
Alexandre Sousa
University of Cincinnati

(on behalf of the DUNE Collaboration)
November	2,	2018

Status	of	the	DUNE	Project

Vancouver,	BC,	Canada



Alex	Sousa	-	University	of	Cincinna6Status	of	DUNE	-	NNN18	-	Vancouver,	BC	 �2

The	DUNE	Project
‣ Measure	νe		and	νe̅		appearance,	and	νμ		and		νμ̅		disappearance,	over	a	long	baseline	
using	a	high-intensity	neutrino	beam,	and	high-resoluBon	massive	detectors	

‣ Rich	Physics	program	with	primary	goals:	
๏ Probe	leptonic	CP	violaBon	and	determine	neutrino	mass	ordering	
๏ High-precision	measurements	of	neutrino	mixing	parameters	

๏ Detect	supernova	neutrinos	

๏ Search	for	BSM	Physics	

‣ Large	Interna6onal	Collabora6on	

‣ Construc6on	of	Far	site	underway	since	July	2017!		

‣ protoDUNE	Test	Beam	effort	taking	data! 1275	collaborators	from	179	insBtuBons	in	32	naBons
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The	LBNF	Beamline
‣ The	LBNF	(Long-Baseline	Neutrino	Facility)	neutrino	beam	will	be	produced	using	60-120	GeV	protons	
from	Fermilab’s	Main	Injector	

‣ IniBal	nominal	power	of	1.2	MW	(1014	protons-on-target/sec.),	upgradeable	to	2.4	MW	

‣ Horn-focused	neutrino	beamline	opBmized	for	CP	violaBon	sensiBvity	using	geneBc	algorithm	
๏ Engineering	design	of	3-horn	focusing	system	in	progress	

‣ Can	run	in	Neutrino	(FHC)	and	AnBneutrino	(RHC)	modes	by	switching	polarity	of	magneBc	horns	

‣ Wideband	beam	enables	use	of	second	osc.	maximum	and	enhances	probing	of	new	BSM	phenomena	

Neutrino	Mode	-	Flux	at	1300	km
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Detector	Technology

Zelimir	Djurcic’s	“DUNE	Light	Detec6on”	talk	-	Friday	Det.	ParallelBabak	Abi’s	“DUNE	Electronics,	DAQ”	talk	-	Friday	Det.	ParallelHanna	Rogers’	“DUNE	Signal	Processing”	talk	-	Friday	Det.	Parallel

3.5 m - 2.2 ms t0

Animated	GIF:	
h/ps://www.phy.bnl.gov/wire-cell/home/img/signal.gif

‣ Energy	release	from	
charged	parBcles	in	LAr:	
๏ free	electron	charge	
(TPC)	

๏ scinBllaBon	light	(PD)	

‣ Photon	detecBon	for	
triggering	and	t0	
determinaBon

‣ Liquid	Argon	Time	Projec2on	Chambers	(LArTPC),	single	and	dual	phase	designs	
๏ CriBcal	to	have	ultra-high	LAr	purity,	and	a	uniform	and	stable	electric	field

https://www.phy.bnl.gov/wire-cell/home/img/signal.gif
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Detector	Technology
‣ Liquid	Argon	Time	Projec2on	Chambers	(LArTPC),	single	and	dual	phase	designs	

๏ CriBcal	to	have	ultra-high	LAr	purity,	and	a	uniform	and	stable	electric	field

Zelimir	Djurcic’s	“DUNE	Light	Detec6on”	talk	-	Friday	Det.	ParallelBabak	Abi’s	“DUNE	Electronics,	DAQ”	talk	-	Friday	Det.	ParallelHanna	Rogers’	“DUNE	Signal	Processing”	talk	-	Friday	Det.	Parallel

3.5 m - 2.2 ms t0

Animated	GIF:	
h/ps://www.phy.bnl.gov/wire-cell/home/img/signal.gif

‣ Energy	release	from	
charged	parBcles	in	LAr:	
๏ free	electron	charge	
(TPC)	

๏ scinBllaBon	light	(PD)	

‣ Photon	detecBon	for	
triggering	and	t0	
determinaBon

https://www.phy.bnl.gov/wire-cell/home/img/signal.gif


Alex	Sousa	-	University	of	Cincinna6Status	of	DUNE	-	NNN18	-	Vancouver,	BC	 �6

Far	Detector
‣ Located	4850	b	(1500	m)	underground	at	SURF,	enables	low-energy	and	atmospheric	neutrino	physics	

‣ Four	10	kton	(fiducial)	LArTPC	modules,	with	single	and	dual	phase	detector	designs	

‣ Integrated	photon	detecBon	systems
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LBNF Facilities for DUNE Detectors 

‣ Sanford	Underground	Research	Facility	(Lead,	SD)

Far	Detector	Loca6on	-	SURF	
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Far	Detector	Loca6on	-	SURF	
‣ Sanford	Underground	Research	Facility	(Lead,	SD)

LBNF Facilities for DUNE Detectors 
LBNF/DUNE	Project	Groundbreaking

July	21,	2017

‣ Far	site	pre-excava9on	prepara9ons	underway	since	July	2017!	

‣ Cavern	excava9on	will	require	transpor9ng	875,000	tons	of	rock	to	surface	
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Near	Detector

Chris	Marshall’s	“DUNE	Near	Detectors”	talk	-	Saturday	Plenary

James	Sinclair’s	“LArTPC	R&D	for	DUNE	ND”	talk	-	Friday	Det.	Parallel

‣ Highly-capable	ND,	located	574	m	downstream	of	producBon	target,	will	
constrain	systemaBc	uncertainBes	for	long-baseline	oscillaBon	analyses	
๏ flux,	cross-secBon,	and	detector	uncertainBes	

‣ Integrated	system	composed	of	mulBple	detectors	
๏ Finely-segmented,	pixel	readout	LArTPC	
๏ MagneBzed	mulB-purpose	tracker	
๏ ElectromagneBc	calorimeter	
๏ Muon	chambers	

‣ ND	Conceptual	Design	Report	(CDR)	planned	for	2019

‣ Conceptual	design	will	preserve	
opBon	to	move	ND	for	off-axis	
measurements		

‣ 𝒪(10	million/year)	neutrino	
interacBons	in	argon	will	enable	rich	
non-oscillaBon	physics	program

Near	Detector	Hall

Near	Detector		
Service	Bldg.

Dan	Dwyer’s	“Pixelated	Charge	Readout	for	DUNE	ND”	talk	-	Friday	Det.	Parallel
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DUNE	Oscilla6on	Sensi6vi6es
‣ Reconstructed	spectra	based	on	GEANT4	beam	simulaBon,	
GENIE	event	generator,	and	Fast	MC	using	detector	
response	parameterized	at	the	single-parBcle	level	
๏ Efficiency	tuned	using	hand	scan	results	

‣ Expect	1000	νe	appearance	events	in	~7	years	of	equal	
running	in	neutrino	and	anBneutrino	mode	

‣ Simultaneous	fit	to	four	spectra	to	extract	oscillaBon	
parameters,	systemaBcs	enter	as	normalizaBon	parameters	

‣ GLoBES	configuraBons	in	arXiv:1606.09550	

‣ Assume	DUNE	FD	staging	strategy

D
U
N
E	Conceptual	D

esign	Report	(CD
R)	-	arXiv:1512.06148

https://arxiv.org/abs/1606.09550
https://arxiv.org/abs/1512.06148
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CP	Viola6on	Sensi6vity

‣ SensiBviBes	for	7	and	10	year	exposures	(staged)	

‣ Width	of	bands	shows	variaBon	in	central	values	of	θ23

‣ 5σ	discovery	of	CP	violaBon	in	7	years	of	running	
if	δCP	near	−π/2	

‣ 3σ	over	65%	of	δCP	range

DUNE	CDR

7	yrs
10	yrs



Alex	Sousa	-	University	of	Cincinna6Status	of	DUNE	-	NNN18	-	Vancouver,	BC	 �12

Mass	Ordering	and	Octant	of	θ23

‣ Width	of	bands	shows	variaBon	in	central	values	of	θ23 ‣ Width	of	bands	shows	variaBon	in	values	of	δCP

Mass	Ordering Octant	of	θ23

‣ Neutrino	mass	ordering	determined	at	>	5σ	for	all	parameter	values
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Evolu6on	of	Osc.	Parameter	Sensi6vi6es
1σ	resolu6on	of	δCP		
as	a	func6on	of	exposure	

1σ	resolu6on	of	sin22θ13		
as	a	func6on	of	exposure	

‣ Reach	~7°	(16°)	res.	in	10yrs	for	δCP=0°	(-90°)

1σ	resolu6on	of	sin2θ23		
as	a	func6on	of	exposure	

‣ Can	make	beter	than	1%	measurement	
of	atmospheric	mixing	parameters

DUNE	capable	of	high-precision	measurements	of	all	non-solar	oscilla:on	parameters	within	a	single	experiment	

‣ Reach	reactor	uncertainty	level	in	~13	years
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New	Monte	Carlo	Analysis

Chris	Backhouse’s	“DUNE	Analysis	Methods”	talk	-	Friday	Syst.	Paralel

‣ Automated	signal	processing	and	hit	finding,	and	automated	energy	
reconstrucBon	

‣ Event	selecBon	using	convoluBonal	visual	network	(CVN)	algorithm	
adapted	from	NOvA	

‣ OscillaBon	analysis	using	CAFAna	fivng	framework	also	used	by	NOvA

‣ Full	GEANT4	beam	simulaBon	of	updated	beam	design	

‣ Full	LArSob	Monte	Carlo	simulaBon,	using	GENIE,	
Geant	4	for	parBcle	propagaBon,	and	readout	
simulaBon	including	realisBc	waveforms	and	noise	

‣ Full	update	of	sensiBvity	plots	with	detailed	systemaBcs	in	the	TDR	in	2019
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Supernova	Burst	Neutrinos
‣ In	a	LArTPC,	SNB	signal	primarily	from	νe:		

‣ SensiBvity	to	mass	ordering	during	early	Bme	neutronizaBon	phase	

‣ Work	underway	to	improve	event	reconstrucBon	and	tagging	of	
5-100	MeV	events,	and	on	DAQ/triggering

16.3	MeV	νe	CC	
MARLEY	event	generator:	marleygen.org

Neutroniza:on	 Accre:on Cooling

30.3	MeV	νe	CC	

http://marleygen.org
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BSM	Physics	Searches
‣ DUNE	sensi2ve	to	many	BSM	Physics	probes,	for	instance:	
๏ Low-mass	dark	mater	and	boosted	dark	mater	
๏ Sterile	neutrinos	
๏ Non-standard	interacBons,	non-unitary	mixing,	CPT	violaBon	
๏ Neutrino	trident	searches	
๏ Neutrinos	from	dark	mater	annihilaBon	in	sun	

‣ Ac2ve	area	of	research	within	phenomenology	community	as	well	
as	within	the	DUNE	collabora2on

Work	in	Progress!

Work	in	Progress!

Sterile	Neutrino	Sensi:vity		
(Nonstandard	νe	CC	Appearance)

Constraint	on	low-mass	Z’		
through	search	for	ν	tridents	in	ND
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‣ Single-phase	and	dual-phase	prototypes	to	be	exposed	to	a	test	beam	at	CERN	
๏ protoDUNE-SP	has	770	ton	total,	420	ton	acBve	Ar	mass	(larger	than	ICARUS	T600)

Ac2ve	volume	6.0	x	6.0	x	6.0	m3	Ac2ve	volume	6.9	x	7.2	x	6.0	m3	

protoDUNEs
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CERN	Neutrino	Plamorm	-	ENH1

Dual-Phase	Cryostat

Single-Phase		
Clean	Room		
and	Cold	Box

Single-Phase		
Cryostat
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protoDUNE-SP	Complete!
‣ 30	months	from	starBng	of	Experimental	Hall	ouxivng	in	March	2016	to	operaBons	in	September	2018!	
‣ TerBary	beamline	provides	low	energy	parBcles	in	the	momentum	range	of	0.4	to	7	GeV/c	
‣ Beamline	instrumented	for	momentum	selecBon,	parBcle	ID		
‣ Calibrate	and	verify	detector	response	to	parBcles	of	known	type	and	momentum	
‣ Prototypes	share	same	basic	mechanical	design,	readout,	electronics	and	DAQ	as	those	planned	for	DUNE

Anode	Plane	 Field	Cage
Cathode	Plane

Beam	Window

99.7%	of	15,360	channels	reading	out
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protoDUNE-SP	Cosmic	Data
‣ 3.8	m	long	cosmic	muon	recorded	in	September	2018



Alex	Sousa	-	University	of	Cincinna6Status	of	DUNE	-	NNN18	-	Vancouver,	BC	 �21

protoDUNE-SP	Beam	Data
‣ 7	GeV	Pion	from	test	beam	reconstructed	with	
Pandora	algorithm	both	in	2D	and	3D		

‣ Algorithm	correctly	idenBfied	parBcle	as	a	beam	
event	and	disBnguished	parent	from	daughter	
parBcles

Francesca	Stocker’s	“protoDUNE	SP	R&D”	talk	-	Friday	Det.	Paralel
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protoDUNE	Future	Plans

‣ September	-	November	2018	(CERN	Long-Shutdown):				
SP	Detector	operaBons,	Test-Beam	run	+	Cosmics		

‣ Winter	2019	-	Dual-Phase	installaBon	complete	

‣ 2019:	Endurance	run	with	Cosmics	[long-term	stability]	

‣ 2020:	ConBnuing	operaBons	with	Cosmics,	if	required	

‣ 2021:	Keep	open	the	opBon	of	recording	Test	Beam	data	
aber	CERN	Long-Shutdown	
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DUNE	Project	Timeline

Interim Design Report

Op:mized	Beam	Target	+	Horns	Concept	

‣ Will	take	atmospheric	neutrino	data	as	
soon	as	first	module	is	completed	in	2024	

https://arxiv.org/abs/1807.10334
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‣ LBNF/DUNE	has	become	a	global	internaBonal	neutrino	collaboraBon	

‣ Rapid	progress	being	made	on	facility	construcBon,	detector	design,	and	physics	
analysis	

‣ DUNE	has	a	broad	and	rich	physics	program	including	CP	violaBon	probes,	mass	
ordering	determinaBon,	precision	neutrino	oscillaBon	measurements,	Supernova	
neutrinos,	atmospheric	neutrinos,	and	many	BSM	Physics	searches	

‣ New	full-simulaBon	sensiBvity	analysis	producing	results	similar	to	CDR

Summary	and	Outlook

‣ protoDUNE	SP	at	CERN	taking	beam	and	cosmics	data																											
-	EssenBal	step	towards	first	10	kton	modules	at	SURF	

‣ Look	for	DUNE	Technical	Design	Report	and	protoDUNE	SP	and	DP	
results	in	2019!	

‣ AnBcipate	first	DUNE	Far	Detector	data	in	2024!
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The	DUNE	Collabora9on	@	Fermilab,	September	2018

Thank You!
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Supplements
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Far	Site	-	Phases	of	Work
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Beam	Op:miza:on

Heidi	Schellman,	ICHEP	2018
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DUNE	FD	Staging	Strategy
‣ SensiBviBes	assume	DUNE	FD	staging	strategy	in	table	below

Significance	of	δCP	measurement		
as	a	func6on	of	exposure	
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DUNE	CDR	Systema6cs

‣ SensiBviBes	in	DUNE	CDR	are	based	on	GLoBES	calculaBons	in	which	the	
effect	of	systemaBc	uncertainty	is	approximated	using	signal	and	
background	normalizaBon	uncertainBes	
๏ Spectral	uncertainty	not	included	in	this	treatment	

‣ Signal	normalizaBon	uncertainBes	are	treated	as	uncorrelated	among	the	
modes	(νe,	νē,	νμ,	νμ̄)	and	represent	the	residual	uncertainty	expected	aber	
constraints	from	the	near	detector	and	the	four-sample	fit	are	applied	
๏ νμ	=	νμ̄	=	5%			
๏ νe	=	νē	=	2%	

‣ OscillaBon	parameter	central	values	and	uncertainBes	are	taken	from	NuFit	
2016	(arXiv:1611.01514).	Parameters	are	allowed	to	vary	constrained	by	
1/6	of	the	±3σ	range	in	the	global	fit CDR	-	Table	3.8
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CP	Viola6on	Sensi6vity

‣ SensiBviBes	for	7	and	10	year	exposures	(staged)	

‣ Width	of	bands	shows	variaBon	in	central	values	of	θ23

‣ SensiBviBes	to	simultaneous	measurement	of	neutrino	
mixing	angles	and	δCP	for	7,	10,	and	15-year	exposures
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‣ CVN	νe	event	selecBon	efficiency	similar	to	that	from	CDR	Fast	MC

New	Monte	Carlo	Analysis
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Effect	of	Systema9c	Uncertain9es

‣ ReducBon	of	systemaBc	uncertainBes	required	for	a	short(er)	Bmescale	
to	reach	future	physics	milestones		
๏ Νote:	As	of	2017,	NOvA	and	T2K	reported	11%	syst.	errors	on	their	sample	bgs	and	

6-7%	in	signal

DUNE

‣ Near	Detector	is	essenBal	
‣ Cross	secBons	of	νe,νe̅		measured	in	FD	not	directly	cancelled	by	ND	measurements	of	νμ,νμ̅	

๏ Need	beter	knowledge	of	νe,νe̅		cross	secBons	and	uncertainBes	on	σ(νe)/σ(νμ)	and	σ(νe̅)/σ(νμ̅)	
‣ Precise	understanding	of	absolute	flux	rate	and	shape	necessary	to	disentangle	convoluBon	
of	hadron	producBon	and	beam	opBcs,	cross	secBons,	and	detector	effects	to	determine	
energy	scale	
๏ Hadron	producBon	experiments,	test	beams,	and	detector	R&D

~9 years

νμ➞νe	osc.	signal
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Atmospheric	Neutrinos
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Supernova	Neutrino	Rates
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protoDUNE	-	Beamline	Instrumenta:on
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Dual-Phase	LArTPC
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Global	Three-Flavor	Fit	Table
‣ Inverted	mass	ordering	
disfavored	at	2σ	level	

‣ δCP=1.3π	at	best	fit		

‣ CP-conserving	cases	(0,	π)	
disfavored	at	~2σ	level	

‣ Large	porBon	of	δCP	
parameter	space	disfavored	
at	>3σ		

‣ Consistent	with	maximal	
mixing	and	maximal	
disappearance	

‣ θ13	is	mixing	angle	measured	
with	highest	precision

Esteban	et	al.,	JHEP	01	(2017)
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Mass	Ordering,	δCP,	and	maximality	of	θ23
‣ Why	do	we	want	to	answer	these	quesBons?	
‣ sin	δCP	determines	the	size	of	CP	violaBon	in	the	lepton	sector	

๏May	explain	mater-anBmater	asymmetry	through	Leptogenesis	
๏Measuring	δCP	precisely	is	needed	to	understand	structure	of	PMNS	matrix	and	underlying	
symmetries	

‣ Mass	Ordering	is	a	good	model	discriminator	
๏ Important	to	understand	if	neutrinos	are	Majorana	or	Dirac	parBcles

‣ θ23=45°	could	be	a	hint	for	a	not	yet	understood	symmetry		
๏ Precision	measurements	of	θ23	needed	to	test	PMNS	unitarity	and	for	model	building

Albright,	Chen,	PRD	74,	113006	(2006)

≠


