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The Deep Underground Neutrino Experiment (DUNE) 

FD

ND

𝜈!

Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment

A new generation Long Baseline – 1300 km – neutrino oscillation experiment based on

• a  wide band high intensity (1.2 MW upgradable to 2.4 MW) ν/ν neutrino beam produced at Fermilab 

• a large total mass (~70 kton) Far Detector at the Sanford Underground Neutrino Facility (SURF) 1.5 km 
underground exploiting the Liquid Argon Time Projection Chamber (LArTPC) technology 

• a Near Detector complex (ND) at Fermilab providing control of systematic uncertainties 

enabling a rich physics program
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DUNE: Key Features and Physics Program
🟠 Long- baseline wide-band neutrino beam

— Measurement of CP violation phase and determination of the neutrino 
mass ordering  in a single experiment using spectral information

🔵 Underground location à access to astrophysical neutrinos
— Supernova neutrino burst detection – sensitive to the ν" component
— Atmospheric neutrino – capability of ν# identification
— Solar neutrinos – potential for detection of hep flux

🟢 Massive detectors with excellent tracking and calorimetric information
— Search for baryon number violating processes – p → ν K+, n &n

🟤 Long baseline + higher energy neutrino beam
— ν# appearance, NSI searches

🔴 Capable Near Detector Complex 
— Precise neutrino physics (cross sections, nuclear effects)
— BSM searches

arXiv 1807.10334
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Neutrino oscillations in the 3-neutrino framework 
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for !ν
• «minus» sign
• V→ -V

𝛼, Δ , A are 
sensitive to the 
sign of

PDG 2022

cij  = cos 𝜃!"
sij = sin 𝜃!"PMNS Matrix

ν" appearance : 
mass ordering, 
δ$% , octant of θ&'

ν( disappearance: 
Δm'&

& , sin ϑ&'& , 
constrain octant
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Impressive progress since 1998
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arXiv:1212.6374v2
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… not a complete clear picture yet
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The «anomalies»
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[arXiv:1906.00045

additional neutrino >2σ 

ref. A. Gugliemi ‘s talk on 
ICARUS

Phys.Rev.D 104, 032003 (2021)
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Open Questions and Unknowns
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• What is the neutrino mass ordering? (Is 
Δm!"

" positive or negative?)
• Is there leptonic CP violation?
• Is θ"! mixing maximal?
• Is the PMNS matrix unitary? 

§ Can neutrinos explain the matter-
antimatter asymmetry in the Universe?

§ What is the neutrino absolute mass 
scale?

§ Are neutrinos Majorana particles? 

Δm232

Δm221ν1
ν2

ν3

ντ
νμ
νe

Δm221

Δm232

Normal Ordering Inverted Ordering

ν1
ν2

ν3
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The Long Baseline Neutrino Facility (LBNF) and DUNE
DUNE experiment is enabled by  LBNF which provides
• a high intensity wide-band neutrino beam
• a deep underground lab in South Dakota and Near Detector infrastructures
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Sanford Underground Research Facilities 
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R.J Davis

Previously known as the Homestake (gold) 
Mine in the Black Hills

1.5km
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Excavations at SURF 70% complete (July 2023) 

North Cavern – adjusting 
ventilation North Cavern –midpoint connection drift Blow piping central utility cavern Central utility cavern corner 

trench drain



12 Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment

LBNF will use protons from the 
Main Injector
• MI will start at 1.2 MW and be 

upgradeable to 2.4 MW

The LBNF beamline at FNAL

Proton Improvement Plan (PIP II): 
upgrade of LINAC to reach 1.2 MW
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• Neutrino beamline at a slope of 5.8°
• High intensity primary proton beam (60-120 GeV ) on a graphite 

target (1.1 – 1.9)x1021  pot/yr
• Horns/beam line designed to maximize CP violation sensitivity
• Pulse duration: 10 μs
Expected neutrino fluxes :
• Forward Horn Current (FHC) neutrino-enhanced, 
• Reverse Horn Current (RHC) antineutrino-enhanced, 
• Wide band beam  
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FHC
(ν-mode) 

RHC
(%ν-mode) 

 

Eur. Phys. J. C 80 10, 978 (2020)

The LBNF beam



Neutrino Oscillations in DUNE
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beam spectrum covers the full 
neutrino oscillation curve

not simply a counting experiment
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DUNE Far Detectors – 2 x 17 kt  modules (Phase I)
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FD1-HD «Horizontal drift» FD2-VD «Vertical drift»

• 150 Anode Plane Assemblies (APAs)
• 384,000 readout wires
• Anode-Cathode 3.5 m drift;
•  500 V/cm field; cathode at -180 kV;
• 6000 photon detection system (PDS) ch.
• PDS  X-Arapuca modules embedded in APA

• Charge Readout Planes : perforated PCB’s with 
segmented electrodes (strips)

• CRPs at the top and bottom 
• Cathode (-300 kV)  in the middle
• two 6.5 m drift chambers 450 V/cm field
• X-Arapuca  modules integrated on cathode and 

on cryostat walls
• - decoupling from HV by  optical fibres for signal 

and power transmission

APA Unit

Liquid Argon TPC (C. Rubbia, 
1977) is the technique with the 
best particle imaging capability 
at kton scale: 

LAr TPC 



Construction of APAs 
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65.9 m

19 m

17.8 m

SS 1.2 mm 
primary

secondary 
membrane : 
composite 
laminated) Insulation : reinforced 

polyurethane foam    

4 vessels already constructed (protoDUNE, 
SBND,..)

Membrane cryostat with passive 
insulation (CERN/GTT design)
internal volume :  ~28’500 m3

~17’500 tons of LAr

The Cryostats
4 modules of 17 kt mass
• FD-I and FD-II LAr TPC
• FD-3 TBD (by 2027), 
• FD-4 : «module of 

opportunity»: decision 
by 2028
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ProtoDUNE’s @ the CERN Neutrino Platform
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• Two 750 t prototypes ~8 x 8 x 8 m3

• Design validation of all FD components at 
full scale

• ProtoDUNE Single-Phase Horizontal Drift: 
- Charged particle beam + cosmic rays 

runs (2018-2020)
- Event reconstruction, full analysis
- Excellent performance
- SP-HP Module-0 :final validation of

- Components production
- Assembly procedures
- Detector performance and
stability

• ProtoDUNE Dual-Phase evolved to Single 
Phase Vertical Drift  late 2020
• SP-VD  charged beams + CRs in 2024

ProtoDUNE-DP/SP-VD

ProtoDUNE-SP-HD
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ProtoDUNE SP-HD Performance
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JINST, P12004 (2020)
Eur. Phys. J. C82, 903 (2022)

Rich test-beam data with 
charged particles (charged 
pions, kaons, protons, muons 
and electrons) with different 
momenta

Multiple papers on calibration, 
detector physics measurements 
and reconstruction

Excellent imaging capabilities for 
neutrino flavor ID and energy 
reconstruction.



Near Detector Facility
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Fermilab Site

Near Detector 
Complex

neutri
nos

• Hall location :  574 m from LBNF target; 60 m underground
• Beneficial Occupancy: 2028
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The Near Detector Complex 
(Phase I)

• Measure the neutrino beam rate and spectrum 
to predict un-oscillated event rates in the far 
detector

• Constrain systematic uncertainties (flux, cross 
sections, detector response) for oscillation 
measurements

• A facility for neutrino physics

Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment

neutrino 
beam
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The System for on Axis Neutrino Detection
SAND: the only component of the ND that will be permanently located on-axis
- Superconducting magnet
- Electromagnetic Calorimeter (ECAL)
- Straw-Tube-Tracker and CH2, C target
- 1-ton LAr Active target (GRAIN)

}

SAND       ND-GAr ND-LAr

𝝂from  KLOE

• On axis 𝛎 spectrum monitor : detect changes in the beam on a weekly basis
• Perform independent in situ measurements of 𝝂𝝁 , 𝝂𝝁 , 𝝂𝒆 , 𝝂𝒆	fluxes and 

energy spectra
• Constrain systematics from nuclear effects by measuring 𝜈 and 𝜈 cross 

sections on nuclei other than argon (carbon and hydrocarbons)
• Exploit high statistics to perform physics program besides oscillations



GRAIN in SAND
A LAr imaging detector
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Two camera technologies: 
coded aperture masks and 
lenses.
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𝝂𝒆 , "𝝂𝒆 oscillation shapes
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Mass ordering and CP violation induce 
different shapes in 𝝂𝒆 , '𝝂𝒆 oscillation 
probabilities

DUNE’s unique capability: with a wide 
band beam measures these shapes over 
more than a full period, resolving 
degeneracies and measure 
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- mass ordering
- CP violation
- 𝜽𝟐𝟑 octant

with a single experiment 
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DUNE FD Data

Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment

Oscillation sensitivities:  
simultaneous fit  over four 
components of FD data 
(disappearance and appearance 
spectra ) with ND constraints

Convolution of oscillation 
probabilities with neutrino beam 
flux and cross sections and 
detector response

EPJC (2020) 10, 978
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DUNE sensitivities - Phase I 
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DUNE will unambigously resolve the neutrino mass 
ordering at 3σ (5σ) level with a 66 (100) kt-MW-yr
exposure

DUNE can measure CPV at 3σ level with a 
100 kt-MW-yr exposure for the maximally CP-
violating values δCP  = ± 𝜋/2

Phys. Rev D 105 (2022) 072006
N
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Mass Ordering CPV
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DUNE sensitivities at higher exposures (Phase II)
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Beam upgrade to > 2 MW, additional FD mass to 40 kt, near detector upgrade

If δCP = ±90°, CP violation at 3σ in Phase I Phase II: If δCP = ±90°  3σ CPV in 3.5 years, 5σ in 7 years 
              For  50% of δCP  values  5σ CPV in 12 years



DUNE resolution
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measured with  high precision 
with a single experiment

𝜽𝟏𝟑𝜽𝟐𝟑𝚫𝐦𝟑𝟐
𝟐

𝜹𝑪𝑷 resolution 6° ÷16°
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SN burst neutrinos
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DUNE is sensitive to 𝛎𝐞 CC events by
𝛎𝐞 + 40Ar → e- + 40 K*  (exploiting the Ar
target) and 𝐭𝐨 𝛎 ES on electrons (thanks to its  
huge mass)

Eur. Phys. J. C (2021) 81
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Solar neutrinos
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(*) F. Capozzi et al PRL 123 (2019) 13

This feature gives its best with solar neutrinos where we have an observable only sensitive to electron 
flavor and another observable sensitive to all flavors. 

DUNE is sensitive to

DUNE has not been optimized for low energy (<10 MeV) 
physics in neither granularity nor radiopurity. Still the 
mass and background rejection capability may provide 
the first evidence of neutrinos from He-p fusion (“hep”) 
even using the technology of the “Phase I” modules. 
And “Phase II””  may provide an enhanced opportunity.
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BSM Physics
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Baryon number violation, dark matter searches, sterile neutrinos, etc.

Example: proton decay

• Underground location
• Large fiducial mass
• Imaging capabilities

p → K+ �̅�
(dominant SUSY GUT model)

• Identify kaon by dE/dx and decay products
• Main background: atmospheric neutrinos



Conclusions
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• LBNF/DUNE: the ultimate neutrino facility/observatory

• DUNE will enable very rich physics program in the next decades (LifeCycle 20 years):

– Neutrino oscillations

– Studies of MeV-scale neutrinos

– Several  BSM searches

• LBNF and DUNE making rapid progress on facility construction, detector design, and 
physics analysis
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2029 
Start Data Taking 

@Far Detector
atmospheric 𝜈, 
astrophysics

2031 
Start of Phase I 

oscillation physics
atmospheric 𝜈, astrophysics

2037-2038 
Start of Phase II 

full physics scope
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DUNE Collaboration meeting at CERN, January 2023

• 1440 collaborators 
• 37 countries  
• 208 institutions 

including CERN
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DUNE Collaboration Meeting, Fermilab, May 2023

DUNE’s attracting the world 

DUNE’s spokespersons

Thank You!
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Phase I
- Far detector : 2 modules , 17 kt  LAr each
- Beam : 1.2 MW
- Near Detector  Complex in its full configuration  (SAND, ND-LAr, TMS)

Phase II
• FD mass: 17 kt x 4 modules  
• Beam upgrade to  > 2 MW
• More Capable Near Detector  Complex  (SAND, ND-LAr, ND-Gar)

DUNE’s Phased Approach

Determine mass ordering 
Establish CP violation  at 
3𝛔 if  nearly maximal  in  
5 years running 

Precision Long Baseline 
Physics
(e.g. resolution in 𝜹𝑪𝑷
~ 10° depending on true 
value)

• Modules 1, 2 & 3 LAr-TPCs

• Module 4: “Module of Opportunity”



Excavation Progress – Reached 68% on 30 June 2023
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Four 17-kton modules
• Modules 1, 2 & 3 LAr-TPCs

• Module 4: “Module of Opportunity”
Expand physics scope
Several technologies being considered

DUNE Far Detector:  Phased Construction

• Optimized VD for FD#3,4: optimized r/o CE 
(digital) & SoF (large bandwidth) for higher ch 
count

• SLoMo : A SURF Low Background Module
• SoLAr : novel pixelated charge readout 
• Xe-doped LArTPC : 0νββ decay concept
• Theia : A hybrid Cherenkov/scintillation detector 

module 
• LiquidO : Opaque Liquid Scintillator
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ACE: Accelerator Complex Evolution 
• Main Injector Cycle time shortening 
• Target System upgrade 
- enable delivery of more POTs
- accelerate the achievement of DUNE science 
goals with respect to the  present PIP-II plan
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PRISM Concept
PRISM (Precision Reaction-Independent Spectrum Measurement) 

ND-LAr + TMS (ND-Gar) will move as far as 30 m transversally 
to the beam to collect data at different off-axis positions:

Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment

SAND       ND-GAr ND-LAr

𝝂

Build a linear combination of ND fluxes measured at different off-
axis positions to predict oscillated neutrino event spectra at FD with 
reduced dependence on neutrino-argon interaction model



39 Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment

The Near Detector Complex – Phase II

SAND
ND-GAr ND-LAr



A new ASIC for GRAIN
• We plan to implement imaging of tracks in LAr by 

means of cameras based on a 32x32 matrix of 
SiPMs where all 1024 channels are readout 
individually

• Tens of cameras will cover the whole volume for a 
total of about 50k channels

• We need a cryogenic ASIC that fits our 
requirements

• The INFN group from Torino agreed to produce a 
new ASIC with 1024 channels

• Much less output lines and simpler feedthrough

40
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Sterile Neutrinos
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Sterile Neutrino Sensitivity
(ne CC appearance at ND)
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DUNE 𝝂𝒆 , "𝝂𝒆 spectra can distinguish Mass Ordering in Phase I
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DUNE 𝝂𝒆 , "𝝂𝒆 spectra can measure δCP, θ23 octant in Phase II

Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment



46 Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment



47 Jul14, 2023 L. Patrizii  Science and Status of the DUNE Experiment

Why 2.4 MW beam? 
Precision physics of
DUNE requires O(1000)
kt-MW-yr beam exposure
● We want to achieve this in ~1 decade
● 46 years in Phase I
● 23 years with 40 kt but still 1.2 MW
● 11.5 years with 40 kt and 2.4 MW



PIP-II and LBNF accelerator milestones

5/26/23 Valishev | Fermilab ACE48

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
SY120 - SpinQUEST
NOvA
SBN
ICARUS

   Mu2e
Early CD4
Booster Shutdown START
Booster Shutdown END
Linac Complex construction
Booster Connection CF Ph1 (12m)
Booster Connection CF Ph2 (6m)
Booster beam line connection 
WFE and Linac commissioning
BTL Commissioning  
Booster commissioning
MI Shutdown START
MI Shutdown END
Beamline beam checkout END
NSCF Construction other than Extraction
Beamline Installation other than Extraction
Extraction Enclosure Construction
Extraction Enclosure Installation

CY2032

FY2031 FY2032

LBNF/DUNE

CY2031CY2030

Accelerator 
Complex

PIP-II

CY2026 CY2027 CY2028 CY2029

FY2026 FY2027 FY2028 FY2029 FY2030

Project/Division Category

May-22
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FD1 prototyping activities : Module-0
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• All components in pre-production mode, with final technology (incl. cold electronics)
• All 4 APAs tested in cryogenic conditions prior installation in the NP04 cold box
• APA1 and APA2 (beam right) installed and connected in cryostat mid of Oct. ‘22
• PDs and APAs successfully integrated in the DAQ
• Beam right drift closed on the 11th of November ‘22
• Beam plug successfully installed at the beginning of November ‘22
• APA3 and APA4 (beam left) installed and connected in cryostat mid Nov. ‘22
• Successful integration in the DAQ followed
• Beam left drift closed on the 22nd of November
• Plan to close the TCO (cryostat access window) in Summer ’23
• Fill before end of the year ‘23 if Liquid Argon is finally available

CREDIT: Marzio Nessi Slide | NSG FDC Overview May’23



FD2 prototyping activities : Module-0

51 May 2023 Nessi | NSG FDC Overview

• All components in pre-series mode, with final technology (incl. electronics)
• All 4 CRPs tested in cryogenic conditions prior installation in the NP02 cold box
• All x-Arapuca tested in cryogenics conditions prior installation in the NP02 cold box
• PDs readout capability at HV on the cathode demonstrated ‘23
• Successful integration in the DAQ 
• Installation in NP02 started in Jan ‘23 and will finish by end May ‘23
• Plan to close the TCO (cryostat access window) in Fall ’23
• Fill before mid of the year ’24, possibility to decide to swap filling of NP04 and NP02

16/05/23

CRP5

12/05/23

CREDIT: Marzio Nessi Slide | NSG FDC Overview May’23
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C. Marshall
@P5Town Hall 2023


