Super-K so far has loaded the water with a 0.03% fraction of Gadolinium (in a sulphate salt)

While HK will not contain gadolinium on Day 1, it is assumed ™ \UPER FNVPER
that gadolinium will very likely be added to the new detector SD L e Gd
eventually, such that all proposed HK detector components D, H(p) U,. n '. <
. . 0 . n _.»y® N\ @y 0 e, DT
and materials must be certified to be compatible with '---*.p ----------------- ".\ * ,g ........... %
extended immersion in Gd-loaded water. / 7Y PN A },
et At 205'2 eV etV Total about 8 MeV
. . . . ~ us
Detect for the(flrgt tII’T)]e Diffuse Supernova Neutrino T —— At~30ps
Background (DSNB
Improvement of supernova direction pointing accuracy Gadolinium Loading in Super-Kamiokande
and allowing pre-supernova neutrino detection (early =
. 100% Thermal
warning for SN). neutron
capture
— . i . . . 9 o ons > ~75%
Enhance v and v identification in atmospheric and beam O 80% | O e~~~ sesion
' . o (barns)
oscillation analyses 2 60% - cd = 49700]
. 5 Gd,y(S0,),*8H,0
Reduce background in nucleon decay searches g in 50 ktons water 7 $=0.53
© 40% - ~50% capture
o on gadolinium 3 3 H=0.33
20% 35 § 0 =0.0002
0% i '_ Gdin

0.0001% 0.001% 0.01% 0.1% 1% Water
INFN



Mass Ordering and 0,5 octant sensitivity

Sensitivity to mass ordering comes from matter effects: the "short" baseline of Hyper-K prevents good sensitivity, that is
partially compensated by atmospheric events (a combined T2K + Super-K analysis has just been released).

Wrong octant 3o exclusion as a function of true sin?0,; for different

SenSItIVIty to MaSS Orderlng systematics model for 10 HK-years (beam+atmospherics).

LA UL L L LI L O
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T2K 2018 SySt. ......................................................
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High Angle TPCs

* In addition to the 3 longitudinal TPCs already underway

* Optimized field cage with a design that minimizes the
dead space and maximizes the tracking volume (INFN).

* Use of resistive micromegas (ERAM) instead of the
standard bulk micromegas

* Prototype mounted and tested at LNL

« Cameras mounted at CERN and tested at CERN and DESY |

* Both TPCs now ready at ND280

el

>

Nucl.Instrum.Meth.A 957 (2020) 163286
Nucl.Instrum.Meth.A 1025 (2022) 166109
Nucl.Instrum.Meth.A.1052 (2023).168248




Multi PMTs (mPMTs)

 Original design, derived from KM3NeT

» Proposed by INFN, which leads the project (with
Poland, Canada, Mexico, Czech rep.)

« HK INFN R&D since 2015 (~200k€)

» Flagship of the Italian participation to the far
detector, together with the front-end electronics

* 19 3" PMTs per mPMT

« 800 mPMT in the Inner Detector

» They will also equip the IWCD (400 units)

* Provide complementary information to the 20”

PMTs. 20" B&L PMT mPMT (19 x 3" PMT)
. . . Photo-cathode area 2000 cm? 870 cm?
* Reduce _Ca“bratlon and Sy scale SyStematICS Photon detection ~6 hits/MeV/20k B&L ~1 hits/MeV/5k mPMT
* ElGCtI’OﬂICS also deSIQned by INFN Timing resolution (TTS) 2.7 ns 1.3 ns
7 Dark rate 4 kHz 200-300 Hz x 19 PMTs
Remarks * Performance confirmed |+ Granularity
Acrylic Dome PMT + High photon detection * Directionality
efficiency * Better timing resolution

Optical gel
pricee T cup Tendering process started in Italy and Poland

High Voltage & Production chain: tested at INFN-Na

Control board Tests of mMPMTs in water at CERN: April this year
Electronics - - -, Water-tight Mass production: 2024-25

Mainboard - jeedthrough Installation in Hyper-K: 2026

PMT support matri

Scintillator plate



Hyper-K Electronics SFIBE

* 3 competing designs originally proposed by INFN, Japan and France
* INFN discrete components design selected: performance, flexibility & fast
prototyping cycle

* Measuring Charge, Timing and ToT (Time over Threshold), allowing detection of
the pre or late pulses of the PMT.

Front-end electronics placed in underwater vessels
Two types of underwater electronics vessels

* Inner detector vessels: 24 |ID channels read out by two PCBs
» Hybrid outer + inner detector vessels: 20 ID + 12 OD channels

ID 12-channel front-end
board

HV and LV
power supplies 2'1D front-end boards

OD 6-channel FE board
Data processing and timing boards 2 OD front-end boards @I-:?\l



Prototypes construction in Canada, Italy, Poland

New fix of PMTs in the support
+ Piston seals - KM3NeT expertise Seve ra l m P MT
prototypes assembled

Reflector ring needs optimization
» Need to select best material
+ Clipping in the support

ylinder from POM-C

More rigid than HDPE

+ Lighter than stainless steel

+ Issue with long lead time resolved
+ Reasonable price for mass
production

L

C

Cosmetic modifications in the backplate
« Experience from the first prototype assembly

QC tools and

Photomultiplier test station in Poland, Canada and
Czech

Preparation for testing station and procedures for
testing during mass production ongoing
Test station during construction planned in

R14374 gelled HV +FE

H10721-210
Reference PMT
N

procedures in
preparation

MCC Electronics in
Poland and MCC

Vesselin Czech

DAQ

DAQ/Power cable
(common with 1D/OD)
) mPMT
ool Concentration
Card (MCC)
Vessel

WPMTs

— Plig in connactor
MacArtney

Electronics test station in ltaly

Preparation for testing station and procedures for testing
during mass production ongoing

Test station during construction }‘
planned in Italy |

Cables L=30m

Fixed connection
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* 200 LED mPMTs mPMT installation studies in Czech, Italy, Mexico
- grid of 10m spacing ‘

O

Mechanics for installation in

O
e

~—¢

commaaton (@ * Collimated light the frame and cabling
- water scattering/ . . s
et v Studies fot Installation Check | o

* Time of flight to identify | Quality and Signal Check

the scattering position
. Ll
- Reflection measurement —_—

L1 | LIl
I I I )

LED-focused | |
H * Wide-angle light

m PMTS in - PMT angular response

Canada - timing select direct light

Studies on packaging

* Design consider mPMT cable and opening for in-box
testing of the mPMT

* Optimization studies ongoing for cost reduction

Studies for transportation

* Compression test to evaluate that the box is capable of
withstanding the stowage

* Shock (drops) test

* Vibration tests: frequency based on transport frequencies

*__Inclined impact test

First packing prototype built!




20" PMTs Frontend Electronics SrIRE

+ 3 competing designs originally proposed by INFN, Japan and France

* INFN discrete components design selected: performance, flexibility & fast prototyping cycle

» Measuring Charge, Timing and ToT (Time over Threshold), allowing detection of the pre or late pulses
of the PMT.

« Self triggering at max 2MHz (charge) at 1/6 pe

* Dynamic range up to 1250 pe

* Power consumption is 4.7W/12ch, 390mW/ch

* Collaboration with Japan on the onboard calibration card

Fast Discriminator Path Proc= 2
G=36 ‘

Critical components reviewed and procurement and
tendering started in 2023

Final prototype early 2024
The tender for the board production will start early 2024

Start mass production by the end of 2024




Hyper-K timetable B

, —
FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 F2026 FY2027 FY2028
. [ — =

Prepar Tunnel Cavern Tank PMT

: Install
ation const. ' excavatlon ' Const i
t|on

PMT production

PMT covers, Electronics etc. —
I N Operation
Water system Filling

water

[]
1
Power—-upgrade of J-PARC and Neutrino Beam-line Acce|ertor
! 4 | — tipgrad )
1
1

Near Detector Facility, R&D, production ND construction
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P I P- I I Beam Transfer Line

v P
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* New proton source for Fermilab : 800 MeV H- SRF linac. P Fsatioi FNAL Booster
S st Tunnel

« 1.2 MW protons, upgradable to multi-MW, CW-compatible. A el

» Linac to Booster transfer line. Wi

Accelerator Complex upgrades. Dump

800 MeV SRF Linac Warm Front End

e
H- lon Source

Beam Schedule:

Fermilab beams stop end 2026
Beam commissioning: 2029-30
Beam to DUNE: Fall 2031, ~ 1 MW
1.2 MW by end 2032

BESTEANRA3S | DUNE @ LBNF NEN



SAND Tracker

Two options: STT (Straw Tube Tracker)
DC (Drift chambers)

From here

ZY (side)

2500

2000

XZ (top)

1000

500

L= =

5005 ©

~1000; 8
Truly international involvement: US, Georgia, India, "
Kazakistan, INFN ~ 22000 'éinn'n_m_;;%‘;_'zsoo?— %ﬁ;i 2500 33000 24000 25000 éségn ._g
| | A =
Prototyping and test undergoing - 2 oo &
(&)

(]

(7]
=.

o

b

Zoond 23000 Haomo 25000 oot 2500 o0 25000 2600
To here
5 L. Stanco, per Piano Triennale, Giugno 24 INFN | 7 x

-



Summary
Schedule with
Critical Paths
through Start
of Science
(FD1) and
Beam-on

Notes:

- Fiscal Year display

- Early completion
dates shown

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
Categary 03 0401 0203 0401 0203 0401 0203 0401 0703 0401020304 0102 03 Q4 Q102 Q3 Q4 0102 0304 0102 0304 0102 O304 010203 Q401 Q203 Q4 01 Q7 a3 of
CD Milestone @ rscrexcen 23
5. CD-1RR
FSCFENC g | e Cavern & Drift Excavation
AUP: North and South Cavern
FSCF BSI Buildirig & Site Infrastructure| =
FDC Far Detector Components #1 - Design and Fabrication
Far Detector #2 Components - Design and Fabrication
Cryostat #1 pet-up and Task Type
Cgyostat #2 Set-up and Installation DOE & NonDOE Task
Cryogenics Install CUC DOE Task
Detector Install 4 [ — Milestone
Detector Install #2
Install and commission LAr Pumps #1
Purge, Cocldown and Fill Cryostat #1°
Purge, Cooldown and Fill Cryostat #2 to 40%- KPP m
Commission Detector #:
Start of Science
NSCF+B Beamline Design
[ Horn Power Supply - Design/ Fab/ Assemble
@ CF Prelimingry & Final Design Complete
Horn Pratotype Tedting/ Hom A, B, € Fab/Assemble [
NS Conventiongl Facilities - Funding Start Constraint ’
Near Detector Hall Construction _
Target Complex Construction & Beam Install _
Absorber Coénplex and Decay Pipe Construction and Beam Install
Primary Beam & Extraction Enclosure Construction and Beam Install (incl Long Shutdown)
Beam Checkout
Beam Checkout Complete (NS KPPs Met)
ND

12 21 Mar 2023

Procure, Fabj

Procy

Muen Spectrometer Design
and Assembly of Common Cryo Threshold _
Procure, Fab, Testing and Deliver PRISM [
re, Fab, Testing and Deliver - Muon Specrmmeter_
Prism, Detector and Cryo Threshold Installation and Checkout (Threshold Scope) [0 ]

Favorable
execution
schedule
enabled by
new DOE
funding
profile in
March 2022

Near Detector Objective Scope Complete (KPPs Met) @)

LBNF/U(VE



