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Neutrino Oscillation

Pontecorvo — Maki — Nakagawa — Sakata (PMNS)
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Global Fits

Normal Ordering (Ay" = 0.6) Inverted Ordering (best fit)
bip £1a 3 range bip +1a 3o range
Solar £ | sin® 612 1T g 0.275 — 0.345 0.30819-012 0.275 — 0.345
B12/° 33.6810.73 31.63 — 35.95 33.6810-73 31.63 — 35.95
/ sin? Bz 05615002 0.430 — 0.596 mipa2toos 0.437 — 0.597
Reactor faz/° 48.5107 41.0 — 50.5 48.6107 41.4 — 50.6

sin” 13 0.0219570 00038 0.02023 — 0.02376 | 0.0222470 00055 0.02053 — 0.02397

) without s aln

Atmospheric e 852251 B.18 - 8.87 858751 8.24 - 8.1
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T 4253410938 oag3 42606 | —251010%28 2584 . —2.438

NUuFIT 6.0 (2024), www.nu-fit.org
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Long Baseline Experiments

Beam of v, Detect vy (vy)

or Vu hundreds of km through V. (Ve)

the Earth

V, appearance

s 2
a2 C i (A-1A
P(v,—v,) = sin 2913@ (A1)

+ 2asin 913 in26,,sin26,, sinAA sin(4-DA co@

A (A-1)
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- 2asinf 5in26,, sin26 S1
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* v, appearance: mass hierarchy, 6., and octant of 6,,
" . " ] ] ] 2 "
* v, disappearance: high precision |Am;,| and sin“26,; , constrain octant
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Long Baseline Experiments

Beam of v, Detect v, (v,)

or W hundreds of km through Ve (Ve)

the Earth

Compare oscillation probabilities P(v,—v_) to P(v,— v, )

They are not the same due to:
1) OCP =0 or it (CP violation!!)
2) asymmetry due to matter effects (the Earth is made of matter)

v, appearance: mass hierarchy, o, and octant of 6,,
v, disappearance: high precision |Am;,| and sin®20,; , constrain octant
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Long Baseline Experiments

PV, - V,)

Beam of v,
or v,

hundreds of km through
the Earth

Detect v, (vy,)
v, (Ve)

If the baseline is long enough, the matter effect dominates, and
Oce and neutrino mass ordering disentangle.
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Long Baseline Experiments
— State of the Art

T2K

Near Detector

Super Kamiokande

Mt. Noguchi-Goro
2924 m
Mt. Ikeno-Yama A

1360 m .
i i 0004 1

Muon Neutrino beam

0
:
i

295 km

L

* T2K Far Detector is Water Cherenkov (SuperK
50 ktons)

e Baseline is 295 km

* Both have narrow-band beams (off-axis) peaked
at 0.6 GeV (T2K) and 1.9 GeV (NOVA)

* Most events are CCQE

NOVA

Near
Detector

Fermilab Ash River

l10km

810 km

NOVA has functionally identical Near and Far
detectors (finely grained liquid scintillator; 14kton
far)

Baseline is 810km

Higher neutrino energy

- DIS occurs

D &



Long Baseline Experiments
— State of the Art

NOVWVA see maximal degeneracy between mass ordering and Scp

As of Neutrino 2024

NOVWVA and T2K overlap better if Inverted Ordering

1 1 I 1 I 1 1 I 1 I 1 ] | ] I 1 ) ] I 1 I 1 1 I 1 I 1
0.65 - I0 7 NO
0.60 F- =
0.55 0
::-E? B ]
o 0.50 — —
0.45 =
E - NOvA E E E
0.40 - 4 4 F |
- 1K 1 F .
035 —-- NOvA + T2K 1 E z
1 1 I 1 1 1 I 1 L 1 I 1 1 | N i L 1 1 I 1 1 1 I 1 1 I 1 1 1 7]
0 90 180 270 360 0 90 180 270 360

dcp dcp

arXiv: 2410.0538
NuFIT 6.0 (2024), www.nu-fit.org
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To go further - HyperK and DUNE

New intermediate

Hyper-Kamiokande detector (WCD) J-PARC

B Near detectors
,‘ Y VN (ND280 upgrade, INGRID)

Neutrino bea

Same baseline (295km) and off-axis (2.5%as T2K
Increased beam power (1.3 MW)

8.4 times larger than SK (187 kton fiducial volume) -
Water Cherenkov

T2K Near Detectors (ND280 upgrade, INGRID) New
intermediate detector IWCD (spans 1.5-4° off-axis)




DUNE: international collaboration

1400+ collaborators
200+ Institutions
37 countries (including CERN)
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DUNE is next generation neutrino
oscillation experiment

Sanford Underground
Research Facility

Fermilab

=
- e
-
-

Physics goals :
Neutrino oscillations : measure v, disappearance + v. and v, appearance (both neutrino and anti-
neutrino modes)

Mass Ordering, leptonic CP Violation discovery, 0»; octant and more

Large underground detectors : Nucleon Decay searches, SuperNovae core collapse etc

®w -




DUNE is next generation neutrino
oscillation experiment

Sanford Underground
Research Facility

Fermilab

——————

1 =
-

=i

Far detectors at SURF: 1.2 MW wide-band beam from

4 x 17 kt Liquid Argon TPCs Fermilab (upgradable to 2.4 MW)
1.5 km underground

Near Detector to measure initial
composition

D & 1




Long baseline (completely
disentangle mass ordering
and CP violation)

High power beam and
gigantic far detectors
(more stats)

Make a spectral
measurement

use a wide band beam
(neutrino/anti-neutrino
mode)

Measurement range
spans 2 oscillation peaks

Gain additional power on
deltaCP

DUNE

Normal Ordering

Inverted Ordering

Neutrinos
014 Neutrinos i Bop = -2
1285 km
0.12F  Normal Ordering W, =0
N5 =n2
0.1
=
T 0.08
;I‘:L
E 0.086
0.04
0.0:2
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0127 |nverted Ordering Mag=0
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0.1
o
“r 0.08
:_-:L
& 006
0.04
0.02

2 3 4 5678
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Antineutrinos

Antineutrinos Wi, = -2

1285 km B -0

Normal Ordering 2
W5y =2

1 2
Neutrino Energy (GeV)

3 4 5678

Antineutrinos
1285 km
Inverted Ordering

W, =-n12
Bs.=0
W5y = 2

2 a4 4 5678

Neutrino Energy (GeV)
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Neutrino Beam

Apex of Embankment ~ 60°

MI-10 Point of Extraction

Near Detector Absorber Hall Target Hall Complex

World’'s most
2 " mm (anti-neutrino)
beam

PIP-Il construction
- first beam 2031
- reach 1.2 MW end of 2032

Phase-2
- upgrade to deliver
2.1 MW




LBNF beam

Nov2017, 120 GeV, ND 574 m, On Axis

—
<
(=)

107 & — v-mode Vy ----z-mode Vi o
L v-mode vy V-mode (P

—v-mode v, ----V-mode V,
—v-mode V, ----V-mode V. 1

® (cm™ per POT per GeV)
S S
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|

f—
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—
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Wide band beam
2 oscillation maxima

120 GeV Main Injector
proton beam

1.2 MW initial beam
power, upgradeable to
2.4 MW

Beamline and focusing
system optimized for CP
violation sensitivity

82 16
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Neutrino Signal

Neutrino interactions can be quite
complex (multiple products and

showers) Neutrino flavour determined by
CCQE (1p1h) — outgoing lepton
(Charged-Current Quasi-Elastic) (Desp Inslashic Scotering)
e & Neutrino Energy Reconstruction
Wi N dependent on Interaction Model
"CCRESP e Not all products may be visible
(Charged-Current Resonant) :;:\:,OETC x (neutrOnS)

\vu\l—/"r/ Neutral Current (NC)

Need highly performing Near

WE T V
o R and Far detectors!
/;//\;\
i 2 ® k%
Nuclear g { . . \o/. -/ [
Effects 1. ~-{ oF | ';-. N auw J I w ,.‘,\,.
s i g ¥ [ L]
Free :erml Nuclear Final State
b i s B e Muclean Mckion correlalions Interactions (FS1)

D & .



LAr TPCs

Massive detectors (17 ktons Far Detectors)
Fine-grain ‘images’ of neutrino interactions
Separation v,/ve

Good energy reconstruction

Low energy threshold

COS/T) .
ic -
. lay

Run 5390, Event 1100

DUNE FD1-HD
simulated 2.5 GeV V.-

DUNE FD1-HD
-simulated 3.0 GeV v,




Near detector system

Phase-2
- Upgrade TMS with
Gas-Ar TPC (NDGar)

Suite of high performance detectors

NDLAr — 150t liquid argon TPC

The Muon Spectrometer —
magnetised steel range stack

measures sign and momenta of
escaping v,

SAND — magnetized LAr Target
(GRAIN), tracking (STT) and
calorimeter (ECAL)

Fixed On-axis beam monitor

PRISM — Moveable component -
NDLAr + TMS

Construction of Near site facilities
starts 2025

X



Far detector at SURF

Sanford Underground Research Facility in
Lead, South Dakota

* Four 17-kt LAr TPC modules, located 1.48
km underground

* Excavation complete 2024

* Phase 1 — 2 Detectors (FD1 and FD2)
* FDI1 — Horizontal Drift

* FD2 - Vertical Drift

Phase-2

- FD3 (decision 2027)

- FD4 module of opportunity
(decision 2028)




LAr TPC

,' 4 Liquid Argon TPC
Y
P P
pa
P
i
Ehalrged Particles
P y128n .

A =l
; ——»g

Cathode i SO

Plane W —}——-G

-G
O s
L35
=
s
@‘?f
LT A y128nm
‘e
Edrift

Sense
u. vy V wire plane waveforms

¥ wire plane waveforms

Prompt Scintillation signal
(LAr 128nm)

- Detected with
PMTs/SiPMs
(wavelength shifting)

- Gives time-stamp of
interaction (TO)

Electric Field ~0.5kV/cm
Drifts electrons towards
anodes (mm/us)

- Induces signals on
wires

- Proportion of drifting
electrons reduced by
electronegative
contaminants (liquid
purity)

Read out wires (strips)

3D Interaction Position
- Dirift time = A Arrival
time (Charge - Light)

Needed for off-beam physics

D &



Off beam searches -
Galactic SuperNova

Uniquely DUNE is sensitive to ve : s
ve + ¥Ar o e + K" 5 o

Also elastic-scattering
5-50 MeV signals

l]5 10 15 20 25 30 35 40 45 50

Neutrino energy (MeV)

‘Garching’ model SN as seen by
40 ktons DUNE (inc detector

Ay
5
3
i 1
_Q- _g
] -
lJJl.I]lLJIlII.IlI]II.l ll.l..ll.ljl.i.ll.] l]!.ll.l |.] |.|L

E — * response)
E— L
2025 T
~E- o= )
MeV - 5
veCCt =
2008.06647

A
b A 22

22



Galactic SuperNova

SN trigger — (Light and Charge signals)
Continuous data-taking, all waveforms
stored for 100s (with 10s pre-trigger)

Number of interactions

Light signal provides:
* SN signal arrival times
* Global triangulation (SuperNova
Early Warning System)
* Position in drift direction needed to
correct of electron drift loss (Energy
estimate)

L el
1 10

2 3
Dlstawca to supernova (k pgf

ES short tracks — forward scattering
allows direction estimate

2008.06647




protoDUNES

: = \ L 'Sy ¥ = Dual Phase
Two LAr cryostats hosting the protoDUNES o Mi] e R V:rtical Drifé

— Giant Liquid Argon TPCs

-y

- Single Phase / Horizontal Drift
— Dual Phase / Vertical Drift

Necessary R&D step towards the DUNE Far  Eg#Zsd ' " = : v
Detectors . DA . -

- Tests of all engineering solutions and
installation procedures

- Use full-size components identical to those
planned for DUNE FD

300t fiducial mass of LAr
- Technology demonstrators

- Demonstrate long term performance and
stability

Charged particle test beams to characterise
detector response over the energy range of
interest for DUNE (~0.5 GeV to 8 GeV)

Foa

The CERN Neutrino Platform, in é dedicated
extension of the North Area

D &



ProtoDUNE-Single Phase

e LAYrTPC (770 tons) in a charged-particle test beam e
e 2 drift volumes (3.6m drift) : ==
e  Operated from August 2018 — July 2020
*  Instrumented Beamline
*  Known incident particle momentum - 300 MeV/c to 7

GeV/c

First results paper: JINST 15 P12004

6m il |

oo [N

DUNE:ProtoDUNE-SP Data
L e mean e

U ——
» - T s R 160
= S e Proton Expectation 140 :
8 E 10 . —— Muon Expectation - :
A s ETes T 4 e iy :
E ;E 100 i
0 = =
25 . ! j
% _. by SR g - phSton detectors
= e T integrated into APAs
B - 7m _— mL=
0 20 40 60 80 100 120 .
Residual Range [cm] 6 anode plane assemblies (APAs) (one far detector
Stopping muon and proton dE/dx vs. module has 150 APAS)

residual range in ProtoDUNE-SP.

DUNE:ProtoDUNE-SP Run 5826 Event 83959

s DUNE:ProtoDUNE-SP Run 5770 Event 59001 .
. [h) P o~
0.5 GeV/c electron X 6 GeV/c electron <
175 T : 75 5
[ o f =
{ = o
50 8 50 ®
W [v]
25 3 25
g g
] (9]
00 D@ 00 2
[1v] m
r : £
-2.50 s —pgY

100 125 150 175 200 200 300 400
Wire Number Wire Number
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Vertical Drift

Base on experience with Dual Phase
[| “\ ” New concept merging positive features of Dual
c . Phase with successful Single Phase LArTPC

Single Phase LArTPC

I \ I HV delivery allows large drift volumes
Y. - Top and Bottom

l e- ” Top volume electronics is accessible

PCB-based charge read-out (3-views)

Advantageous for manufacturing and
installation

@ &



Vertical Drift

2 x 6.5 m vertical drift

* Charge-readout planes (CRP) 3mx3.4m CRPs

(anode) on top and bottom. il AERE
* Cathode in the middle at -300 kV
* 6,5 m drift distance

* Photon detectors
* X-Arapuca
* Behind field cage (on cryostat Bl
* Embedded in cathode !!

Photon Detector

A
PVC




Charge Read-Out

* Charge Read-Out Planes testing

* Successfully operated

* Less than 1% channel failure

1st Induction Plane

1000 150
")
‘E o 100
—
@ 50
o 1200
=] 0
Y 1300
E -50
E 1400

_100

=

1500 ~150

6 25 S0 75 100 125 150 175 200
Channel
Channel 105 Response

9500 4
)]
=
5 9000
3
m v—«.~——-—~—-MnJ
UﬂEDU-
(]
<

a200a

1100 1200 1300 1400

Time tick (0.5 us / tick)

1000 1500

Time Ticks (0.5 us [ tick)

ADC Reading

2nd Induction Plane

150

/f

960

1000

1100

1200

1200

1400

-100

1500 =130

Be0

1000 1020 1040 1060 1080 1100

Channel

Channel 995 Response

9200
SO0 4
GEODD l
BHO0 1

8400 -

—

1130 1200 1300 1400

Time tick (0.5 us / tick)

B200

BOD0
1000k

1500

Collection Plane

10040 400

1100 3o
1200

200

1300 100

Time Ticks (0.5 us [ tick)

1300 —10C

2000 2050 2100

Channel

2150 2200

Channel 2140 Response

1400 4 1

1300 4

:

1100

1000 4

g

ADC Reading

GO0 4

PUngocl

1100 1200 1300 1400

Time tick (0.5 us [ tick)

M\W’\WW

1500

700

1040

28
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Photon Detection System

Challenge — SiPMs embedded in cathode (at -300 kV)
Power and Signal Read-out via optical fiber
- Signal-over-Fiber

Objective: SIN (single photoelectron) > 4

Dynamic range > 1500 pes (per channel)

|
cold warm |

Power-over-Fiber

=

y,
o




Photon Detect

X-ARAPUCA
Light-trapping device

— Photons trapped inside due to
combination of two
wavelength filters and one
dichroic filter

65 X 65 cm?

2 x 80 Silicon Photomultipliers
(SIPMs)

A Machado, E. Segrato, FLC

0.02

0.015

Normalized emission (A. U.)

0.01

0.005

T T T T
| Dichroic filter cutoff

— PTP spectrum

—— EJ-286 spectrum

Filters Frame

Dichroic Filters

Spacer

WLS Plates

SiFM strips

Module Frame

. PoF & Optical Transceiver

rti
liquid argon
\ scintillation
‘// light
m
h

127 n

PTP
350 nm \ Dichroic Filter

™\ LAr

= 0 nm
a 230 N =X ws plate
LA&r
450 500 550 Reflective surface

wo
o
o

|
350

400

Wavelength (nm)

D &
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PDS Electronics

DCEM board

: Vdd= 5V
SIPM
(Constant Receiver board
Vgl lage v i
= i T [ s l{"-
EYYYYY { T DC offset:
e  — 5 : o oo
td =R : .
E L kS . H - = amplifier
Pk c v, fpmesned | W Fibers
I - s N - |

vkkkk | —ri-e—B L ol -
| - E
o r R l First stage Second stage Laser Driver \\3‘
' amplification @ m

i | TR s amplification

LYY WP §

Haars ¥ DAPHNE board
i X 4 Daughter board

Laser driver
adapter card

l‘ . - _-...

% IR lasers

OPC card

é}

Signal nditionig

-

Signal input/
SiPM bias




Cold Box - Performance March 2023

Tests made at CERN Neutrino Platform
cold-box (3x3x1 m3)
First demonstration of transmitter
achieving DUNE goals

e S/N~5, dynamic ~1700 Pes

V4 - DCEM 1.2 - March 2023

# of events
- | o]
g B8

11

— e

'i?—

600

Amplitude (ADC Channels) |

500 —

400

200

* | L f
| . =
300 | | | \ :
|l peﬁ'uf \ 2400 2600 zmé ; '
' vl a, -f'-\ Tima (ns)
A N A, 0.0002082 + 01763377 |
Oy 5826 +7994 |

100

0 2000 4000 6000 8000 10000
Charge (ADC*nsec)
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Amplitude (ADC Channels)

Performance - April 2024

ﬂ I { S A G | T T X & [ G ! [ Y S | | G G B | A S EE E F I T EE T ‘ | SE |
C — . . " " [ ]
% = D lJ N E :\ D_ F) DS I) rel I m I n a ry SEE Sarsten . — 16000 L I S e B S T T -:1 T T
=300 " i @ C — : ]
g Brilfardsing . g - DUNE:VD-PDS Preliminar : B e
® 7 SPE charge Mean: 1.10 : S 14000 y . :
- Std Dev: 0.95 4 ] C 3 _ - g - 7000
250( ¥2/ ndf: 363.28/176 | | S 12000 C3-chl - April 2024 o R
- A, 293354631 | ] 2 o = |} —{e000
r : 0.01+£0.00 | ] " ]
200 o,: 0.06 +0.00 ] 2 10000}~ . 2 000
C A, 304.68 +8.20 7 E = . E
154eaclall; b, 0.62:£0.00 B 8000 - : 1B so0o
seline 6, 0.08 +0.00 2 - . B
. Ay 218224453 | 6000 - : Z|B 3000
- :1.25 +0.00 - _ : 7
) \ \ j l 22‘008“)00 - 4000}~ ~2000 PE ]
- :0.08 £0. R . - - | 2000
500 - 2000/ — 5k . —| I 1000
:J K . = i . ' L L s b g - - e o 0
0 | L ! B - | S ) 5 L1 1 L1 ) S . | S i H 0 500 1000 1 500 2000: 2500

0 0.5 1 1.5 2 25 3 35

4 1 (photo-electrons)
Normalized charge [A.U]

I 11 1 T

I
2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (ns)
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ProtoDUNE-Vertical Drift

Large-scale test of the Vertical Drift design in the NPO2 cryostat in the Neutrino Platform at CERN
Active volume: 3 X 6.8 x 7 m?
- 2 CRPs top

- 2 CRPs bottom

- 2 Cathode modules
Operated at -175 kV

Filling soon!

-

= e
PRTE

AL A A AL 04 I rany

Top volume Bottom volume

82
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DUNE Far Detectors (FD1 and 2)

Horizontal Drift

(1

L et

(LT

Modular design

500 V/cm horizontal-drift (HD) field
3.5-meter drift length

Wire plane charge read-out
Photodetectors (Arapuca) embedded in
Anode Plane Assemblies

Vertical Drift

Two volumes

500 V/cm vertical-drift (VD) field
6-meter drift length

PCB charge read-out

Top electronics replaceable

Xe-doping

Photodetectors (Arapuca) embedded in
Cathode and on membrane

D &



Neutrino Oscillations

~ 800 > 350 -
('B : DU:IE v, Disappearance 3 B D::E v, Disappearance
- in“8,, = 0.580 [ si =0.580
Measure appearance and  gm iy A
. E o 3.5 years (staged) s [ 3.5 years (staged)
disappearance for both 2 a S 5 wof- A
- 3 P B [
E S001- - v oC § 200f o, - 7)o

neutrino and anti-neutrinos

(v. + V) CC (v.+ v) CC

g
TT]TTT
-y
&
=]
T

disentangle Mass Ordering =%
and CP effects "

Spectral measurement - 15t T2 3 construsted Energy (GeV Reconstrusted Eneray (GeV)
and 2" maxima

100}

50k

DUNE v, Appearance DUNE v, Appearance

160 Normal Ordering Normal Ordering
sin“26,, = 0.088 sin°28,, = 0.088
: sin’d,, = 0.580 sin’8,, = 0.580

3.5 years (staged)
—+— Signal (v, + ¥,) CC
i B Beam (v, + v,) CC
[ NC
e . (v, + v,) CC

(v: + 7 CC

3.5 years (staged)
—— Signal (v, + V) CC
I Beam (v, + v,) CC
W NC
M (v, + v,) CC

(ve+ V;) CC

Events per 0.25 GeV
8 &

3

~7 years running

Events per 0.25 GeV

Order of 10,000 v, and " — —i

1,000 Ve o

e S Y

4 6 7

4 5 6 T 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

DUNE Technical Design Report (TDR) arXiv:2002.03005  EPJC (2020) 10, 97
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Sensitivity — Phase 1

Determine neutrino mass ordering at 3o (5a0) with 66 (100) kt-MW-yr

exposure
Normal ordering Inverted ordering
20" UNE Sensitivity — o8 ere 200" UNE Sensitivity 66 Kk MWoyears
18- All Systematics 100 kt-MW-years 18[-All Systematics 100 kt-MW-years
Normal Ordering = Median of Throws - Inverted Ordering = Median of Throws
16 8in"26,; = 0.088 +0.003 10: Variations of 16l 5in"26,, = 0.088 0.003 1o: Variations of
0.4 < sin%,, < 0.6 statistics, systomatics, - 0.4 < sin%0,, < 0.6 SIaG; W,
and oscillation parameters B and oscillation parameters
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Sensitivity — Phase 1

Ocp = 190°, CPV at 30

Normal ordering Inverted ordering
6 6
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Sensitivity — Phase 2

-4 FD

- ND upgrade

- 2.4 MW beam

If dcp = +£90°, 50 in 7 years

For 50% of dcp Values 50 CPV in 12 years
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Precision Measurements
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Conclusion

* DUNE is under construction!
* At CERN neutrino platform
* Testing of Vertical Drift in the cold-box
continues
* ProtoDUNE Vertical Drift — filling soon
(to run with beam test 2025)
* R&D continues preparing for Phase 2
* Running FDs expected from 2028
* Beam and ND from 2031
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