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ÅIntroduction: LBNF & DUNE Far Detector

ÅProgress on Prototyping: ProtoDUNE

ÅDUNE Physics sensitivity 
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1-6 GeV muon neutrinos/antineutrinos obtained from high-power proton beam (1.2 MW ςupgradable to 2.4 MW)

Near detector will characterize the beam (100s of millions of neutrino interactions) 

Far Detector is >40 kton fiducial mass Liquid Argon Time Projection Chambers (LArTPC) ςfine granularity

Far Detector

Near Detector

LBNF DUNE Facility 
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4 chambers,  10kt fiducial mass each

DUNE Far Detector
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DUNE Far Detector
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First10 kt module will be Single Phase (SP) 
design,  LArTime Projection Chamber (LArTPC) 
divided  into 4 drift volumes



DUNE Far Detector
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few mm resolution, 3D imagine
LAris good scintillator, released light collected by photon 
detectors placed between inner wire planes,
and provide ὸ(when electrons start to drift)

Single Phase 

Dual Phase 
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ProtoDUNE
Å At CERNneutrinoplatform,

havebuilt 2 prototypes, 1/20th

the size of planned DUNE

Å Single Phase detector 
collected hadron data and 
cosmic ray data from Fall 2018

Å Dual Phase detector 
completed June 2019, started 
operations Sept 2019
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ProtoDUNE

Ionizedchargesdrift horizontally, read out
on wires (3.6 m drift). Requireslow-noise
electronicssinceno signalamplificationthe
liquid. Efield of 500V/cm

Ionized charges drift
vertically and read out on
PCBanode. Signalamplified
in gas phase by micro-
pattern gas detector (LEM).
Gain in gas phase reduces
stringent requirements on
electronicsς6m drift (12 m
drift for FD)



9

ProtoDUNESP

ÅCharge deposition per unit length (dQ/dx) 
affected by space-charge effect, 
recombination effect, electron attenuation, 
diffusion, electronics gain variation 

ÅDetector response calibration is based on 
cosmic muons ςshows good results for test 
beam protons and muons

ÅHigh quality of ProtoDUNE-SP demonstrated 
by excellent proton-muon separation 
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DUNE Analysis Techniques 

Å Image recognition (convolutional visual 
network - CVN) classify neutrino 
interactions in FD

Å Appearance efficiency ςneutrino beam mode

ÅWork in progress to evaluate DUNE CVN for 
ProtoDUNE-SP data



Mass Ordering Sensitivity

Mass Ordering and CP violation
CP violation Sensitivity
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Å5„sensitivty after 2 years of running Å5 „sensitivity after 10 years of 
running for 50% of ‏ values

Upgrade to 2.4 MW after 6 years

2 FD modules (20 kt), 1.2 MW beam + 1 FD module
1 yr

+ 1 FD module Upgrade to 2.4 MW beam
6 yrs

Staged plan:
3 yrs



Hints Extra Neutrinos?

get limits on off-diagonal elements

ρπGeV

B-factories

KeV MeVeV.1 eV GeV TeV

Neutrino FactoriesExtra ’affect 
oscillations

ρπŜ± ρπTeV ρπTeV

Å some preference for 3’+ NSI with current data in NSI + matter: arXiv:1907.00991v1 

High Energy Collider

3+1 scenario 

LSND, MiniBoone, Gallium, Reactor anomalies 
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Most theories explaining neutrino masses need extra neutrinos and/or non-standard neutrino interactions (NSI)

Arxiv:1901.08330v1 (2019)



Hints Extra Neutrinos?

get limits on off-diagonal elements

ρπGeV

B-factories

KeV MeV.1 eV GeV TeV

Neutrino FactoriesExtra ’affect 
oscillations

ρπŜ± ρπTeV ρπTeV

Preference for non-unitary PMNS: 
arXiv:1407.6607v2 

Lepton Flavor Violation: some 
preference for non-zero heavy 
neutrino mixing in ὩǪ†: 
arXiv:1605.08774v2 

Sensitivity to NSI have reached 
levels to explain B-anamolies: 
Phys Rev. B 784 (2018) 248-254

lepton universality violation at σ„
(due to PMNS non-unitarity?)

arXiv:1310.2057v2 (2014)

High Energy Collider

3+1 scenario 
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KeV MeVeV 100 GeVρπŜ± ρπŜ± GeV

ɝά πȢρὩὠ (LSND) 
πȢυὩὠ (reactor)          

Arxiv:1901.08330v1
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ρπŜ±

Case 1 ( ɝά ͯπȢρ ρὩὠ ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  averaged out in FD

Sensitivity to Extra Neutrinos

3+1

Extra Neutrino mass

Shaded = allowed

arXiv:1707.05348v1 



KeV MeVeV 100 GeV

Case 2 (ɝά ρὩὠ ) : 
light-sterile oscillation 
frequency matches ND 
distance. 
Preferred by LSND & 
MiniBooneanomalies & 
DANSS & NEOS : arXiV: 

1803.10661v1 (2018) 

ρπŜ± ρπŜ± GeV

ɝά πȢρὩὠ (LSND) 
πȢυὩὠ (reactor)          

Arxiv:1901.08330v1
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ρπŜ±

Case 1 ( ɝά ͯπȢρ ρὩὠ ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  averaged out in FD

Sensitivity to Extra Neutrinos

3+1

Shaded = allowed

arXiv:1707.05348v1 

Extra Neutrino mass



KeV MeVeV 100 GeV

Case 3 (ɝά ρππὩὠ ) : fast sterile 
neutrino oscillations, averaged out in ND 
and FD (same as PMNS non-unitarity from 
heavy neutrinos)

Case 2 (ɝά ρὩὠ ) : 
light-sterile oscillation 
frequency matches ND 
distance. 
Preferred by LSND & 
MiniBooneanomalies & 
DANSS & NEOS : arXiV: 

1803.10661v1 (2018) 

ρπŜ± ρπŜ± GeV

ɝά πȢρὩὠ (LSND) 
πȢυὩὠ (reactor)          

Arxiv:1901.08330v1
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Near Detector (preliminary)

Shaded = allowed

ρπŜ±

Case 1 ( ɝά ͯπȢρ ρὩὠ ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  averaged out in FD

Sensitivity to Extra Neutrinos

3+1

arXiv:1707.05348v1 

Extra Neutrino mass
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Solar Neutrinos 

Å DUNE can measure solar neutrinos to help verify the 
ǎǘŀƴŘŀǊŘ ǎƻƭŀǊ ƳƻŘŜƭΣ ƳŜŀǎǳǊŜ ǎǳƴΩǎ ŎƻǊŜ ǘŜƳǇŜǊŀǘǳǊŜΣ 
characterize neutrino floor, resolve tension between 
global solar neutrino measurements & KamLAND
(arXiv:1808.08232), characterize MSW affect

( ╗ ▬ᴼ ╗ ▄ ⱨ▄)
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Atmospheric & SuperNovaNeutrinos

Å Core collapses expected to occur few times per century (at 
10-15 kpc): test astrophysical theories,  probe new physics 

ÅWhen massive star collapses to neutron star/black hole, 
~ ρπ of ~ 10 MeV ’emitted for a few seconds. 

Å DUNE sensitive to ’ supernova neutrinos- this is unique 
among supernova neutrino detectors for the next decades. 
Tracks can indicate direction of supernova

Å Can use atmospheric neutrinos to extract 
neutrino properties



VC 709: for user test stands

More manpoweris very welcome!If you haveother project ideasor
expertise in LAr technologies,data acquisition, electronics etc.,
pleasecontactus!Wewill organizeexpertisesharingworkshopsoon.
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Planned Canadian Contributions

Near Detector Prototype & 
Neutrino Interaction model

Deborah Harris
Dharris@fnal.gov

NikolinaIlic
Nikolina.Ilic@cern.ch

FELIX readout system & 
Extra neutrino  & NSI searches

Computing, Calibration  & 
Supernova neutrinos

Claire David
Claire.David@cern.ch

Rowan Zaki
Jacopo Pinzino

Mathew Man



Summary & Outlook

ÅDUNE is a broad band energy neutrino experiment

ÅProtoDUNEis running smoothly and performing well

ÅDUNE will have unprecedent sensitivity to neutrino mass hierarchy, CP violation, and searches 
for extra neutrinos. A rich atmospheric and solar neutrino program is under development.

ÅCanada is getting involved ςplease feel free to join

ÅTDR completed (https://arxiv.org/pdf/2002.03005.pdf)
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https://arxiv.org/pdf/2002.03005.pdf


Backup
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Uncertainties 
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Energy Scale Uncertainties 



fl‏
Neutrino mass generation 
(if mass hierarchy too big, 
naturally get light σ’), but 
other dimensions 
suppressed ςand get no 
observable phenomena at 
energies we can reach 
(Seesaw I/II/III)

Non Standard Neutrino Interactions (NSI)
Minimal Unitarity violation (MUV)
After EW symmetry breaking ->PMNS non-
unitarity induced by mixing with heavy 
neutrinos. Implies breaking lepton universality 
and lepton flavor violation 
(inverse or linear seesaw)

Add new Scaler -
Radiative models. 
(some type 1 
radiative models 
have NSI, all type 
II radiative 
ƳƻŘŜƭǎ ŘƻƴΩǘ 
have NSI)

NSI ςstrong matter 
effects. Not sensitive 
at Colliders, but are 
at neutrino facilities

+ ‰
Dark photon  & 
extra neutrino 
motivated by 
LNSD/ 
MiniBoone

ρπGeV

Accessible at B-
factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 
Accessible 
at LHC

Extra neutrinos 
can participate in 
oscillations

ρπŜ± 10 TeV ρπTeV ρπTeV

fl fl Ҍ Χ

In this case the best limits are derived from oscillation data 

fl‏ fl‏ fl‏

Extra Neutrino Searches & NSI
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ρπGeV

Accessible at B-
factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 

Extra neutrinos 
can participate in 
oscillations

ρπŜ±

Parameterizations for Extra Neutrinos Searches

Here N is not unitary ς2 common parametrizations 

Triangular

heavy
encoded by introducing additional 
complex rotations characterized by 
new mixing angles 

MUV (minimal unitarity violation ) is 
also model independent 

ל
ὔ Ὸ
Ὑ Ὓ

3x3 active ’ Active-heavy mix

Sterile-heavy mix

Unitary 
PMNS

R allowed at % level since it can only be probed at oscexp.

If sterile ’would participate in neutrino oscillations ς
ie: ὖ depends on ל

╝ Ὅ ‌Ὗ ╝ Ὅ –Ὗᴂ
Hermitian

10 TeV ρπTeV ρπTeV

Direct Heavy 
Neutrino 
Searches at 
LHC

Active-sterile mix 

ל

— ȟ— ȟ‏

arXiv:1901.08330v1 

ȟꜗ♪ȟⱢȟⱣcan be related to 
each other: arXiv:1609.08637v3 

Accessible 
at LHC

3+1, 3+N scenarios :
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Limits on Extra Neutrinos

PMNS non-unitarity bounded at per mil level from Lepton Universality, 
Lepton Flavor Violation EW observables, (B-factories ,MEG, LHC) 

LFV: best limits from ‌ᴼ‎‌Ǫ‌ᴼ
σ‍for 3 extra neutrino model

Ὄᴼ†‘has small preference for non 
zero (arXiv:1502.07400, arXiv:1508.03372)

get limits on off-diagonal elements

ρπGeV

Accessible at B-
factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 

Extra neutrinos 
can participate in 
oscillations

ρπŜ± 10 TeV ρπTeV ρπTeV

arXiv:1605.08774v2 (2016) 

arXiv:1609.08637v3

For neutrinos with masses below the electroweak scale, 
best limits from oscillation data. BUT most future 
ŜȄǇŜǊƛƳŜƴǘǎ ό5¦b9ύ ǿƻƴΩǘ ŀŘŘ ǘƻƻ ƳǳŎƘ ƘŜǊŜ όǎŜŜ 
arXiv:1609.08637v3) ςmaybe Hyper-K can?  

48: Buggy

49: SuperK
atmospheric 

51/52: Nomad

50: Minos

arXiv:1609.08637v3 

Accessible 
at LHC
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arXiv:1605.08774v2, 21 Dec 2016 

Lepton Flavor Violation & non Unitarity of PMNS arXiv:1407.6607v2 [hep-ph] 6 Aug 2014



Tau Neutrinos in DUNE

”
ὖ

ὖ ὖ ὖ
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The discriminating power of Ὁ ȟὖȟὖ , ”between ’

induced interactions, represented by the filled yellow

distributions,and the ’ backgroundeventsrepresentedby the

hasheddistribution.

”
ὖ

ὖ ὖ ὖ


