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Briefly on Neutrino Physics .... what we know so far

- Neutrinos: one of the most abundant particles in the Universe
- They carry threes flavours (ve, v, v:)

- Different sources and broad energy range (meV -EeV)

- Flavour oscillations have been observed
- Neutrinos have mass V

- Oscillations only sensitive to Am?2

Flavour States Mixing PMNS Matrix Mass States
Ve Uel Ue2 Ue3 V1
Vp | = | Un  Up  Ups V9
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Briefly on Neutrino Physics .... what we know so far

- PMNS Parameterisation: 3 mixing angles (612, 613, 623) and 1 CP-violating phase (dcp)
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Briefly on Neutrino Physics .... what we know so far

- PMNS Parameterisation: 3 mixing angles (612, 613, 623) and 1 CP-violating phase (dcp)

P. Denton, arXiv:2212.00809

M. Tortola, Neutrino2024
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Briefly on Neutrino PhySiCS .... what we certainly don’t know yet

- Neutrino nature (Dirac vs Majorana) NOVA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. ). C83, 782 (2023)
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Briefly on Neutrino Physics ...

Neutrino nature (Dirac vs Majorana)

he absolute neutrino mass scale

Neutrino mass generation mechanism
Neutrino mass ordering (normal/inverted)

CP violation - dcps DUNE MAIN GOALS
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what we certainly don’t know yet

NOVA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. J. C83, 782 (2023)
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DUNE in a nutshell

Long-Baseline Neutrino Oscillation Experiment

Sanford Fermilab
Underground EE— ) m—
Research diles .. A PR,

Facility '

Near
Detector

S

Detector

@ Muon neutrino beam @Near Detector (ND) @Massive Far Detector (FD)
- 1.2 MW beam power - 574m trom the beam - 1300 km from the ND
- Upgradeable up to 2.4 MW - Unoscillated flux monitoring - Measurement of oscillated neutrinos
(energy spectra & composition)
- YVAr cross-section measurements - Technology: LArTPC



DUNE beam and oscillation probability

Precision measurements of the
parameters that govern:

Py, —v,)

- Very high flux peaked at 2.5 GeV neutrino energy

- Coverage of first and second oscillation maximum

P, —1,)

- Neutrino and Anti-neutrino mode

- With 1300 km baseline, the oscillation probability has
a strong dependence on both dcp and mass ordering

- The access to several maxima is crucial to resolve

the degeneracy

DUNE collaboration. Neutrino 2024

v, /cm?/GeV/year (x 10'?)

— DUNE (1.2 MW)
— MINERVA

— NOVA

—— BNB (SBND)

P e

Flux at ND



DUNE beam and oscillation probability

Precision measurements of the
parameters that govern:

P(U//l — U e) P(y_ﬂ — [ e) 0.14- Neutrinos Ws., = -2 0.14 Antineutrinos Ws,, = -2
1285 km W5 =0 . 1285 km Ws.. =0
0.12fF  Normal Ordering e 0.12- Normal Ordering -"ce ™
Ocp = W2 Ocp = W2
- Very high flux peaked at 2.5 GeV neutrino energy - ~
- 1st max >
. _— . T T
- Coverage of first and second oscillation maximum = S
o (a
- Neutrino and Anti-neutrino mode

- With 1300 km baseline, the oscillation probability has
a strong dependence on both dcp and mass ordering

1 3 4 5678 5>?|0' 1 2 3 4 5678

Neutrino Energy (GeV) Neutrino Energy (GeV)

2

- The access to several maxima is crucial to resolve
the degeneracy

DUNE collaboration. Eur. Phys. J. C (2020) 80:978



DUNE Phase Approach

PHASE-I

Full Near and Far site facilities

1.2 MW upgradable neutrino beamline

Far Detector (FD): Two LArTPCs modules (17 kt each)

* Near Detector (ND): three detectors including a

LArTPC and a temporary muon spectrometer

- Beamline upgrade to > 2MW PHASE-II

- Two additional FD modules (four in total for 70 kt)

» A more capable ND

PHASE-I

-(h%
e
: i ! it%

%’% .

2nd Module

Overview of the Far Detector Site at SURF

D/

10



Working principle of LArTPC

Uu v w
A
Edrift A A
/
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(] /) / \
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T / / \
Tallid \
& y / / |
incoming v / // // \\
Liquid argon TPC / 7 / / \

Readout planes

Example of single phase & horizontal drift (wp.lancs.ac.uk)

Interactions in a LArTPC

two signals proportional to the energy

/N

ionisation electrons scintillation photons
~27000 e/ MeV ~24000 y / MeV
l For 500V/cm drift field l
drifted and collected in observed by the photon
charge readout planes detection system
Precise tracking to and complementary

and calorimetry calorimetry
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http://wp.lancs.ac.uk

LArTPC images

DUNE:ProtoDUNE-SP Run 5772 Event 15132

The LArTPC technology

5000 3 . .
~ orovides excellent imaging
4750 [ capabilities over large
S detector volumes
4500 I
[S o
~ 4250 N k
4000 1 f ot | ) @
2730 | o 6GeV ojlelg O High-quality particle ID and
35000 100 200 300 ' 200 energy reconstruction

Wire Number

- Spatial resolution ~mm

» Time resolution 14 ns ProtoDUNE-SP (JINS 15 (2020) P12004)




The DUNE Far Detector (FD)

A massive 70 kt detector deployed in 4 modules

Sanford Underground Research Facility (SURF)
1300 km apart from ND

1500 m underground (4300 m.w.e.)

The phased approach will allow

4 modules in two different 2 caverns

- Modules 1, 2 and 3: LArTPCs

- Module 4: Module of Opportunity

Ditterent technologies
under consideration

- pr—— . PHASE-]

|
Module‘

.3 -“" >
2nd Module

improvements in the
technology of PHASE-II

)'

] O 4
‘i.
Wl b
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Far Detector Horizontal Drift (FD-HD)

- Long-stablished and validated technology
- TPC size: 12m x 14m x 58.2 m

- 4 horizontal drift regions (3.5 m)

- Drift Voltage 500 V/cm

+ Vertical cathode and anode planes

- Photon detectors on the anode planes

- Photon detection based on X-Arapucas

127nm photon

Ve chhrolc Filter

X-Arapuca: very high reflective
photon trap with SiPMs

Photon
detectors

>

& g
() :
o , : ~ // // -‘ff 4 .-‘:f-'":" __-;.'}'5"’- ..-_:'::.-
74 _ //'/ ‘,4157 o’ e e
- V4 o L o

top and endwall
field cage

DUNE. JINST 15 (2020) TO8010

bottom field cage
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Far Detector Vertical Drift (FD-VD)

2 x 6.5 m vertical drift

3mx3.4m CRPs
with superstructure

- '_‘ - - " -

CRP detail with readout
planes and adapter boards

HV §

Perforated readout strips

Bottom CRPs

“ea
Wi
“w

Photon Detector

2 volumes separated by a cathode plane

2 anode planes (top & bottom)
6.5 m drift distance (drift field 450 V/cm)

Simpler construction

DUNE. JINST 19 (2024) 08 T08004

PCB-based charge readout

Photon detectors on the cathode plane and membrane walls
15



ProtoDUNEs at CERN (HD & VD)

The first run of the ProtoDUNEs (2018-2020) led to
the single phase technology for the PHASE-

v

[
I_, v

- Size: 800 t LAr total (1/20 of a total FD module)
» Real-size readout elements (APA, PDS, CRP....)

+ Successtul run in 2018 - 2020:
DUNE. JINST 15 (2020) P12004

NEW Runs:
- ProtoDUNE-HD run in summer 2024:

Goal: Test upgraded components in their
final design and take more beam data

- ProtoDUNE-VD run in summer 2025: z

Goal: Test the VD concept for the first
time at large scale

16



DUNE: Near Detector (ND) - Phase |

. . Lo , , 574m from the beam & 60m underground
» Main Goal: constrain uncertainties for oscillation measurements .

Un-oscillated neutrino flux monitoring

V-Ar cross section measurements

Enable the prediction on neutrino spectra at FD

Three different detection systems on and off axis:

1) Liquid Argon Detector (50t FV)
- Primary target, same technology as FD + pixelated readout

Neutrino beam

2) Temporary muon spectrometer (TMS)
- Measure muons escaping the first detector

N
N
Yo
D
3) SAND (tracker surrounded by an electromagnetic calorimeter and magnet) DUNE. Instruments 5 (2021) 4, 31
- Control and monitor of the neutrino beam

17



ProtoDUNEs at Fermilab (ND)

------ . 2x2 ND-LAr
Modules

I( \ll
I

2x2 ND-LAr Demonstrator

- Mid-scale module size: 0.7x0.7x1.4 m3

- Pixelated charge readout (LarPix)
- 2x2 modules integrated in a neutrino beam (NuMi)

+ Re-purposed MinervA scintillator modules to

mimic the role of the TMS

- Successful commissioning of July 2024
- 4.5 days of beam data before NuMi damaged

- Calibrations runs until NuMi gets back (20277)

18



DUNE Physics Programme

Neutrino Beam Physics

- 50 measurement of the neutrino mass ordering

- Discovery potential for CP violation

- Precision measurements of neutrino mixing parameters

symmetrymagazine.org

No Beam Physics

- Low energy neutrinos (supernova and solar)

+ Proton Decay search p — K™D

- Physics beyond SM

F

symmetrymagazine.org
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DUNE sensitivity to mass ordering and dcp
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DUNE Collaboration. EPJC 80, 978 (2020)
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DUNE Collaboration. Neutrino 2024

> 50 mass ordering sensitivity in 1 year

> 30 CPV sensitivity in 3.5 year



DUNE sensitivity to mass ordering and dcp
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Best case scenario (dcp = -71/2)

> 50 mass ordering sensitivity in 1 year

> 30 CPV sensitivity in 3.5 year

Worst case scenario (§cp # -77/2)

> 50 mass ordering sensitivity in 3 year

> 30 CPV sensitivity in ~13 year



DUNE High Resolution Measurements

DUNE Collaboration. Neutrino 2024
DUNE Collaboration. EPJC 80, 978 (2020)
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Low Energy interactions in LAr

+ DUNE will observe natural neutrinos produced by a
supernova burst and the Sun

- Liquid Argon target gives unique sensitivity to
MeV-scale electron neutrinos
1. Charge-current interactions on Ar
v, +0 Ay 40 KF 4 e (Ey > 1.5 MeV)

7+ Ar —ClE 4 et (E,>7.5MeV)

e

2. Elastic scattering on electrons

v.+e —uU.+e (pointing capabilities)

3. Neutral current interactions on Ar

U, +Y0 Ar — U, +40 Ay (potential)

Complementary to Hyper-K & Juno that
predominantly see v, via inverse beta decay

Cross section (10™° cm?)

107
10

o
.
B
=
o
2

— ) 40 """" vx e
Ve Ar Vx e
--------------------------- :/—
- THUELLLLL L I|IHIlHHII|IIHIIHIllIIIIIHIIIIIIIIIIIIIHllIIIIIlIIIIIHIIIIIIIIIIIIIIIH
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Neutrino Energy (MeV)

90 100

DUNE Collaboration. EPJC 81, 423 (2021)



Neutrinos from a Supernova

- Supernova Burst (SNB) are a huge source of
neutrinos of all flavours in ~10 sec

» 1-3 SNB per century in our Galaxy (10 kpc)

L (10°2 ergs/s)

- Time and energy spectra of these neutrinos will
provide information about:

Supernova physics: Core collapse mechanism,
SN time evolution or black hole formation

Neutrino physics: flavour transformation,
absolute mass and other properties as the

magnetic moments

DUNE will participate in SN early warning systems for multi-
messenger astronomy since neutrinos arrive at Earth first

Burst in DUNE

10

0.1

Events per bin

Infall Neutronization _Accretion _ Cooling

I IIIIIIII_\

40 kton argon, 10 kpc

80 Efalli Neutronization Accretion Cooling
70~ —— No oscillations
60 - —+— Normal ordering ;

= —+— Inverted ordering
50— |
40F +

— : ]
30 = E . —t [
20 i, T i

E E | | r___'_,_.,_l_'_'_"_'_w
10 — o :

1 1 i 1 1 1 1 1 1 1 1 1 1 I 1 ; 1 1
0.05 0.1 0.15 0.2 0.25
Time (seconds)

DUNE Collaboration. EPJC 81, 423 (2021)
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Solar neutrinos in DUNE
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80.0
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100.0

DUNE will record plenty of solar neutrinos
~ several events/day/kt

Despite a large neutron background at low
energies, DUNE will have sensitivity to éB
solar neutrinos above 10 MeV

Discovery potential for hep neutrinos as well

DUNE can improve upon existing solar
oscillation measurements via day-night
asymmetry induced by matter effects

On-going full DUNE study: including a
dedicated trigger & flash matching for
fiducialization
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Proton decay searches in DUNE

DUNE will be an excellent detector to perform

nucleon decay searches:

- Underground location
- Very large fiducial mass

- Imagine capabilities

Main signature channel in DUNE:

p— KD

LArTPC allow for the observation of
the entire decay channel

Main background for this channel in DUNE are

atmospheric neutrinos

Soudan Frejus IMB Super-K

p_>€+7TO ‘. : EEEEEEE : : R
C o minimal SU(5) ~ R R | minimal SUSY SU(5)
p—etn DR DR S T |
predictions L bibinp b b piiiie b1 i HinpedSUS)

SUSY SO(10)
non-SUSY SO(10) G224

Soselily

po KD ——

p—u K R——

n— PK’| OUI———)  (amLAND

P = DK | ——

mlnlmaISUSYSU(S) : AR : s = = = o= :

p— K™ R ~non-minimal SUSY SU(5)

predictions S S S - p——
- SUSY SO(10)

T | R EETH T | T
32 33 34 35
10°" 10 10 10 10

t/B (years)

- Non-SUSY GUT —> dominant channel p — ez’

(Super-K stringent limits ~1034 years)

- SUSY GUT models —> dominant channel p - K*0

DUNE Collaboration. arXiv: 2002.03005 26



Proton decay searches in DUNE

. 2900 —

DUNE will be an excellent detector to perform - | —et =
2800~  Signal Oz _

nucleon decay searches: - -
2700 K™ — p'v, (64%) =

. Q — _

Underground location E 2600 E

- Very large fiducial mass 2500 i— K+ “E&*}m —i

- Imagine capabilities 2400 | = —

2300 % -

L. . 500 510 520 530 940 550 560
Main signature channel in DUNE:

- DUNE can image the three particles

_l__
P > KU » K+ typically below Cherenkov threshola

+ Hyper-K can identify this ch | by timi &
LArTPC allow for the observation of yperK can identify this channel by timing (i & e)

. and the observation of the muon
the entire decay channel

+ DUNE sensitivity comparable to Cherenkov detectors:

Main background for this channel in DUNE are
atmospheric neutrinos

7/Br(p — vK*) > 1.3 % 10%* years

for 400 kt - year at 90% CL
DUNE Collaboration. arXiv: 2002.03005 27



Status and timeline

Transport to A Coruna harbour: April

Loaded on vessel ~mid May

Time line

Far site excavation complete

Building & Site Infrastructure ongoing
Cryostat installation by January 2026
Far Detector Installation by Mid 2027

Physics by the end of 2029

- solar, atmospheric and astrophysics neutrinos

Beam physics with near detector by 2031
- tull physics scope

28
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Summary

t + neutrino observatory

Imen

illation exper

- DUNE is a long-baseline osc

MeV-scale natural neutrinos and proton decay & BSM

P,

Mass ordering & d¢

ive and successful

t

+ Prototyping program very ac
+ Construction work ongoing

- Start of Science by the end of this decade

DUNE CM May 2025
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FD energy spectra are sensitive to CP violation

Py, —v,) P, —v,)
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It Scp ~ -t/2, DUNE will measure an enhancement in electron neutrino

appearance, and a reduction in electron antineutrino appearance

DUNE Collaboration. Neutrino 2024



FD energy spectra are sensitive to CP violation
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It the mass ordering is normal, DUNE will measure a much larger enhancement in electron
neutrino appearance, and a reduction in electron antineutrino appearance

DUNE Collaboration. Neutrino 2024
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Low Energy interactions in LAr

arXiv: 2203.00740
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DUNE Collaboration. EPJC 81, 423 (2021)

Low Energy interactions in LAr
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Proton Decay Background in DUNE

The main background for the p —>K+v channel are the atmospheric neutrinos (very similar signature)
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Additional Physics Program in DUNE

= Precise measurement of oscillation parameters with  P(

m Proton decay (through Kaon identification)

(—) (—)
L LQJ)

p > KTv

m Detection of neutrinos from core-colapse supernovae (~5 MeV)

m Detection of solar neutrinos (~10 MeV)

Am2, (eV2x 107)

2.6

. DUNE Sensitivity
- All Systematics
- Normal Ordering

2.55—90% C.L. (2 d.o.f.)
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DUNE: Near Detector (ND) - Phase |l

. : L. . , 574m from the beam & 60m underground
» Main Goal: constrain uncertainties for oscillation measurements

= Un-oscillated neutrino flux monitoring

m V-Ar cross section measurements

m Enable the prediction on neutrino spectra at FD

= Three different detection systems on and off axis:

1) Liquid Argon Detector (50t FV)
- Primary target, same technology as FD

Neutrino beam

2) Gas Argon High Pressure Detector

)/
_ , . . v 9
Detect escaping muons + wider physics programe *a '.‘.

3) SAND (tracker surrounded by an electromagnetic calorimeter and magnet) DUNE. Instruments 5 (2021) 4, 31
- Control and monitor of the neutrino beam
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SAND: on-axis detector (KLOE magnet and calorimeter)

- Fixed component of ND repurposes existing solenoid magnet and ECAL

from KLOE

- Plan is to build a col

ider-like detector in a neutrino beam

ow density tracker surrounded by calorimetry in magnetic field

- Fine-grained, particle by particle reconstruction with very low re-

scattering, excellent for highly exclusive neutrino-nucleus measurements

- Being taken apart at Frascati for the move to the US
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DUNE: Near Detector (ND)

» Main Goal: constrain uncertainties for oscillation measurements

u

(v ) at 574m/GeV/cm?/POT

On Axis Configuration

50 |-
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~— V-mode

The movement system allows for
different neutrino energy spectra

v-mode

v-mode 33m Off-axis

3.0

3.5 40 45 5.0
Energy v, (GeV)

Off-axis measurements reduce cross-section and

energy uncertainties

Off Axis
Configuration
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Neutrinos in the Standard Model

Particles of the Standard Model (SM)

- Standard Model leptons

- Neutral charge

u

photon

- 3 neutrino flavours

- Spin 1/2 T ‘ W

- Weak interaction (and gravitational)

Higgs booo '°'

74

:u":lnno

UOII

neu ttlno * ol
Iectro 4

¢ QUARKS @ LEPTONS @@ BOSONS @@ HIGGS BOSON

In the SM the lepton number is conserved
and neutrinos are massless

symmetrymagazine.org
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Neutrino interaction cross-section

» Interaction very very weakly

—
Q

Extra-Galactic Cross-section: indication of likelihood of
Galactic two interacting particles

E.

—d
Q
~
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—h . [SSN —h
Q o Q@ o
pu—ry — -y —
[{=} D w o

- Example:

The cross-section of a 10 MeV
photon interacting with an
atom is 1b
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10
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Current knowledge (NOVA & T2K)

. 2
Sin 923

- NOVA + T2K combined results (Neutrino2024)

NOVA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. J. C83, 782 (2023)
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» NOVA + T2K combined: Mild preference tor 1O
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Current knowledge (NOVA & T2K)
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Hyper-Kamiokande

» Natural evolution of Super-Kamiokande (T2K —> T2HyperK)

» Upgrade: neutrino beam > 1.3 MW, off-axis angles, larger FD
» Baseline: 295 km (same)

» Fiducial volume: 200 kton pure water (8 times SK)

» Possibility to add a second FD in Korea (baseline 1100 km)

» Aiming to start operations in 2027

neutrino

. . . . . . L=295km, sin“2043=0.1
GOAL: Minimise matter effects + maximise s — 520

o s T === 0=1/2n

statistics to focus on dcp T s—t==

Sl AN 3
o oo2Hll Y f£7 @0 TS
> 50 CPV sensitivity in 10 years for 60% of the dcp values I T
0O 1 2
E, (GeV)

Hyper-K collaboration (Neutrino2024)

new cavern at Kamioka mine under
construction
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JUNO (Jiangmen Underground Neutrino Observatory)

» Next-generation Large Liquid Scintillator detector (a la KamLAND)

» It is a LBL reactor experiment in China. Baseline 50 km

» Fiducial volume: 20 kton Cal. House

. ;

/00 m underground

Top Tracker (TT)

. . : o | 8 3 -
» Increased light yield for a better energy resolution (3% at 1 MeV ) e - -
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JUNO collaboration (Neutrino2024)
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