DEEP UNDERGROUND NEUTRINO EXPERIMENT

Probing the Nature of Neutrinos with the
Deep Underground Neutrino Experiment

Gianfranco Ingratta , YorkU (Toronto) on behalf of the DUNE
collaboration

International Workshop on Next Generation Nucleon Decay and
Neutrino Detectors (NNN25)

October 1-3, 2025 | SNOLAB




Neutrino Oscillations: open questions

A Assuming three flavor neutrinos, oscillations depend on 3
mixing angles, 2 mass splitting and 1 phase

A Open questions:
- Is the 3 -flavor neutrino picture correct?  Is PMNS unitary?

- Is h the heaviest (normal ordering) or the lightest (inverted
ordering)? What is the sign of 30 ?

- Do h and h oscillate differently? What is the value of] ?

- Does h contain more hyor hy? What Is the — octant?
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Current best measurements (solid) and complementary measurements (dashed)
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DUNEOS moti vatil on

A Mixing angles are sufficiently large
to design an experiment capable of O' O
measuring many oscillation
parameters (30 h— h—h )
without degeneracy, enabling a
test on the validity of the three -
neutrino model !

A For L=1300 km and ,=2.5 GeV,
the asymmetry in the matter effect
on | hy© hy is larger than the A0
largest possible CP-violating A AT
difference A break parameters % ' A6
degeneracy!

1300 km, NuFit 5.2
56p=0, NO 10
—gp=m, NO 10
—8ep=-1/2, NO 10

Adapted from Harris, llic, Konaka, Canadian Journal of Physics (2025)
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Deep Underground Neutrine Experiment

APi |l | ar s of DalbNEass , dighexposare .,
high precision , deep underground accelerator experiment
capable of measuring neutrino‘and antineutrinos over. a wide
range of L/E covering two oscillations:-maxima

A 1500 collaborators over 35 countries (including JJ#l)

A Sited in two facilities:
- FNAL: Beam source and Near Detector (ND)
- SURF: Far Detector (FD)
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https://Ibnf-dune.fnal.aov/



DUNE T what we measure

AL T R AL B R
— DUNE (1.2 MW) -

A Powerful neutrino beam of 1.2 MW
(DUNE phase |) upgradable to 2.4

3 — MINERVA
MW (DUNE phase II) 3 — NOVA ]
A Unique broad band beam covering : s ENaoeh)
2 oscillation maxima e Flux at ND

v, /cm?/GeV/year (x 10'2)

A High-energy tail above h,,CC
threshold A unique three flavor

measurement opportunities (see i/
contributions from W. Dallaway) Qo
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https://indico.snolab.ca/event/21/contributions/514/

DUNE T what we measure

A The Near Detector (ND) measures _ X
the convolution of the (unoscillated) O 0.4 =, hy Rate at ND
flux with the cross-section and the A o
= 0.3 u 1
detector effects. o iy 1
: : x 0 2i 1
A ND constrains the systematic = .
uncertainties and predicts the © 0.1 h.
event rate at the Far Detector (FD) g O; J Backgrounds R,,M
0 2 4 6
w % (GeV)
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DUNE T what we measure

A The Far Detector (FD) /| ; s ey — I
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200 W 0w LB

A Repeat the T M Y
measurement with I
antlneUtrlno beam I Reconstructed Energy (GeV) Reconstructed E?lergy7(GeV$
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DUNE bi-event plots
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100 :
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e i - baseline A the matter effect is not
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v violation effect
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https://indico.fnal.gov/event/68891/contributions/312748/

DUNE can do more
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https://indico.fnal.gov/event/68891/contributions/312748/

DUNE can do more
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A DUNE will resolve the mass ordering for any
A In the long term, DUNE can:

- establish whether CP is violated (for a range of values)

- DUNE Simulation - Bcp =0
[ 1000 kt-MW-yrs m B, =+m/2
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scenario

- measure precisely the oscillation parameters, relying minimally on
external constrains (i.e. input parameters from other experiments)
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https://indico.fnal.gov/event/68891/contributions/312748/

Detector technology - LArTPC

RO wire planes

A Particles reconstructed from | Ean A
lonization and scintillation light pr //447

A lonization drift in electric field [ «HIIIY / \
towards sensing elements ; ’ fo —
(slow signal, vD0.16 cm/* s): e i y// v \\
- Low threshold for ionization: oo e // . :

23.6 eV/e-

A Scintillation light (128 nm)
with:

- fast emission (6 ns) from argon
dimers and slow emission
(1.3 * s) from argon triplets

17.8 m

- LAr is transparent to its own
scintillation

LArTPC module of DUNE
Far Detector (17 kton)
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DUNEO s d dar Daactor

Anode Cathode Anode Cathode Anode

A DUNE will start with 2 FD
modules , each 17 kt total
volume 1 mile underground with
different configuration

- Horizontal drift (3.5 m), wire
readout (5 mm wire spacing)
providing high granularity
(Canadian group heavily
Involved in the DAQ system)

- Vertical drift (6.5 m)

LT

D
|

K
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DUNEO s d éNear [getector

A Measures the unoscillated

A Located 574 m downstream of ~—= |

iF Z e
i

i 1 [
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LB E ol
| |
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i

flux, constrains systematic
uncertainties (xsec, f | u x
and predicts the far detector
event rate

4{

neutrino beam source and
iIncludes three components:

- ND-LAr: a 67 t LAITPC . SAND =

- TMS: The Muon
Spectrometer (muon catcher)

- SAND: System for on Axis
Neutrino Detection, a
multipurpose magnetized
detector
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DUNEG®s di ND-LAT n

A The challenge is the
event pileup:

- 100-150 neutrino
Interactions (inside and
nearby materials) within
10 H wpill window

- Traditional LArTPCs with —- WAl S
: One beam spill at ND-LAr
wire-based readout are (7.5E13 POT) ‘
slow ( H wnax drift in ;
ND-LAr) and too many \
(2D) hits on a long wire e
A confusion! o e

!? 2 e - '; = A‘: A
'§ ND-LAr FHC pP4.1
l o 3

3 S

500
008
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DUNEOs de\NB-LAT n

A Detector segmented into 35
modules 1 1 31 ,each with
separated light and charge readouit.

A Charge readout on the anode
plane based on pixels providing
native 3D hits with O(4mm)
granularity

A Light readout: light traps coupled
with SiPMs providing <10ns single
hit timing resolution

LArPix pixelated anode
(Charge collection)

Carbon-loaded Kapton
field cage sheet

Cathode

LCM tile

(light collection) Top view into a small prototype
b arcugntie module with the top panel removed
|- (1o cotlection) (Instruments 2024 8, 41)
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DUNEO s

A Predicted rates at the Far
Detector are affected by
systematical uncertainties

A DUNE PRISM to make a
robust prediction:

- TMS and ND-LAr move
off axis to measure the
neutrino spectra at
different off axis positions

- SAND permanently stays
on axis as monitor

A Build FD oscillated spectra
from linear combination to

match (very minimal
dependence on
Interaction modeling)

v-mode

v-mode

v-mode 33m Off-axis

®(v ) at 574m/GeVicm?/POT

e

30 35 40 45_ 50
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D UN E © SAND opportunities

ASANDO6sSs design includes:
- Magnetic field 0.6 T

2 4500
- Modular low-density target-tracking © st
system to retain high momentum - =
y : J i DUNE preliminary
resolution for muons 3000F-

2500

- Existing ECAL with time resolution o

55ps IV 1w 150
- C,C H andArgon target materials ™

A SAND provides a sample of h(R) - T
H interactions from subtraction of i Feco Energy [GeVl
C from C H A sample free from
nuclear final state interactions
(FSI) to constrain systematic
uncertainties on cross-section!
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https://www.sciencedirect.com/science/article/pii/S0168900201015029
https://arxiv.org/html/1809.08752v3

DUNE sensitivity 1T Mass Ordering

A Because of the long baseline,
¥ asymmetry from matter
effect is expected to be larger
than the largest possible CP-
violating difference

A DUNE is the only experiment
to determine the mass
ordering to 5, (within 5 years
for any value of # _)

A DUNE MO determination is
crucially important as input to
experiments that measure:

- neutrino absolute mass

- # . jassuming MO is known

Mass Ordering Sensitivity (0)
w

o
i

D
T

(%))
o g |

S
R [ R |

N
i R = LS L

—
LI

I 1 T T I T il
Lower octant -
Normal ordering E

0. =+m2 4
_ cP

6CP_ 'T[/2 —_
—— JUNO i

= Hyper K

B DUNE
1 1 L L l i L 1 l 1 L L I
2028 2032 2036 2040
Year

18 October 1t  Gianfranco Ingratta | Probing the nature of neutrinos with DUNE

||||||||||



DUNE sensitivity 1 # _ i phase

A In long term, DUNE can establish

CP violation over 75% off
val ues at > 3

Eur. Phys. J. C 80, 978 (2020) Years
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624 kt-MW-years

All SyStematlc§ 1o variations of statistics,
Inverted Ordering systematics, and
oscillation parameters
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DUNE precise measurements

0035 1r|||||_|l__

A DUNE will also reach current 0,03;_:‘;;',;8&;2”""‘""” o
generation sensitivity on Soosf
mixing angles being very well § ooz
measured by reactors (— ) &' 0015

£ 0010F

A DUNE measurements will rely el

minimally on external input O T P R

. 0 200 400 600 800 1000 1200 1400
parameters (model agnostic Exposure (k-MW-years)

0067 T T 7T T T T T T T T T T T T

measurement) | DUNESimuaton ~ — o resouson |

. . S I Rormel Ok E

A Comparisons with reactor X ool

.. >
measurements are sensitive e
to new physics z
2

NE - ]
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ArXiv:2002.03005v2

Supernova physics a t DUNE FD

40 kton argon, 10 kpc

=
o

Neutronization 5 Accretiol  Cooling

A DUNE FD is sensitive to* from
supernova burst (neutronization

—+— No oscillations
—+— Normal ordering
—+— Inverted ordering

Events per bin
3

[$)]
o
II||III|I|II|||II||III|I|II|IIII|III_L|

phase)_through the dominant CC 0 DUNE h |
Interaction: 30 !_i_—j
hy 7 2ng oF 0| -

A v’ pointing resolution on L = AU
. . Time (seconds)
supernova location using

h:o -Oh. ]

A Complementary measurements
to others experiments
Exp. Ve Vg Uy
DUNE 89% 4% 7%
SK! 10%  87% 3% 0 15 20 25 0 3% 40 45 50
JUNO? 1% 2% 2% Expected h ra?eew;‘n:)erneiygel?pc distant

1. SK Coll Astropart.Phys. 81 (2016) : . ~ N
2. Lu, Li & Zhou Phys.Rev.D 94 (2016) S u p ernova a @%Chlmgl nmogd enl 0

Events per 0.5 MeV
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Solar neutrinos in DUNE FD

A DUNE FD will have sensitivity

to hep neutrlnos ﬂux Wlth Chlorine experiment (Homestake)
Gallium experiments (SAGE, Gallex/GNO)
energy above D 5 MeV 1o B16-GS98 SSM (Vinyoles et al, Astrophys.J. 2017)]
+ecCNO (Villante, Phys.lett.B 2015)
A Control of background is N e
. . 9| "Be |
crucial: ) 10 e
- Most challenging backgrounds Ei o };/"%\ ]
are fast neutrons from g o B
cavern and gammas from I N 2w
neutron activation in rock, that 3 g 2
extend well beyond 5 MeV = o /./ E l
A Passive shielding would help 5 ;
to reduce the background 1o E L4 i

(studies ongoing) T ™
Neutrino Energy [keV]

22  October 1st  Gianfranco Ingratta | Probing the nature of neutrinos with DUNE YORK l _l')l_'(\E

uuuuuuuuuu







DUNE under construction

A DUNE Phase I:

- DUNE Far Detector caverns
completed in 2024!

- Cryostats constructed at CERN, cavern excavated in Lead, South
shipped to South Dakota and Dakot fal
ready for installation in 2026 \ P .(-‘news' i

- Far Detectors 1 and 2
Installation expected to be
complete and starting to
operate ~2029

- Physics in early 2030s
A DUNE Phase II:

- Far Detector Modules 3 and 4
within D5 years from Phase |

- Beam power upgrade
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ProtoDUNEs at CERN

A To test DUNE style horizontal and vertical drift detectors, two
prototypes of about 700 tons have been operating in charged
particle beam at CERN

A Horizontal drift produced the first physics publications in 2024
and vertical drift is ready for tests this year

LA \Lﬁrtlcal drlft prcﬁ(ﬂf@e
(this @¥e

ProtoDUNE hall, CERN

< 4
NPOA-CAM=410 |

25 October 2 Gianfranco Ingratta | Probing the nature of neutrinos with DUNE YORKI' Du(VE

uuuuuuuuuu




DUNE Near Detector Prototypes

A Fermilab, 2x2 prototype (2.21t): A Bern, Full Scale Demonstrator

smaller segmented, pixelated - 70M cosmic-ray events over
LAr TPC

several weeks of data-taking

- Operated in NuMI neutrino
beam in summer 2024 DUNE has
neutrino data!

- Longer beam run planned for
2026
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DUNE Near Detector Prototypes

A Fermilab, 2x2 prototype (2.2 t):
smaller segmented, pixelated

LAr TPC

- Operated in NuMI neutrino
beam in summer 2024

- DUNE has neutrino data!

- Longer beam run planned/tor
2026
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Conclusions

A DUNE is under construction and already doing science with its
prototypes!

A DUNE is designed to test the three-neutrino model, estabish the
mass ordering and make precise measurement of]  phase
and other oscillation parameters.

A If a supernova will occur nearby, DUNE will be there!

A Canada institutions are actively involved in both FD and ND! 1*A
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