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Phases of DUNE

Phase |

e 1.2 MW beam

* Near Detector Complex:
* ND-LAr, TMS, SAND

e Two far detector modules
( > 20 kt target mass)
 FD1: Vertical Drift
 FD2: Horizontal drift

Excavation of the
caverns is complete!!
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DUNE FD - Horizontal Drift

* Relies on long established technology
- Wire-based charge readout: Anode Plane Cross-section of DUNE FD-HD
Assemblies (APAs) TR
- X-ARAPUCAs for photon detection /|
(more details in Maritza’s talk right after mine)
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DUNE FD - Vertical Drift

o S G 2x6.5m verticaldrif « Cathode at mid-height, two anode
- with superstructure ) planes (top & bottom)

« Longer drift distance 6.5m

CRP detail with readout
Perforated readout strips planes and adapter boards |

« Charge Readout Planes (perforated
PCBs) instead of APAs

Photon Detector

« X-ARAPUCA photon detectors
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Phases of DUNE Phase I|

 Enhanced beam (upto 2.3 MW)

* More Capable Near Detector
(MCND)

e Two additional far detector

modules (FD3 & FD4)
e > 40 kt target mass
* Designs not fixed

NB: Excavated caverns include space for Phase-Il detectors
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Phases of DUNE

Phase |

1.2 MW beam

Near Detector Complex:
* ND-LAr, TMS, SAND

Two far detector modules

( > 20 kt target mass)
 FD1: Vertical Drift
 FD2: Horizontal drift

Additional Mass

Reduced systematics

Phase Il

 Enhanced beam (upto 2.3 MW)

* More Capable Near Detector

(MCND)

e Two additional far detector

modules (FD3 & FD4)
e > 40 kt target mass
* Designs not fixed

N
Extend DUNE’s Physics Reach

_—
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DUNE Phase Il White Paper

The PhySiCS Of DUNE JINST 19 P12005 (2024)

[ ] :I LI | L I 1T TT [ L [ L T T | I ] 1T I:
Long-baseline 455 DUNE Simulation —— CPV Sensitivity =
osci"ations 5 40F All Systematics =
> - Normal Ordering .
= 3'55_ 75% of 6¢cp values E
. - B 30f -
* High-precision S el -
N co -
measurements of S ,oF 3
oscillation parameters S sE E
o 10F -
« Establish CP violation © osf . =
. |
| .| | | | L1 1 1 I L1 1 1 I L1 1 1 | I .| | L1 1 | I L1 1 1]
over a broad range of 00 25 50 75 100 125 150 175 20.0
possible d.p values Years

7 28-Oct-26 A. Navrer-Agasson | NNN 2026 - Chung-Ang University - Seoul, South Korea IMPERIAL (\


https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12005
https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12005
https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12005

The Physics of DUNE

Long-baseline
oscillations

* High-precision
measurements of
oscillation parameters

e Establish CP violation
over a broad range of
possible d.p values

Low-energy physics

Solar neutrinos

Supernova core
collapse bursts

Diffuse supernova
neutrino background

DUNE Phase Il White Paper
JINST 19 P12005 (2024)

Agostini et al, Eur. Phys. ). C 80, 1091 (2020)
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The Physics of DUNE

DUNE Phase Il White Paper
JINST 19 P12005 (2024)

ot p - KtV signal
Long-baseline ' Beyond Standard
oscillations Proton P Model
decay (236-MeV/c) hﬂQ
event
* High-precision o , o -~ dl* Proton decay
measurements of ¥ X Boosted
oscillation parameters | 00U, dark  Dark matter searches
plll = matter
L o X
* Establish CP violation ll LAl * Nonstandard
X X e n . .
over a broad range of o S o interactions
c 2
possible d.p values i&
e/p e /p _
---~" visible in the FD fiducial
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Extending the Physics of DUNE

///;haﬂenges \\\

* Low energy physics:
* Low threshold required
* Radiological backgrounds
* Improved triggering
* Enhanced light yield and
charge-light matching

* Non-beam physics:

* Continuous readout =
\ high data rate /

Extended
DUNE Physics
Programme
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Extending the Physics of DUNE

Improved Charge Increased Photon
Readout Detector Coverage

/Challenges \ *+

* Low energy physics:

Low threshold required
Radiological backgrounds
Improved triggering
Enhanced light yield and
charge-light matching

Extended
DUNE Physics
Programme

* Non-beam physics:

* Continuous readout =
\ high data rate /

Background
Mitigation
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Extending the Physics of DUNE

SolLAr
Improved Charge QA';T;'I-)'LA; Increased Photon
Readout \_ = ), Detector Coverage
) 4
*
( . + ﬁ
Q-Pix \ . APEX
Pixellated CRP e LightPix PoWER
GAMPix P _
\ y
& @ o
Extended
DUNE Physics Background
Programme - .
Mitigation
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Improved Photon Detectors

* Improve matching of charge-light information
* Better t, determination and event fiducialisation

* Enables precision light-based (and charge plus
light-based) calorimetry, at both MeV-scale and
GeV-scale energies

* Background mitigation through pulse-shape
discrimination

Pulse-shape discrimination with

Q-Pix
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Improved Photon Detectors
APEX

* Based on DELTA light-trapping mechanism PD Module

* APEX panels covering the entire field cage:
* ~60% photon detector coverage

* Enhanced light yield and uniformity of PDS
FreESPoNsSe  taudagen

”
’

/
/
o i pTP film (WLS1, ~0.5 um)

i i

Fused-silica substrate - 2 mm - n=1.46

LArgap -1 mm

PMMA + BBT (WLS2)
55mm - n=149

APEX panel

’
e 4 edge SiPMs, 27 + 27

Cross-section between the two instrumented edges - not to scale (thickness x10, pTP film enlarged)
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Improved Photon Detectors
PoWER

* Increase light collection by using reflector .. T
and wavelength shifter coatings o ' .

VETO

* Active LAr veto with VUV and VUV+ visible

VUV SiPM (TPB)

(Vavs 4

SiPMs "y
: /AN N SN
ACITNEqL\;ilﬁ:EnME‘——- Active LAr PEN Acrylic Veto LAr SiPMs Reflector Teflon
* Light from veto region events not e o
wavelength shifted: %
* Higher UV fraction in total number of photons ortpy [T fotemt
* Additional background rejection tool . T reton cube
* Application to DUNE: Proof of concept POWER detector

* Field cage covered with a wavelength shifter (PEN)
* Cryostat membrane coated with a reflector

15 28-Oct-26 A. Navrer-Agasson | NNN 2026 - Chung-Ang University - Seoul, South Korea IMPERIAL (\



3D Charge Readout

Liquid Argon TPC

//
* Native 3D readouts reduce ambiguities and errors / i
compared to 2D readouts
» Better handling of high-multiplicity interactions e
* Removal of pathological directions in reconstruction L
performance R _ume
* Pixels provide reduced data rates and better Pixelted LAFTPC
triggering schemes for non-beam physics oot ,
4
* Closer to ND-LAr design »
* Minimises uncertainties on near-to-far extrapolations ,,“
g
'!
i g
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3 D C h a rg @ Re ad o) ut 7 | B Full-scale ND-LAr

, demonstrator
] | ," 1000 ~ k pixel
Pixellated CRP / 10k pixets
s
 Use FD-VD mechanical structure, _ ,';:‘ 500
but replace strip CRPs with pixel , 3

tiles
 Making use of the LArPix ASICs

developed for DUNE ND-LAr
* Already demonstrated operations of

1500 “?:‘1
0(10°) pixels \/00
* Readily available 0

One LArPix
tile

. e 400 —4oo¢\<°@\
* Need to validate scale-up from ND-LAr X mmy
10-tile pCRP
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3D Charge Readout

Opt/cal charge readout: ARIADNE
Dual-phase optical TPC

e THGEMSs convert electrons into photons
which are readout by TimePix cameras

* Excellent spatial resolution (~1 mm/pixel)

* Only pixels with hits are saved

* Easier maintenance (out-of-cryostat)

ARIADNE detection principle

e Recent runin CERN ProtoDUNE CRP cold box
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Charge
readout pads

Integrated light & charge readout
SoLAr

* Monolithic all-silicon charge and light
sensor
* Photon detector tile with four embedded

charge readout pads
e Aims to achieve sub-10% energy resolution

at solar neutrino energies

Photon
detection cell

» Successful tests of light & charge
combined anode using LArPix and SiPMs

@ Bern
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Background Mitigation

* Extending DUNE’s physics to lower
energies requires careful control of
radiological backgrounds

* Many avenues for mitigation:
* Material choices
e Passive shielding
* Radon traps
e Scintillation photons
* Underground argon in an acrylic vessel (SloMo)

Solar Neutrinos

- n0ioiorionrrurrrnnnnwwrnnnn#rnononnnonononnonoonoonn’’onnnnnnn)n!nnnnhnnnon»)dnasnsAi|\nnnnoo|n!|’RrnD|IsAy.r
Supernova Neutrinos

Signals
Backgrounds
0 MeV 5 MeV 10 MeV 15 MeV
Rn purification of argon iX roaches t kground reduction

Standard phase | DUNE-like vertical
drift module

1-3 kton fiducial volume(s)
Acrylic box with refiective foils

In situ cleaning

Cryostat

readout
planes

Cathode
plane

Low background light collection

Exterior neutron shielding
Low radioactivity argon

SloMo design
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ProtoDUNE @ CERN

770-ton
ProtoDUNE
detectors

Assembly
Anode Plane Assemblies

« Two large-scale prototype DUNE Far
Detector Modules at CERN (HD and VD)

@ CERN Neutrino Platform WO SHERESSTI TS

« Used to validate Phase-| technologies
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ProtoDUNE-IIl @CERN

* Planned for ~2029
* Installed in the ProtoDUNE-VD cryostat

- Based on vertical drift design

* Aims to bring together technologies developed for
DUNE Phase-lI

- Improved CRP
- Optical charge readout
- Pixel charge readout

- Integrated light & charge readout
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Summary
* Phase Il is an integral part of DUNE physics programme

- Critical for oscillation programme
- Allows to broaden DUNE'’s physics reach

« Staged approach offers opportunities for technology improvements

Very exciting time for DUNE R&D!
Many options being considered and prototyping efforts are underway

* Next major milestone: ProtoDUNE-IIl run at CERN

- WIll allow to test several readouts at the same time
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Backup
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DUNE Phase Il White Paper

DUNE Phase |l JINST 19 P12005 (2024)

Parameter Phase I Phase 11 Impact

FD mass 2 FD modules (> 20kt | 4 FD modules (> 40kt | FD statistics
fiducial) fiducial LAr equivalent)

Beam power 1.2MW > 2MW FD statistics

ND configuration | ND-LAr+TMS, SAND ND-LAr, ND-GAr, SAND | Systematics
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GAMPiIx
Grid-Activated Multi-scale PlXels

* Combines an external induction grid
with a pulsed-power pixel plane

* Low power consumption capacitors, etc. pixel ASIC

I I S Y
* Possible charge-only drift length focussing HI08
spacer| | electrodes I pixel pads 10 mm

measurement \ 1\ |

/ shaping \ ‘ ‘ ’ coarse

pixel readout PCB

goooag
—|readout \ field

¥
[
|
|

[ 1] “ ‘.“, \ “'x‘ «"‘ \‘ " \\
| | [ | \ LY L ‘ 1\
AL cectrde

electric field lines

* Low noise (50 e-/pixel)
* |deal for MeV-scale physics
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Q-Pix/Q-Pix LiLAr

Q-Pix

* Developed to solve the data rate
issue of pixellated readouts

* Electronic principle of least action

* Saves time stamps instead of full
waveforms
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Q-Pix LiLAr

* Q-Pix charge readout with amorphous
selenium coating
* Photons converted into electrons
* Charge pixel detects both ionization
and converted

Photo-conductor

9000

Pixel button
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