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Much	more	than	just	missing	ET!

2015	Nobel	Prize	-	ν	Oscilla+ons

1988	Nobel	Prize	-	First	ν	Beam	and	νμ	Discovery

1995	Nobel	Prize	-	Direct	ν	Detec+on

2002	Nobel	Prize	-	Cosmic	ν	Detec+on

L.	Lederman
M.	Schwartz

J.	Steinberger

C.	Cowan F.	Reines

R.	Davis M.	Koshiba
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How	precisely	do	we	know	it?
Δm2

sol 2.3%
Δm2

atm 1.6%
sin2θ12 5.8%
sin2θ23 9.6%
sin2θ13 4.0%

F.	Capozzi	et	al.,	Phys.	Rev.	D	95,	096014	(2017)
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What	we	don't	know

Are	there	more	
	than	3	neutrinos?

Is	θ23	really	45°?

What	is	the	absolute	
neutrino	mass	scale?

Are	neutrinos	Majorana				
or	Dirac	par+cles?

What	is	the	ν	mass	ordering,	the	sign	of	Δm2
atm

Is	there	CP	viola+on	
in	the	lepton	

sector?	Value	of	δCP
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Answering	the	Ques>ons…

‣Neutrino	Oscilla+ons	
๏Solar	Sector	
๏Atmospheric	Sector	
๏Measuring	θ13	
๏Determining	the	Mass	Ordering	and	Looking	for	CP	viola+on	
๏Digression:	Systema+c	Uncertain+es	
๏Beyond	the	Three-Flavor	Paradigm	

‣Measuring	the	Absolute	Neutrino	Mass	Scale	

‣Are	Neutrinos	Majorana	Par+cles?	
๏Neutrinoless	Double	Beta	Decay	Experiments	
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Answering	the	Ques>ons…

Solar	Sector
From	Symmetry	Magazine,	06/30/15	Solar	Neutrinos
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Solar	Expts.	and	KamLAND	Results
‣ First	indica+on	of	solar	νe		disappearance	from	
Homestake	experiment	started	~50	years	ago

‣ SNO	confirmed	solar	νe	oscillate	to	νμ,	ντ	
‣ KamLAND	long-baseline	reactor	experiment	
made	precision	measurement	of	Δm2

Sol	

‣ SNO+KamLAND	combina+on	provides	most	
precise	measurement	of	solar	mixing	params.

KamLAND,	PRD88	033001	(2013)

M.	Wurm,	NNN	2016

P(νe➔νe)
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Solar	Expts.	and	KamLAND	Results
‣ First	indica+on	of	solar	νe		disappearance	from	
Homestake	experiment	started	~50	years	ago

‣ SNO	confirmed	solar	νe	oscillate	to	νμ,	ντ	
‣ KamLAND	long-baseline	reactor	experiment	
made	precision	measurement	of	Δm2

Sol	

‣ SNO+KamLAND	combina+on	provides	most	
precise	measurement	of	solar	mixing	params.

KamLAND,	PRD88	033001	(2013)

F.	Villante,	Neutrino	2016

P(νe➔νe)
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SuperK	Results
‣ Day/Night	Asymmetry	

๏ Direct	observa+on	of	maner	effects	

Super-Kamiokande,	PRD	94,	052010	(2016)	

S.	Moriyama,	Neutrino	2016	

enhanced	νe	in	
Earth	at	night	

‣ SuperK	data	prefers	lower	value	of	Δm2
Sol	

๏ 5x10-5	vs.	7x10-5	eV2	
๏ 2σ	tension	with	KamLAND

S.	Moriyama,	Neutrino	2016	
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Borexino	Results
‣ Measurements	in	real-+me	of	pp	and	
pep	neutrinos	

‣ New	physics	may	be	hiding	in	
transi+on	region	
๏ Borexino	phase-2	data	
๏ SuperK	with	2.5	MeV	threshold	

‣ Future	efforts:	SNO+,	JUNO,	HyperK,	
THEIA,	LENS,	CLEAN,	DARWIN,	Argo…

M.	Wurm,	NNN	2016	

Vacuum Osc.
E < 1 MeV

MSW-LMA
E > 5 MeV

Borexino,	Nature	512,	385	
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Answering	the	Ques>ons…

Atmospheric	Sector
From	Symmetry	Magazine,	06/30/15	

Accelerator	NeutrinosAtmospheric	Neutrinos

David	Fierstein,	Scien8fic	American	(1999)	
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Atmospheric	Sector
‣ Discovery	of	Neutrino	Oscilla+ons		

(µ/e)MC � 2

1988 1998

41
.4
	m

39	m

50	kton

Super-Kamiokande

T.	Kajita,	Nobel	Lecture	(2015)
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‣ Create	intense	neutrino	
source	with	well-
understood	flux	

‣ Mul+-detector	
approach	allows	for	
par+al	cancella+on	of	
systema+c	uncertain+es

Simon	van	der	Meer’s	
“Horn	of	Plenty”	

Remark	by		
W.K.H	Panofsky	(1962)

120 GeV 
protons 
from MI


Focusing Horns


2 m 

675 m
15 m
 30 m


Target

Decay Pipe


π
- 

π
+ 

νµ 

νµ 

Fermilab's	Main	Injector

Accelerator	Neutrino	Experiments
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Accelerator	Neutrino	Experiments

‣ Neutrino	beams	around	the	World:	US	(NuMI	
and	Booster),	Europe	(CNGS)	and	Japan	(JPARC)	

‣ Baselines	range	from	a	few	hundreds	of	meters	
(short-baseline)	to	hundreds	(300-1300)	of	km	
(long-baseline).

Super-K 
50kt Water  
Cerenkov 
295km, E»0.6GeV 
Off-axis beam  

 T2K Near Detector (ND280) 

OPERA 
1.25 kt  
Pb/emulsion 
 + m spectrometer 
730km, E»17GeV 
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MINOS/MINOS+	Results

‣ Exposure	of	25x1020	POT	collected	in	11	years	of	running	
‣ MINOS+	running	used	higher-energy	beam	
‣ Look	for	νμ	disappearance	-	Most	precise	measurement	of	Δm2

32

A.	Aurisano,	2017	FNAL	Users	Mee[ng
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MINOS/MINOS+	Results

A.	Aurisano,	2017	FNAL	Users	Mee[ng

‣ Exposure	of	25x1020	POT	collected	in	11	years	of	running	
‣ MINOS+	running	used	higher-energy	beam	
‣ Look	for	νμ	disappearance	-	Most	precise	measurement	of	Δm2

32
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T2K	Results

‣ Detectors	placed	2.5°	off-axis	-	narrow-band	beam	and	large	
reduc+on	of	feed-down	backgrounds	

‣ Combined	νμ/νμ̅	disappearance	analysis	consistent	with	maximal	
mixing	(sin2θ23=0.5)	and	maximal	disappearance	(sin2θ23=0.514)

T.	Nakadaira,	Rencontres	de	Moriond	2017

νμ/νμ̅ CC-QE in ν-beam

νμ/νμ̅ CC-QE in ν-̅beam
ν-̅beam data: 7.471x1020 POT

Most	precise	measurement	of	θ23

ν-beam data: 7.482x1020 POT

T2K,	PRL	118,	151801	(2017)



Alex	Sousa	-	University	of	Cincinna> Expt.	ν	Physics	-	WIN	2017	-	Irvine,	CA	 20

NOvA	Results

‣ 810	km	baseline	
‣ 700	kW	NuMI	beam		
‣ Detectors	placed	0.8°	off-axis

T.	Nakadaira,	Rencontres	de	Moriond	(2017)
NOvA,	PRL	118,	151802	(2017)

‣ Analysis	with	~50%	more	data	ongoing	
‣ An+neutrino	running	ongoing See	Session	Nu-1
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SuperK,	IceCube	Results
‣ Direct	measurements	of	atmospheric	neutrinos	con+nue	to	contribute	to	precision	of	
oscilla+on	parameters	

‣ Sk-I/II/III/IV	results	-	0.33	MtonYr	exposure		

Best	Fit:	
(Normal	Ordering)

J.	Kameda,	NuFact	2016

J.P.	de	André,	NuFact	2015
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ντ	Αppearance
‣ What	are	νμ	disappearing	into?	OPERA	established	νμ➞ντ	oscilla+ons

5th	ντ	Candidate	(2015)

OPERA,	PRL	115,	121802	(2015)

‣ Confirmed	by	SuperK	
search	for	tau-like	events	

K.	Okumura,	NNN	2016
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Answering	the	Ques>ons…

Measuring	θ13
From	Symmetry	Magazine,	06/30/15	

Accelerator	NeutrinosReactor	Neutrinos
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Daya	Bay	Results
‣ 	Measure	disappearance	of	reactor	νe̅.	Look	for	inverse	beta	decay	(IBD)	signal	in	detectors	

‣ Daya	Bay	discovered	non-zero	θ13	in	2012	
‣ Latest	result	is	the	most	precise	measurement	of	θ13	and	Δm2

ee

L.	Lebanowski,	NNN	2016
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RENO,	Double	Chooz	Results
‣ RENO’s	Far/Near	rate+shape	analysis	 ‣ First	mul+-detector	results	from	Double	Chooz	

in	2016

A.	Cabrera	,	CERN	Seminar	(2016)

‣ 2.2σ	higher	value	than	Daya	Bay’s

H.	Seo,	NNN	2016

‣ All	experiments	see	a	“bump"	at	~5	MeV
‣ Consistent	with	Daya	Bay	measurement See	Session	Nu-1
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The	"5	MeV	Bump"

‣ Will	likely	need	mul+ple	reactor	
experiments	with	diverse	reactor	
composi+ons	to	explain	effect	

‣ Good	News!	-	Several	coming	online	or	
proposed

B.	Lialejohn,	NNP	2016

‣ Mul+ple	explana+ons	advanced…	

See	Sessions	Nu-1,	4
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Measuring	θ13	with	LBL	Expts.
‣ Look	for	νμ➞νe	appearance	over	long-baselines	

J.Imber,	NNN	2016

‣ T2K	latest	results	on	νe	appearance

T2K,	PRL	118,	151801	(2017)	

‣ NOvA	first	results	on	νe	appearance

NOvA,	PRL	116,		
151806	(2016)

‣ Global	Picture

A.	Cabrera	,	CERN	Seminar	(2016)

See	Session	Nu-1
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Answering	the	Ques>ons…

Mass	Ordering	and	CP	Viola>on
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Mass	Ordering,	δCP	(and	octant	of	θ23)
‣ Why	do	we	want	to	measure	these?	
‣ sin	δCP	determines	the	size	of	CP	viola+on	in	the	lepton	sector	

๏ May	explain	maner-an+maner	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	par+cles

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

Albright, Chen, PRD 74, 113006 (2006)

≠

dependence	on	mass	ordering	           dependence on δCP
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‣ T2K	observes	32	νe	and	4	νe̅	
๏ Expected	29	νe		and	6	νe̅	for	Normal	
Ordering,	δCP=-π/2	(or	3π/2)

J.	Haigh,	FPCP	2017

νe

νe̅

‣ Prefers	large	CP	viola+on,	δCP=0	disfavored	at	90%	C.L.	
‣ In	combina+on	with	reactor	results,	disfavors	δCP=0	at	2σ

�CP 6= 0 ? => P (⌫̄µ ! ⌫̄e) 6= P (⌫µ ! ⌫e)�CP 6= 0 ? => P (⌫̄µ ! ⌫̄e) 6= P (⌫µ ! ⌫e)

T2K	Results
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NOvA	Results
‣ Also	prefer	large	CP	
viola+on	

‣ Two	degenerate	best	
fit	points	in	N.O.

‣ Predic+ons	depend	on	oscilla+on	
parameters.	For	maximal	θ23	mixing:		

‣ NOvA	observes	33	νe	events	
๏ background	8.2±0.8

A.	Aurisano	et	al.,	JINST	11	P09001	(2016)	

e-

‣ CVN	-	Deep	Learning-based	event	selec+on	

NOvA,	PRL	118,	231801	(2017)

‣ NOvA	sees	a	3σ	
exclusion	at	IH,	lower	
octant	around	𝜹CP=π/2	

‣ Inverted	Ordering	in	
the	lower	θ23	octant	
disfavored	at	93%	CL	
for	all	δCP	values

‣ An+neutrino	running	(ongoing)	
will	help	resolve	degeneraciesSee	Session	Nu-1
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The	Future	-	DUNE/LBNF

‣ High-intensity	source,	large	detector	mass,	
high-resolu+on	detectors,	large	maner	effects		

‣ High-power	νμ	/	νμ̅	beam	produced	at	Fermilab		
๏ Start	at	1.2	MW,	upgradable	to	2.4	MW	

‣ Large	underground	LArTPC	detectors	at	
Homestake	
๏ 4x17	kton		(fiducial	mass	>	40	kton)	
๏ 1300	km	baseline,	detectors	on-axis	

‣ Near	Detector	to	characterize	beam	

‣ Large	interna+onal	science	Collabora+on
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The	Future	-	DUNE/LBNF

‣ Neutrino	mass	ordering	determined	at	>	5σ	for	all	parameter	values	
‣ 5σ	discovery	of	CP	viola+on	if		δCP	near	−π/2;	3σ	over	65%	of	δCP	range	
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The	Future	-	HyperK
‣ High-power	νμ	/	νμ̅	beam	produced	at	JPARC		

๏ 1.3	MW	beam	power	by	2026	

‣ Large	Water	Cherenkov	detectors	near	Kamioka	
๏ 2x260	kton		(fiducial	mass	~200	kton	=	10	x	SuperK)	
๏ 295	km	baseline,	detectors	2.5°	off-axis	
๏ 46700	PMTs	(40000	50	cm,	6700	20	cm)	

‣ 300	members	from	15	countries	in	protoCollabora+on

‣ Exclusion	of	sin(δCP)=0	at	3σ	for	78%	of	δCP	values	and	
at	5σ	for	62%	

‣ T2K-II	will	con+nue	opera+on	during	construc+on,	can	
reach	3σ	sensi+vity	to	CP	viola+on	by	2026	

M.	Hartz,	NuFact	2016 See	Session	Nu-2 See	Kuper	plenary
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The	Future	-	PINGU,	ORCA,	JUNO
‣ PINGU	-	Upgrade	to	IceCube	
‣ ORCA	-	Upgrade	to	KM3NeT

‣ SuperK	favors	N.O.	at	~2σ	
from	atmos.	neutrinos	

‣ Can	determine	N.O	at	3σ	over	3-	4	years
P.	Eller,	NuFact	2016

‣ JUNO	-	60	km	baseline	reactor	
experiment	near	Daya	Bay	site

‣ 3σ	determina+on	of	mass	ordering	
with	6	years	of	running	

‣ Under	construc+on,	opera+ons	
star+ng	in	2020 W.	Wang,	NuFact	2016

J.	Kameda,	NuFact	2016

PINGU ORCA

See	Session	Nu-2
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Answering	the	Ques>ons…

Systema>c	Uncertain>es
NuMI	Beam	Horn,	January	2015
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Effect	of	Systema>c	Uncertain>es

DUNE
HyperK

D.	Cherdack,	NuFact	2015 M.	Hartz,	NuFact	2015

‣ Near	Detector	is	essen+al	
‣ Cross	sec+ons	of	νe,νe̅		measured	in	FD	not	directly	cancelled	by	ND	measurements	of	νμ,νμ̅	

๏ Need	bener	knowledge	of	νe,νe̅		cross	sec+ons	and	uncertain+es	on	σ(νe)/σ(νμ)	and	σ(νe̅)/σ(νμ̅)	
‣ Precise	understanding	of	absolute	flux	rate	and	shape	necessary	to	disentangle	convolu+on	of	
hadron	produc+on	and	beam	op+cs,	cross	sec+ons,	and	detector	effects	to	determine	energy	scale	
๏ Hadron	produc+on	experiments,	test	beams,	and	detector	R&D	

νμ➞νe	osc.	signal

A.	Weber,	DUNE	Mee[ng	(2017)

‣ Reduc+on	of	systema+c	uncertain+es	essen+al	to	+mely	get	to	the	physics	
in	future	experiments		
๏ Νote:	NOvA	and	T2K	report	11%	syst	on	their	sample	bgs	and	6-7%	in	signal
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Near	Detectors

‣ Impact	of	ND280	in	T2K	analysis	
๏ Large	reduc+ons	in	flux	and	cross	sec+on	uncertain+es	
๏ Mo+vated	improved	modeling	of	neutrino	interac+ons	
with	correlated	nucleon	pairs	(2p2h)

K.	Mahn,	NuFact	2015

NuPRISM

DUNE	ND

HyperK	ND

TITUS See	Session	Nu-2
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Hadron	Produc>on,	Cross	Sec>on	Measurements

‣ In	50	years	we	have	gone	from	30%	uncertain+es	
on	ν	fluxes	to	~10%	while	increasing	proton	
fluxes	on	target	by	~103	–	104

Α.	Βravar,	ICFA	2014

K.	Kowalik,	NuFact	2016

‣ Ongoing	2-year	NA61/SHINE	program	for										
LBNF/NuMI.	Aim	to	reduce	flux	uncertain+es	to	~5%

J.	Nelson,	NuFact	2016

See	Session	Nu-3
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Systema>cs	-	R&D,	Test	Beams

‣ See	session	nu-4 See	Sessions	Nu-2,	7
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Beyond	the	Three-Flavor	Paradigm

Answering	the	Ques>ons…
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"Anomalies"

• MiniBooNE
– Designed motivated by LSND, 

KARMEN results

– Observed Low-energy excess 
in electron flavor
• Neutrinos (~3.4σ)

• Antineutrinos (~2.8σ)

A. Aguilar-Arevalo et al. Phys. Rev. Lett. 
110 (2013), p. 161801.

Deficit

• Reactor Flux
– Recalculation of expected reactor flux found systematic 

bias in previous predictions
– New prediction is ~6%(~2.5σ) greater than world 

average of experimental measurements
• Indicates observed deficit Gariazzo et al. (2017). arXiv: 1703.00860 [hep-ex]

• LSND
– Excess of electron antineutrinos from decay-

at-rest (~3.8σ)

A. Aguilar-Arevalo et al. Phys. Rev. D64 (2001), p. 112007.

• Gallium Anomaly
– GALLEX & SAGE 

• Designed for radiochemical 
detection of solar neutrinos

– Measured rates for calibration 
sources 51Cr and 37Ar was ~2.7σ
below expectation

Gariazzo et al. J.Phys. G43 (2016) 033001 
DOI:10.1088/0954-3899/43/3/033001

‣ Oscilla+on	interpreta+on	requires	Δm2~1	eV2	
๏ Mixing	with	sterile	neutrinos?J.	Todd,	MINOS+	Wine&Cheese	(2017)

See	Giun>,	Cao,	Diwan	talks
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Null	Results
• KARMEN2

– No excess above background from spallation 
source with decay-at-rest

Church et al. Phys. Rev. D66 (2002), p. 013001.

• IceCube
– Detects no evidence of beyond three 

flavor oscillations in atmospheric 
neutrinos traversing the earth  

• MiniBooNE/SciBooNE
– Search for muon (anti)neutrino 

disappearance in neutrino beam

– Dual-detector fit over short baselines
• SciBooNE as near detector and 

MiniBooNE as far detector

– No evidence seen in either neutrino 
or antineutrino channels

Mahn, K et al. Phys. Rev. D85 (2012), p. 032007.

J.	Todd,	MINOS+	Wine&Cheese	(2017)

M.G. Aartsen et al. Phys. Rev. 
Lett. 117 (2016) 071801

• MINOS+, Daya Bay
– Combination of two disappearance 

measurements comparable to LSND

– Disfavors sterile mixing over large 
regions of parameter space

P. Adamson, et al. Phys. Rev. Lett. 117 (2016), p. 151801

‣ Also	SuperK,	IceCube-DeepCore,	NOvA,	OPERA,	
ICARUS,	CDHS,	CCFR,	NOMAD,	…

See	Giun>,	Cao,	Diwan	talks
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Future	-	SBL	Experiments
‣ Short-Baseline	Neutrino	Program	at	Fermilab	

๏ Three	LArTPC	detectors	in	the	Booster	beam,	data	taking	starts	in	2018

‣ JSNS2	will	use	decay-at-rest	beam	from	spalla+on	source		
๏ Direct	test	of	LSND,	poten+al	exclusion	at	3σ,	data	taking	starts	in	2018

A
garw

alla,	Chaa
erjee,	Palazo,	JH

EP	09,	16	(2016)

‣ If	sterile	neutrinos	present,	they	will	impact	
interpreta+on	of	future	results	on	δCPSee	Sessions	Nu-3,	7 See	Cao	plenary

Τ.	Μaruyama,	ICHEP	2016
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Future	-	SBL	Experiments
‣ Short-Baseline	Neutrino	Program	at	Fermilab	

๏ Three	LArTPC	detectors	in	the	Booster	beam,	data	taking	starts	in	2018

Τ.	Μaruyama,	ICHEP	2016

ICARUS	is	on	a	boat		
on	its	way	to	Fermilab	

hpp://icarustrip.fnal.gov/
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Future	-	SBL	Experiments
‣ Short-Baseline	Neutrino	Program	at	Fermilab	

๏ Three	LArTPC	detectors	in	the	Booster	beam,	data	taking	starts	in	2018

‣ JSNS2	will	use	decay-at-rest	beam	from	spalla+on	source		
๏ Direct	test	of	LSND,	poten+al	exclusion	at	3σ,	data	taking	starts	in	2018

A
garw

alla,	Chaa
erjee,	Palazo,	JH

EP	09,	16	(2016)

‣ If	sterile	neutrinos	present,	they	will	impact	
interpreta+on	of	future	results	on	δCPSee	Sessions	Nu-3,	7 See	Cao	plenary

Τ.	Μaruyama,	ICHEP	2016
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Future	-	Non-Accelerator	Expts.

‣ Mul+ple	reactor	experiments	will	address	
reactor	anomaly	and	“5	MeV	bump"

N.	Bowden,	Neutrino	2016

NEOS,	PRL	118,	121802	(2017) ‣ CeSOX	-	Use	powerful	144Ce	νe̅	source	in	
Borexino	detector.	Use	“oscillometry”	within	
detector	to	look	for	sterile	neutrino	mixing

CeSOX

See	Sessions	Nu-1,	4
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Other	BSM	Searches

S.	Parke,	M.	Ross-Lonergan,	PRD	93,	11309	(2016)

‣ Non-Unitarity	of	PMNS	matrix ‣ Non-Standard	Neutrino	Interac+ons

‣ Heavy	Neutral	Leptons ‣ KeV	sterile	neutrinos	as	dark	maner

A.	Hatzikoutelis,	DUNE	Mee[ng	(2016)

‣ And	many	more…	
M.	Drewes,	NuFact	2016

S.	Raut,	NuFact	2015

See	Sessions	Nu-1,	4,	5,	6,	8
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Answering	the	Ques>ons…

Measuring	the	ν	Mass	Scale
Inside	KATRIN	,	by	Michael	Zacher	(2012)	
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Neutrino	Mass	from	β-decay
‣ Measure	devia+on	from	m(νe)=0	eV	in	
endpoint	of	β-decay	spectrum.	Need:	
๏ high-luminosity	source	
๏ low-energy	endpoint	
๏ low	background	
๏ extremely	good	energy	resolu+on,	
calibra+on	and	stability

‣ KATRIN	uses	a	tri+um	source	and	a	giant	
spectrometer	
๏ 0.2	eV	90%	C.L	sensi+vity	on	mν,	factor	of	10	
improvement	over	current	limit.	

๏ “First	-Light“	in	October	2016,	electrons	went	through	
the	full	70-m	beam	line	

๏ First	tri+um	data	with	en+re	beam	line	in	2018	
๏ 5	years	of	opera+on

J.	Wolf,	SURF	2017

Simula+on	mν=350	meV
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Neutrino	Mass	from	β-decay
‣ Thermal	calorimetry	using	Holmium	

‣ Cyclotron	radia+on	from	tri+um	spectrometer

K.	Valerius,	Neutrino	2016

Asner	et	al.,	PRL	114,	162501(2015)

‣ Aiming	to	reach	2	eV	(90%	CL)	by	2020	
‣ Following	large-scale	experiment	to	
reach	sub-eV	sensi+vity

‣ NuMECS/ECHO/HOLMES	
‣ R&D	for	calorimeter	arrays	

‣ 1k-channel	arrays	will	reach	10	eV	(90%	CL)	
sensi+vity	by	2019		

‣ 105	1k-channel	detectors	can	reach	sub-eV	
sensi+vity	in	2	years See	Formaggio	plenary
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Neutrino	Mass	from	Cosmology
‣ Cosmological	limits	on	sum	of	neutrino	masses	are	dominated	by	Planck	CMB	data	
‣ Constraints	are	model-dependent	and	vary	with	data	sets	used

‣ TT:	temperature	power	spectrum	
‣ TE:	temperature-polariza+on	cross	spectrum	
‣ EE:	polarisa+on	power	spectrum.	
‣ lowP:	Planck	polariza+on	data	in	low-ℓ	likelihood	
‣ lensing:	CMB	lensing	reconstruc+on	
‣ ext:	External	data	(BAO+JLA+H0)	

๏ BAO:	Baryon	acous+c	oscilla+on	
๏ JLA:	Joint	Light-curve	Analysis	(of	supernovae)	
๏ H0:	Hubble	constant

Planck,	A&A	594,	A13	(2016)

K.	Abazajian	et	al.,	Astrop.	Phys.	63,	66	(2013)

‣ Upcoming	dark	energy	Experiments	DESI,	EUCLID,	
LSST	(star+ng	between	2018-2021)	will	have			
sub-eV	sensi+vity	to	neutrino	massesSee	Wong	plenary
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Answering	the	Ques>ons…

Are	Neutrinos	Majorana	Par>cles?
From	Symmetry	Magazine,	06/30/15	Neutrinoless		Double	Beta	Decay
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Neutrinoless	ββ	decay
‣ Observa+on	of	0νββ	decay	would	establish	

๏ Neutrinos	are	Majorana	par+cles	
๏ Lepton	number	viola+on	
๏ Neutrino	mass	scale	

‣ Majorana	neutrinos	are	required	in	seesaw	mass	models	and	leptogenesis

2νββ
0νββ

K. Lang, SILAFAE 2010
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Neutrinoless	ββ	decay
‣ Sensi+vity	to	Majorana	mass	is	a	compromise	between	sta+s+cs,	background	
rejec+on,	and	detector	energy	resolu+on

m�� = K
p

1/✏

✓
b �E

Mt

◆1/4
K ➝ isotope yield
ε ➝ detection efficiency
M ➝ isotope mass
t ➝ running time
b ➝ background rate
ΔE ➝ energy resolution

• TPC	(Xe)		high	

efficiency,	large	

mass	

• Calorimeter/bolometer	

high	energy	resolu>on	

and	efficiency

• Liquid	scin>llator	+	

isotope	-	high	efficiency,	

large	mass

• Tracking	calorimeter	good	

bg	rejec>on,	mul>ple	

isotope	choices	

‣ Different	approaches	and	technologies	in	next	genera+on	experiments:	
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Neutrinoless	2β	decay
‣ Sensi+vity	to	Majorana	mass	is	a	compromise	between	sta+s+cs,	background	
rejec+on,	and	detector	energy	resolu+on

m�� = K
p

1/✏

✓
b �E

Mt

◆1/4
K ➝ isotope yield
ε ➝ detection efficiency
M ➝ isotope mass
t ➝ running time
b ➝ background rate
ΔE ➝ energy resolution

• TPC	(Xe)		high	

efficiency,	large	

mass	

• Calorimeter/bolometer	

high	energy	resolu>on	

and	efficiency

• Liquid	scin>llator	+	

isotope	-	high	efficiency,	

large	mass

• Tracking	calorimeter	good	

bg	rejec>on,	mul>ple	

isotope	choices	

‣ Different	approaches	and	technologies	in	next	genera+on	experiments:	

nEXO

KamLAND-ZEN
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0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary
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0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

GERDA	
CUORE	
EXO

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary
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0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

GERDA	
CUORE	
EXO

KamLAND-ZEN

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary
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0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

‣ Next	genera+on	of	experiments	will	go	beyond	the	
degenerate	region	and	start	probing	the	inverted	
ordering	regions

GERDA	
CUORE	
EXO

KamLAND-ZEN
Future	and	
	Near	Future	
~100-1000	kg

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary



Alex	Sousa	-	University	of	Cincinna> Expt.	ν	Physics	-	WIN	2017	-	Irvine,	CA	 61

0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

‣ Next	genera+on	of	experiments	will	go	beyond	the	
degenerate	region	and	start	probing	the	inverted	
ordering	regions

GERDA	
CUORE	
EXO

KamLAND-ZEN
Future	and	
	Near	Future	
~100-1000	kg
Beyond	2030?	
	~10000+	kg

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary
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0νββ	decay	-	Results	and	Prospects

‣ Also	AMoRE,	CUPID,	CANDLES,	COBRA,	
PANDAX-III,	THEIA

GERDA	
CUORE	
EXO

KamLAND-ZEN
Future	and	
	Near	Future	
~100-1000	kg
Beyond	2030?	
	~10000+	kg

‣ Next	genera+on	of	experiments	will	go	beyond	the	
degenerate	region	and	start	probing	the	inverted	
ordering	regions

KATRIN

Y.	Kolomensky,	NuFact	2015

See	Session	Nu-8 See	Winslow	plenary
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Conclusions
‣ We		are	living	in	a	precision	era	in	neutrino	physics		

‣ Exci+ng	results:	
๏ T2K	disfavors	CP	conserva+on	at	>90%	CL.	
๏ NOvA	excludes	CP	region	of	inverted	mass	ordering	for	the	lower	θ23	octant	
๏ NOvA	sees	hints	of	non-maximal	mixing	
๏ Unexpected	“5	MeV	bump”	in	reactor	flux	measurements	
๏ Sensi+vity	of	neutrinoless	double	beta	decay	experiments	approaching	I.O.	region	

‣ Very	rich	experimental	program	will	address	(and	provide	defini+ve	answers	to?)	
some	of	the	major	ques+ons	in	neutrino	physics	over	the	next	10-15	years	
๏ Experiments	with	larger	mass,	longer	baseline,	and	higher	resolu+on	being	planned											
-	DUNE	groundbreaking	at	Homestake	this	Summer	

๏ Suite	of	new	dedicated	experiments	will	probe	devia+ons																																																															
from	three-flavor	mixing	

‣ As	always	with	neutrinos,	expect	the	unexpected!
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Conclusions

Thank You!

‣ We		are	living	in	a	precision	era	in	neutrino	physics		

‣ Exci+ng	results:	
๏ T2K	disfavors	CP	conserva+on	at	>90%	CL.	
๏ NOvA	excludes	CP	region	of	inverted	mass	ordering	for	the	lower	θ23	octant	
๏ NOvA	sees	hints	of	non-maximal	mixing	
๏ Unexpected	“5	MeV	bump”	in	reactor	flux	measurements	
๏ Sensi+vity	of	neutrinoless	double	beta	decay	experiments	approaching	I.O.	region	

‣ Very	rich	experimental	program	will	address	(and	provide	defini+ve	answers	to?)	
some	of	the	major	ques+ons	in	neutrino	physics	over	the	next	10-15	years	
๏ Experiments	with	larger	mass,	longer	baseline,	and	higher	resolu+on	being	planned											
-	DUNE	groundbreaking	at	Homestake	this	Summer	

๏ Suite	of	new	dedicated	experiments	will	probe	devia+ons																																																															
from	three-flavor	mixing	

‣ As	always	with	neutrinos,	expect	the	unexpected!	
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Supplements
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The	Future	-	ESSνSB

M.	Dracos,	ICHEP	2016

‣ European	Spalla+on	Source	Neutrino	
SuperBeam	
๏ 5	MW	beam	power	by	2023	

‣ Large	Water	Cherenkov	detector	

ESS

‣ 75%	δCP	coverage	
at	3σ	a�er	10	years	

‣ 50%	δCP	coverage	
at	5σ	a�er	10	years
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Running	and	Future	Experiments
• Many	new	neutrino	projects	proposed	during	Community	Summer	Study	
(Snowmass)	2013	process.

J. Hewett, IF Summary, Snowmass 2013
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Solar	neutrino	oscilla>ons:	MSW-LMA
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Solar	neutrino	Measurements
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More	on	Systema>cs
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CP	Viola>on,	Mass	Hierarchy,	θ23	Octant	
• CHIPS (Cherenkov detectors In Mine PitS) in the US
• Uses existing NuMI beam — Pion decay-in-flight off-axis (7 mrad) νμ beam 

with 700 kW power and 712 km baseline to Wentworth Pit in Minnesota
• Plan to instrument up to 100 kton of water to measure CP violation at 

0.2-0.5M/kton cost

J. Thomas, ICFA Neutrino Panel, Paris (Jan. 2014)

Prototype detector 

10 kton fiducial mass

Neutrino event rate

at the surface
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CP	Viola>on,	Mass	Hierarchy,	θ23	Octant	
• CHIPS (Cherenkov detectors In Mine PitS) in the US

• Assuming 6 years of running with a 100 
kton detector in NuMI, CHIPS can 
improve significantly sensitivity to CP 
violation from NOvA+ T2K

CHIPS@NuMI

• In second phase, running 20 mrad off-axis 
from LBNE beam with 1250 km baseline, 
would help LBNE measurement

CHIPS@LBNE• R&D Proposal submitted to PAC and encouraged. 
• 10 ton proof-of-principle detector to be deployed 

at Wentworth Pit this Summer • LOI to Snowmass: arXiv:1307.5918
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CP	Viola>on,	Mass	Hierarchy,	θ23	Octant	
• Other Proposed Experiments 

• RADAR - 5 kton LAr TPC in NOνA Far Detector Hall using the NuMI beam, arXiv:1307.6507
• DAEAδALUS - Pion decay-at-rest ν beam produced by 100 kW cyclotron. Use multiple baselines   

(1-20 km) to measure δCP. Hyper-K as detector would be ideal, arXiv:1307.2949
• NuMAX - Low-energy neutrino factory, muon storage ring to produce muon decay-in-flight νμ̄, νe, νē, 
νμ beam, use 1 MW PIP-II 5 GeV protons, and magnetized LBNE Far Detector, arXiv:1308.0494

• IDS-NF - High-energy neutrino factory, 4 MW beam, muon cooling, 100 kton magnetized Fe detector

CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013), based on
P. Coloma, P. Huber, J. Kopp, W. Winter: Phys. Rev. D 87, 033004 (2013)

E. Baussan et al., arXiv:1309.7022

arXiv:1112.2853
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Mass	Hierarchy,	θ23	Octant
• Dedicated Atmospheric Experiments:

• INO (India-based Neutrino Observatory), in India

• Status	
• Loca+on	chosen	in	Po�puran,	100	km	west	of	Madurai	

• Work	started	on	facili+es	in	Madurai	HEP	Center		

• Wai+ng	for	full	approval	by	Indian	government.	Opera+ons	to	start	
circa	2020

• NB: Also sensitivity from atmospherics in DUNE, HyperK

• Need	over	10	years	of	running	to	reach	3σ	resolu+on	of	mass	
hierarchy,	but	complementary	to	other	measurements
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Mass	Hierarchy
• Reactor Experiments:

• JUNO (Jiangmen Underground Neutrino Observatory), in China

• Status:	Detector	design	underway,	prototype	to	
be	started	by	end	of	the	year,	R&D	funding	
approved,	construc+on	approval	in	progress			
• First data expected in 2020

 �������� ��
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Status� running planned approved Construction construction 
power/GW � 17.4 17.4 17.4 17.4 18.4 

Daya Bay 
Huizhou 

Lufeng 

Previous site 

Current site 

Yangjiang 
Taishan 

Hong Kong�

Daya Bay� 60 km JUNO 

Before 2020� 
Yangjiang 17.4GW + Taishan19.9 GW 
= 27.3 GW�

Y.F. L
i et al., arX

iv:1303.6733 

Y. Wang, NuPhys 2013

• Also RENO-50 proposal, in Korea, with 
same concept and same challenges 

• Medium-baseline	(60	km)	reactor	experiment		
• Need	to	dis+nguish	between	NH	and	IH	in	rapid	
oscilla+ons	in	P(νē→νē)	driven	by	Δm2

31-2	

• Requires	20	kton	liquid	scin+llator	det.	with	3%	/√E	
energy	resolu+on,	and	reactors	with	36	GW	power	

• Can	determine	MH	at	4σ	level	with	6	years	of	running	
if	Δm2

	can	be	determined	with	1%	precision;	<	2%	
precision	measurement	of	θ12	and	Δm2

21
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Mass	Hierarchy	Summary
• Comparison of reach in determining the mass hierarchy for current and future 

experiments

W.	Winter,	Fron8ers	in	HEP	2014,	Aspen,	based	on	Blennow,	Coloma,	Huber,	Schwetz,	arXiv:1311.1822

• Bands cover maximum 
sensitivity differences 
due to variation of δCP 
(NOνA, LBNE),         
θ23 (PINGU, INO, 
HyperK), and energy 
resolution (JUNO)

• Expected LBNE 
sensitivity for most 
favorable θ23 values also 
included.
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Sterile	Neutrinos

• νμ̄, νe, νē, νμ beams from muon decay-in-flight in muon storage ring. 3.8 GeV/c muons 
from 100 kW 120 GeV/c proton beam incident in graphite target

• Short-Baseline Accelerator Experiments
• nuSTORM (Neutrinos from STORed Muons), to be hosted at Fermilab or 

CERN

3.8 GeV/c 

185 m

1900 m

• Proposed FD is a 1.3 kton 
iron-scintillator tracking 
calorimeter similar to 
MINOS, but ~2.3 Τ B field 
is generated by a 
superconducting 
transmission lineνμ̄νe

100 ton ND, 1021 POT 100 ton ND, 1021 POT
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Bkg uncertainty: 
10% → 50%"

10σ�5σ�

5% sys.   
1% sys�

99% CL Evidence 
99% CL Appear.�
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Sterile	Neutrinos
• Short-Baseline Accelerator Experiments

• nuSTORM (Neutrinos from STORed Muons), to be hosted at Fermilab or 
CERN

• Experimental setup has access to 8 of 12 possible channels from stored μ+ or μ-

• Using the very large statistics in the CPT invariant mode of LSND, νe→νμ, can rule out sterile 
neutrino allowed regions at 10σ

• With Near Detector(s), can potentially measure νe, νē cross-sections to ~1-2%, essential for future 
long-baseline experiments

nuSTORM paper submitted to PRD(RC), 
arXiv:1402.5250 (2014)

• Status: Full proposal submitted to Fermilab PAC in June 
2013, granted Stage I approval, expecting to produce 
Technical Design Report in 2 years; LOI to Snowmass

• EOI to CERN in April 2013: support to study where to 
site the facility at CERN, and also define decisive 
european contributions
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Sterile	Neutrinos

• Redo LSND experiment with a more intense and well understood pion decay-at-rest beam       
(1 GeV protons on Hg target) with 1.4 MW power

• Short-Baseline Accelerator Experiments
• OscSNS (Oscillations at the Spallation Neutrino Source), at Oak Ridge Nat. Lab, 

US 

• Use 450 ton fiducial 
detector with same type of 
mineral oil as LSND, but 
better electronics (200 MHz 
vs 10 MHz)

• LOI submitted to Snowmass

• IsoDAR (Isotope Decay-At-Rest Experiment), at KamLAND, Japan 
Cyclotron

• Mean νē energy of 6.5 MeV
• Neutrino source placed     

16 m from center of 
KamLAND

• Look for changes in inverse 
beta decay rate as a function 
of L/E inside detector to 
look for sterile neutrinos

• Proposal in arXiv:1205.4419

9Be

7Li→8Li

 arXiv:1307.7097

http://arxiv.org/abs/1205.4419
http://arxiv.org/abs/1307.7097
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CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013)
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Sterile	Neutrino	Summary

• Also constraints on sterile neutrino mixing from long-baseline experiments (à la MINOS/
MINOS+) and atmospheric experiments like PINGU 

• SBL accelerator experiments will also contribute to improving ν cross sections knowledge 

CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013)


