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The	NOνA	Experiment
NuMI	Off-Axis	νe	Appearance	Experiment

‣ 810	km	baseline	from	Fermilab	
to	Ash	River,	MN	

‣ 700	kW	NuMI	neutrino	beam	at	
Fermilab	

‣ Near	and	Far	Detectors	placed	
14	mrad	off	the	NuMI	beam	axis	

‣ Measure	νμ→νe,	νμ̄→νē	to:	
๏ Determine	ν	mass	hierarchy		
๏ Determine	the	θ23	octant	
๏ Constrain	δCP	

‣ Use	νμ→νμ,	νμ̄→νμ̄	to:	
๏ make	precise	measurements	
of	θ23	and	Δm2

32	

‣ Many	other	physics	topics:	

๏ ν		cross	secTons	at	the	ND	
๏ Sterile	neutrinos	
๏ Supernova	neutrinos	
๏ …	

NOνA Near Detector
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200+ Collaborators 
42 Institutions
8 Countries

Argonne, Atlantico, Athens,   
Banaras Hindu University, Caltech, 
Institute of Physics of the Academy 
of Sciences of the Czech Republic, 
Charles University, Cincinnati, 
Czech Technical University, Delhi, 
Fermilab,Goiás, Guwahati, Harvard, 
Indian Institute of Technology, 
Hyderabad, Indiana, Iowa State, 
Jammu, Lebedev Physical Institute, 
Michigan State, Minnesota-Twin 
Cities, Minnesota-Crookston, 
Minnesota-Duluth, INR Moscow, 
Punjab, South Carolina, SMU, 
Stanford, Sussex, Tennessee, 
Texas-Austin, Tufts, UCL,Virginia, 
Wichita State, William and Mary

The NOvA Collaboration
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‣ Long	shutdown	in	2012-2013	to	prepare	for	NOvA	
operaTons	at	700	kW	beam	power	
๏ 5x1013	protons-on-target	(POT)	in	10	μs	pulse	every	1.33	s	
๏ RouTne	operaTon	at	400	kW	during	FY15	
๏ 85%	upTme	
๏ Neutrino	beam	power	World	Record:	521	kW!	
๏ 700	kW	operaTon	expected	in	Spring	2016	

Neutrino mode
Horns focus positives

94%νµ

3.6%νµ

2.1%νe + νe

NuMI	Beam	at	Fermilab

120 GeV 
p+ from MI

‣ Neutrinos	from	the	Main	
Injector	(NuMI)	beam	at	
Fermilab

Poster:	
Kuldeep	Kaur	Maan
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‣ At	14	mrad	off-axis,	narrow	band	
beam	peaked	at	2	GeV	

‣ Near	oscillaTon	maximum	at	810	km	

‣ DrasTc	reducTon	of	feed-down	
background	from	high	energy	events	

Off-Axis	Beam

14 mrad

7 mrad

On-axis

P (⌫µ ! ⌫e), L = 810 km
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‣ OpTmized	for	electron	idenTficaTon	

‣ Fine	segmentaTon	

‣ Low-Z,	65%	acTve	

‣ ND:	300	ton,	1	km	from	source,	100	m	
depth	

‣ FD:	14	kton,	810	km	from	source,	on	the	
surface,	3	m.w.e.	overburden	

The	NOvA	Detectors
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Detector	Technology
‣ PVC	extrusion	+	Liquid	ScinTllator	

๏ 11M	liters	of	mineral	oil	+	5%	pseudocumene	
‣ Read	out	via	WLS	fiber	to	32-pixel	APD	

๏ FD	has	344,064	channels	
๏ ND	has	18,000	channels	
๏ muon	crossing	far	end	at	FD~25	PE	

‣ Layered	planes	of	orthogonal	views	

‣ 0.15	X0	per	layer,	excellent	for	e-	idenTficaTon	

NOνA 16-Cell PVC Extrusion 

32-pixel APD 

NOνA Basic Cell 

Sampling 
 0.15 X0 per plane 

32-pixel APD 
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Simulated	Events	in	the	Detectors
νµ  CC

νe  CC

NC π 0

ν

µ

p+

e

γ → e+e−

Small shower from 2nd γ
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Measuring	mixing	parameters	with	NOνA
‣ Measuring	νe	and	νe̅	appearance	in	the	νμ	and	νμ̅	beam	is	key	
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Matter
Effect

CPV
Term

δCP
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Measuring	mixing	parameters	with	NOνA
‣ Measuring	νe	and	νe̅	appearance	in	the	νμ	and	νμ̅	beam	is	key	

‣ Maoer	effects	change	osc.	prob.	by	
30%	for	NOvA	(810	km),																					
11%	for	T2K				(295	km)	
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Normal Hierarchy
Inverted Hierarchy

θ23 > π/4

θ23 < π/4
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Measuring	mixing	parameters	with	NOνA
‣ Measuring	νe	and	νe̅	appearance	in	the	νμ	and	νμ̅	beam	is	key	

‣ Maoer	effects	change	osc.	prob.	by	
30%	for	NOvA	(810	km),																					
11%	for	T2K				(295	km)	
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Normal Hierarchy
Inverted Hierarchy

θ23 > π/4

θ23 < π/4

1σ 2σ
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Measuring	mixing	parameters	with	NOνA

‣ Maoer	effects	change	osc.	prob.	by	
30%	for	NOvA	(810	km),																					
11%	for	T2K				(295	km)	

‣ Measuring	νe	and	νe̅	appearance	in	the	νμ	and	νμ̅	beam	is	key		

‣ Showing	expected	1σ	and	2σ	allowed	regions	around	most	favorable	case	for	NOvA	
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A	Cosmic	Challenge
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A	Cosmic	Challenge
Just	the	550	μs	around	the	NuMI	beam	trigger
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A	Cosmic	Challenge
Sliced	to	the	10	μs	NuMI	beam	spill	window
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νμ	CC	Candidate
Zoomed	in	spaTally
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νe	CC	Candidate
Zoomed	in	spaTally
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Beam	Spill	in	the	Near	Detector
10	μs	beam	pulse	in	Near	Detector
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Pick	one	of	the	neutrino	interacTons

Beam	Spill	in	the	Near	Detector
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Pick	one	of	the	neutrino	interacTons

Beam	Spill	in	the	Near	Detector
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νμ	Disappearance	Results
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‣ Isolate	a	pure	sample	of	νμ	CC	events		

๏ Select	events	with	long	tracks	

๏ Suppress	neutral-current	and	
cosmic	backgrounds	

‣ Containment	cuts:	require	a	buffer	of	
no-cell	acTvity	around	the	event	

‣ 4-variable	k-Nearest-Neighbor	
algorithm	used	to	idenTfy	muons	

๏ Track	Length	

๏ dE/dx	along	track	
๏ scaoering	along	track	
๏ track-only	fracTon	of	planes	

‣ ND	Data	matches	simulaTon	well	for	
selecTon	variables	

‣ Keep	events	with	Muon	ID>0.75

Selec;ng	Muon	Neutrinos
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‣ Cosmic	rejecTon	factor	from	

๏ beam	Tming:	105	

๏ event	topology:	107		

‣ Final	cosmic	background	rate	measured	
directly	with	beam-off	FD	data	

‣ Use	boosted	decision	tree	
algorithm	based	on	track	direcTon,	
posiTon,	length,	energy,	and	
number	of	hits	to	reach	107	cosmic	
rejecTon	factor	

‣ Output	of	BDT	algorithm	auer	all	
other	cuts	applied	

Cosmic	Rejec;on

‣ Purity	of	νμ	CC-selected	sample	=	98%
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‣ 201	events	predicted	without	neutrino	oscillaTons	(including	2.0	beam	bkgnd	and	1.4	cosmic	bkgnd)		

νμ	CC	Energy	Spectrum

𝜒2 / Ndof = 12.6 / 16 

33	events	observed	
NOvA	sees	νμ		disappearance	consistent	with	oscilla;ons
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‣ Consistent	with	maximal	mixing	

‣ Allowed	regions	compaTble	with	
MINOS	and	T2K	

‣ With	just	7.6%	of	nominal	exposure,	
NOvA	is	already	compeTTve	with	
other	running	experiments!		

νμ	Disappearance	Allowed	Regions

𝜒2 / Ndof = 12.6 / 16 
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νe	Appearance	Results
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‣ Isolate	a	pure	sample	of	νe	CC	events		

๏ Select	events	with	EM	showers	

๏ Suppress	NC,	νμ	CC,	beam	νe,	and	
cosmic	backgrounds	

๏ Used	two	independent	mulTvariate	
methods	

‣ 1)	Likelihood	IdenTficaTon	Method	(LID)	

๏ Compare	dE/dx	in	transverse	and	
longitudinal	slices	to	simulated	e/μ/π/p	
distribuTons	

๏ Combine	likelihoods	with	topology	
informaTon	in	an	ANN	

‣ 2)	Library	Event	Matching	(LEM)	

๏ Compare	paoern	of	energy	deposiTon	
of	enTre	event	to	a	very	large	
simulated	event	library	(108	events!)	

๏ ProperTes	of	the	best	matched	events	
input	into	a	decision	tree

Selec;ng	Electron	Neutrinos
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‣ νe	PIDs	themselves	provide	strong	
cosmic	rejecTon	

‣ Make	addiTonal	cut	on	pT/p	to	
reject	downward-directed	cosmic	
showers	

Cosmic	Rejec;on

‣ Cosmic	rejecTon	factor	from	

๏ beam	Tming:	105	

๏ PIDs	+	pT/p	cut:	108		

Expected	cosmic	background:	
	0.06	events		
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‣ Both	selecTon	methods	achieve	good	
sensiTvity	to	νe	appearance	

๏ 40%	signal	selecTon	efficiency		
๏ Reject	99.7%	of	NC	backgrounds	
๏ 62%	expected	overlap	of	the	signal	events	
๏ beoer	than	1	in	108	cosmic	rejecTon	

‣ Selected	BG	dominated	by	beam	νe	and	NC	
events	with	π0

	producTon	

๏ Most	selected	NC	events	have	an	
energeTc	π0	

‣ Before	unblinding	FD	data,	chose	the	more	
tradiTonal	LID	method	as	the	primary	
selec;on

Background	and	Signal	Predic;ons

Pi0 Energy (GeV)
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Signal	PredicTon
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‣ LID:		

๏ Select	6	events	
๏ 3.3σ	evidence	for	νe	appearance	

‣ LEM:	

๏ Select	11	events	
๏ 5.5σ	for	νe	appearance	

‣ All	6	LID-selected	events	are	also	selected	by	
LEM	

๏ The	trinomial	probability	for	observing	11	
events	with	a	(LID-only/LEM-only/Both)	
distribuTon	is	P(11:0/5/6)	=	9.2%	

νe	CC	Selected	Events

NH !CP=3π/2 IH !CP=π/2

LID 5.62 ± 0.72 2.24 ± 0.29

LEM 5.91 ± 0.59 2.34 ± 0.23

Poster:	
Jianming	Bian
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νe	CC	Candidate
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‣ LID	results	in	good	agreement	with	
reactor	measurements	(gray	band)	for	
normal	(top)	and	inverted	(booom)	
hierarchy	

‣ Agreement	is	~1σ	beoer	for	normal	
hierarchy	

‣ (δCP,	sin2θ13)	contours	include:	

๏ errors	on	solar	parameters	
๏ Δm2

32	varied	within	errors	of	NOvA’s	
new	result		

๏ sin2θ23	=	0.5	

νe	Appearance	Allowed	Regions	-	LID
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‣ LEM	results	shiu	contours	to	the	right	by	
almost	(x2)	

‣ Some	tension	with	reactor	results,	in	
parTcular	for	inverted	hierarchy			

νe	Appearance	Allowed	Regions	-	LEM
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‣ Use	reactor	measurement	of		
sin22θ13=0.086±0.05																																												
as	input	to	understand	how	NOvA’s	results	
favor	choices	of	mass	hierarchy	or	δCP		

๏ Both	LID	and	LEM	prefer	NH	with	δCP	
between	π	and	2π	

๏ LID	shows	some	tension	with	IH	for															
0	<δCP	<	0.8	π	

๏ LEM	disfavors	IH	at	greater	than	2σ	for	all	
values	of	δCP	

‣ Beware	of	trials	factor	of	choosing	to	only	
look	at	LEM	results		

๏ true	answer	is	most	likely	somewhere	in	
between	LID	and	LEM	results	

‣ Note:	Jagged	contours	are	due	to	discrete	nature	of	
counTng	experiment	

Significance	of	νe	Appearance	Results

CPδ

Si
gn

ific
an

ce

0 /2π π /2π3 π20 

 σ1

 σ2

 σ3

 σ4

 σ5

90%

 POT equiv.2010×  2.74LEM  = 0.5023θ2sin

Normal hierarchy
Inverted hierarchy

NOvA Preliminary



Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015

Jun	Kameda,	NuFact	2015
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‣ NOvA’s	first	results	agree	well	with	very	
recent	results	from	SuperK	and	T2K			

๏ Normal	hierarchy	and	δCP	~3π/2	is	the	most	
favorable	combinaTon	of	parameters	for	
NOvA	to	measure	the	mass	hierarchy	

๏ Will	double	the	data	sample	by	Summer	
2016.	NuMI	beam	has	just	resumed	
operaTons!	

Significance	of	νe	Appearance	Results
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Summary

‣ NOvA	has	observed	muon	neutrino	disappearance	and	electron	neutrino	

appearance	with	just	1/13th	of	baseline	exposure	

๏ 6.5%	precision	of	the	atmospheric	mass	splijng	from	νμ	disappearance	

๏ θ23	measurement	consistent	with	maximal	mixing	

๏ νe	appearance	signal	at	3.3𝜎	for	primary	selector,	5.5𝜎	for	secondary	selector.	
๏ Consistent	with	global	data	hints	preferring	π	<	δCP		<	2π	and	Normal	Hierarchy	

‣ Expect	doubling	of	data	sample	by	Summer	2016	

‣ New	results	coming	soon!	
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Summary

‣ NOvA	has	observed	muon	neutrino	disappearance	and	electron	neutrino	

appearance	with	just	1/13th	of	baseline	exposure	

๏ 6.5%	precision	of	the	atmospheric	mass	splijng	from	νμ	disappearance	

๏ θ23	measurement	consistent	with	maximal	mixing	

๏ νe	appearance	signal	at	3.3𝜎	for	primary	selector,	5.5𝜎	for	secondary	selector.	
๏ Consistent	with	global	data	hints	preferring	π	<	δCP		<	2π	and	Normal	Hierarchy	

‣ Expect	doubling	of	data	sample	by	Summer	2016	

‣ New	results	coming	soon!	

Thank	You!
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Supplements
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Data	Collected
‣ Physics	data	was	also	collected	during	
construcTon	phase	

‣ Upgraded	NuMI	operaTon	started	in	
Sept.	2013,	full	Far	Detector	ready	by	
October	2014	

‣ As	soon	as	each	Far	Detector	di-block	
(1kton,	64	layers)	was	commissioned	
and	physics-ready	it	was	added	to	the	
data	sample	

‣ Full	suite	of	FD	configuraTons	is	
simulated	for	the	analyses	

‣ 3.45×1020		POT	recorded	from	NuMI	

‣ Average	79.4%	of	full	detector	mass		

‣ 2.74×1020		POT-equivalent	
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Last FD Block in place



Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 42

‣ OperaTng	since	2005.	Long	shutdown	in	2012-2013	to	
prepare	for	NOvA	operaTons	at	700	kW	beam	power	
๏ 5x1013	protons-on-target	(POT)	in	10	μs	pulse	every	1.33	s	

‣ Since	March	2015:	
๏ Neutrino	beam	power	World	Record:	521	kW!	
๏ 85%	upTme	
๏ 700	kW	operaTon	expected	in	Spring	2016	

Neutrino mode
Horns focus positives

94%νµ

3.6%νµ

2.1%νe + νe

NuMI	ν	Βeam

120 GeV 
p+ from MI

‣ Neutrinos	from	the	Main	
Injector	(NuMI)	beam	at	
Fermilab
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Anti-neutrino Mode
Horns focus negatives

28%νµ (10%, 1-3 GeV)
69%νµ

2.6%νe + νe
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‣ AnTneutrino	running	essenTal	to	check	if:	

‣ Planning	to	run	for	6	years,	with	3	years	each	of	neutrino,	
and	anTneutrino	running,	for	a	total	of	36x1020	POT	

‣ So	far,	have	collected	2.74x1020	POT,	7.6%	of	expected	total	
beam	exposure	for	NOvA	

‣ Neutrinos	from	the	Main	
Injector	(NuMI)	beam	at	
Fermilab

NuMI	ν	̄Βeam

120 GeV 
p+ from MI

�CP 6= 0 ? => P (⌫̄µ ! ⌫̄e) 6= P (⌫µ ! ⌫e)
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‣ At	14	mrad	off-axis,	narrow	band	beam	
peaked	at	2	GeV	

‣ Near	oscillaTon	maximum	at	810	km	

‣ DrasTc	reducTon	of	feed-down	
background	from	high	energy	NC	
events	

NuMI	Off-Axis	Beam

14 mrad

7 mrad

On-axis

P (⌫µ ! ⌫e), L = 810 km
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Simula;ng	Neutrinos	in	NOvA

‣ Beam	hadron	producTon,	propagaTon;	neutrino	flux:	FLUKA/FLUGG	

‣ Cosmic	ray	flux:	CRY	

‣ Neutrino	interacTons	modeling:	GENIE	

‣ Detector	simulaTon:	GEANT4	

‣ Light	Transport	in	Fiber,	APD	Readout	and	Electronics:	Custom	simula;on	rou;nes	

Highly	detailed	end-to-end	simulaTon	chain	

Simulation: Locations of neutrino interactions
that produce activity in the Near Detector
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Event	Reconstruc;on

Vertexing: Find lines of energy
depositions w/ Hough transform

CC events: 11 cm resolution

Clustering: Find clusters in
angular space around vertex.
Merge views via topology and
prong dE/dx

Tracking: Trace particle trajectories with Kalman filter tracker (below).
Also have a cosmic ray tracker: lightweight, very fast, and useful for large 
calibration samples and online monitoring tools.
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Detector	Calibra;on	and	Energy	Scale

‣ CalibraTon	uses	beam	and	cosmic	
muons	traversing	the	Far	detector	and	
stopping	muons	as	standard	candles		

‣ Near	Detector	
๏ cosmic	𝜇	dE/dx		[~verTcal]	
๏ beam	𝜇	dE/dx		[~horizontal]	
๏ Michel	e-	spectrum	
๏ 𝜋0	mass	
๏ hadronic	shower	E-per-hit	

‣ Far	Detector	

๏ cosmic	𝜇	dE/dx		[~verTcal]	
๏ beam	𝜇	dE/dx		[~horizontal]	
๏ Michel	e-	spectrum	

‣ All	agree	to	within	±5%	

Data
MC !0 signal
MC bkgd

Data ": 134.2 ± 2.9 MeV
Data #:   50.9 ± 2.1 MeV
MC ":   136.3 ± 0.6 MeV
MC #:     47.0 ± 0.7 MeV
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‣ While	the	muon	simulaTon	matches	
data,	the	simulated	hadronic	system	
has	21%	more	energy	than	seen	in	
data.		

‣ The	hadronic	energy	scale	is	
recalibrated	so	the	total	energy	peak	of	
the	data	matches	the	MC.		

‣ CorrecTon	taken	as	a	systemaTc	on	the	
absolute	energy	scale	

‣ This	results	in	6%	overall	neutrino	
energy	scale	uncertainty.		

‣ ND	reconstructed	energy	distribuTon	is	
used	to	produce	a	data	driven	
predicTon	of	the	FD	spectrum	

νμ	Disappearance	Energy	Es;ma;on
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Near	to	Far	Predic;on
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νe	Disappearance	Systema;cs

‣ SystemaTcs	assessed	by	modifying	the	simulaTon	used	in	the	signal	and	background	
predicTons.	

‣ VariaTon	in	the	BG	and	signal	predicTon	taken	as	the	size	of	the	systemaTc	

Source !(sin2θ23) (±%) !(Δm2) (±%) 

Absolute Calorimetric  
Energy Calibration [±22%] 

7.7 3.1 

Relative Calorimetric  
Energy Calibration [±5.4%] 

3.7 0.8 

Cross Sections and FSI [±(15-25)%] 0.6 0.7 

NC and CC Backgrounds 3.2 0.7 

Detector Response 1.3 0.7 

Flux [±21%] 1.6 0.4 

Exposure [<±2%] 0.3 0.2 

Oscillation Parameters 2.1 2.2 

Total Systematic 9.2 4.1 

Statistical 19 5.0 
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νμ	Appearance	Systema;cs

‣ SystemaTcs	assessed	by	modifying	the	
simulaTon	used	in	the	signal	and	
background	predicTons.	

‣ VariaTon	in	the	BG	and	signal	
predicTon	taken	as	the	size	of	the	
systemaTc	

Calibration 

𝜈 Interaction 

Scint. Saturation 

Normalization 

ND BG composition 

Other 

𝜈 Flux 

Total Uncertainty 

0% 5% 10% 

signal 
background 

12.9% 
9.6% 
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‣ LID:		

๏ Select	6	events	
๏ 3.3σ	evidence	for	νe	appearance	

‣ LEM:	

๏ Select	11	events	
๏ 5.5σ	for	νe	appearance	

‣ All	6	LID-selected	events	are	also	selected	by	
LEM	

๏ The	trinomial	probability	for	observing	11	
events	with	a	(LID-only/LEM-only/Both)	
distribuTon	is	P(11:0/5/6)	=	9.2%	
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Background

νe	CC	Selected	Events

NH !CP=3π/2 IH !CP=π/2

LID 5.62 ± 0.72 2.24 ± 0.29

LEM 5.91 ± 0.59 2.34 ± 0.23



Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 53

NOvA	Sensi;vi;es
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A	possible	first	analysis	result	
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Supernova	signal	in	NOνA

‣ For	galacTc	SN	expect	O(1000)	events	above	background	over	10-20	seconds			

‣ VariaTon	in	the	BG	and	signal	predicTon	taken	as	the	size	of	the	systemaTc	
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Neutrinoless	Double	Beta	Decay

Yuri	Kolomensky,	NuFact	2015


