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Neutrino	Experiments



Why	n ?

• Absolute	mass	?

• Key	to	unveil	secret	of	our	universe	?
Why	matter	dominant	in	our	universe	now	?

• Evidence	of	4th family	of	n

1.	Simple

2.	Mysterious

3.	Surprises

• Dirac	or	Majorana

• Neutrino	flux	deficit
• n spectral	shape	anomaly	(5MeV	excess)Sunny	Seo,	IBS
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To	unveil	the	mysteries,	and
To	understand	the	surprises
We	need	bigger	detectors	!

à Challenging			technically
&	in	budget

Sunny	Seo,	IBS WIN	2019@Bari



4

We	have	known	neutrinos	for	~	90	years.
We	learned	a	lot	about	neutrinos,

but	still	there	are	very	important	questions
to	be	answered.

**I	do	apologize	to	the	experiments	not	covered	here	due	to	lack	of	time.

Neutrino	oscillations

Dirac	or	Majorana

4th family	of	neutrinos

-- Oscillation	parameters
-- CPV,	MO

-- Several	smoking	guns

-- 0nbb

Absolute	nmass

In	this	talk,

Sunny	Seo,	IBS WIN	2019@Bari



1930	Pauli postulated	neutrino
to	explain	beta	decay	problem

1933	Fermi baptized	neutrino
In	his	weak	interaction	theory

1957	Pontecorvo suggested	
Neutrino	mass	and	oscillation

5Sunny	Seo,	IBS WIN	2019@Bari
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in	1956@Savannah	river,	S.	Carolina
By	Reines and	Cowan

Nobel	Prize	
in	1995

First	discovery	of	neutrino
is	from	reactor	neutrinos	!	

“Project	Poltergeist” Liquid	scintillator

Target:
200	kg	water
40	kg	CdCl2

3	layers	of
Liquid	scintillator

2x1020 ne/GWthSunny	Seo,	IBS
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PMNS	matrix in	1962

• Pontecorvo
• Maki
• Nakagawa
• Sakata

Mass Eigen 
state

Weak Eigen 
state

Sunny	Seo,	IBS WIN	2019@Bari
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Mixing	angles	(q12,	q23,	q13)
determine	flavor	contents	of	the	mass	eigen-state.

1 2 3ec c cµ tn n n= + +en =

Sunny	Seo,	IBS



Neutrino Oscillation Milestones
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34o (2001)
SNO, Super-K;
KamLAND

Atmos. Neutrino 
Oscillation 

Reactor Neutrino 
Oscillation 

q12

q23

q13
9o (2012)

Daya Bay,	RENO
Double	Chooz,	T2K

~45o (1998)
Super-K;	K2K

2015
Nobel
Prize

Neutrino	has	
mass	& oscillation

1957	
B.	Pontecorvo

Solar Neutrino 
Flavor Conversion

(arXiv:1609.02386)

T.	Kajita

A.	McDonald

Sunny	Seo,	IBS WIN	2019@Bari
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Current	status	of	precision

q 3n oscillation	paradigm:	
à 6 oscillation parameters

Known:  |Dm2
32|  q23 Dm2

21 q12 q13 à need precise measurements
Unknown:  dCP , n mass ordering  à need discoveries

Sunny	Seo,	IBS WIN	2019@Bari



Reactor n Oscillation (3 n)
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B.	Roskovec @PIC	2018

Sunny	Seo,	IBS WIN	2019@Bari
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Daya Bay, Double Chooz, RENO for q13
Daya Bay

Double	Chooz

RENO
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Comparisons
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Target	(ton)
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Double	Chooz

RENO

Daya	Bay

Reactor	Thermal	
Power	(GWth)
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Double	Chooz

RENO
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Humanpower

Baselines

WIN	2019@Bari
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>	99.9%	reactor	anti-neutrinos	are	produced	from	4	isotopes:
235U,	239Pu,	238U,	241Pu

Inverse	Beta	Decay

Sunny	Seo,	IBS
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Detection Principle of Reactor Neutrinos

Ep = 1~10 MeV

Eg =	8MeV

Gd

IBD	process

n-H
~200	µs

~2.2MeV

n-Gd

Delayed	signal

~30	µs

~8MeV

(En >	1.8	MeV) Prompt	signal



IBD Prompt Spectrum 2012 vs 2018
Daya Bay

RENO



First q13 measurements in 2012
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Double Chooz Daya Bay RENO
Publication PRL	108,	131801	

(Mar.	30,	2012)	
PRL	108,	171803	
(Apr.27,	2012)

PRL	108,	191802	
(May	11,	2012)

sin2(2q13) 0.086 0.092 0.113

Stat.	error 0.041	
(101	days)

0.016	
(49	days)

0.013	
(220	days)

Syst.	error 0.030
(flux	uncert.)

0.005
(MC	driven)

0.019
(data	driven)

Significance 1.7	s 5.2	s 4.9	s

~	7	years	ago

Ø sin2(2q13)	precision	in	2012:			18%
Sunny	Seo,	IBS WIN	2019@Bari
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2.7%

sin2(2q13)	precision	in	2018:		3.4%

Sunny	Seo,	IBS



Reactor n “Shape” Anomaly

No	relation	w/	sterile	neutrinos

NEOS	in	2017

NEOS	is	the	only	VSBL	(<100m)	exp.
which	observed	the	5	MeV	excess.

The	“5	MeV	Excess”	in	2014
RENO Double	Chooz Daya Bay

5	MeV	excess
compared	to
H&M	model

Mention	2017

19
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Ø Daya Bay	and	RENO	results	suggest	that	
n from	235U	is	less	by	~3	s than	HM	model.

à Need	HEU	reactors	(20-90%	235U),	
i.e.,	research	reactors	to	thoroughly	test	this.



21

RENO
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Reactor

q13 ≈	9o

Accelerator

Atmosphere PINGU
ORCA

MO	&	dCP

MO

MO

q13 and Future n Osc. Experiments

MO	=	Mass	Ordering
MO	&	dCP



The	JUNO	Experiment

• 20	kton LS	detector
• 700	m	underground
• 3% energy	resolution
• Rich	physics	possibilities

• Reactor	neutrino
for	Mass	hierarchy	and	
precision	measurement of	
oscillation	parameters

• Supernova	neutrino
• Geo-neutrino
• Solar	neutrino
• Atmospheric	neutrino
• Proton	decay
• Exotic	searches	

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ; 
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103, 2008;  PRD79:073007,2009

Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013,  300 M$, online in 2021
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77	institutions
607	collaborators

78%	photo	coverage
18000 20” PMT
25000 3’’ PMT



Taishan NPP

Guang Zhou

Daya BayHong 
KongJUNO

53 km
53 km

JUNO	Site

24
Yangjiang NPP

NPP Daya	Bay Huizhou Lufeng Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction

Power	 17.4	GW 17.4	GW 17.4	GW 17.4	GW 18.4	GW

20 kton Liquid scintillator 
37 kton water shielding



Determine	MO	with	reactors

• Measure	energy spectrum	at	53 km	from	reactors
• Very	high	precision	measurement
• Interplay	of	Δm2

31 and	Δm2
32,	frequencies	differ	by	3%

Independent on CP phase and q23 (Acc. & Atm. do)

S.T.	Petcov et	al.,	PLB533(2002)94
S.Choubey et	al.,	PRD68(2003)113006
J.	Learned	et	al.,	PRD78,	071302	(2008)
L.	Zhan,	Y.	Wang,	J.	Cao,	L.	Wen,	PRD78:111103,	
2008,	PRD79:073007,	2009
J.	Learned	et	al.,	arXiv:0810.2580
Y.F	Li	et	al,	PRD	88,	013008	(2013)
… 25

**	Sensitivity:	3-4σ in	6	years,	5σ in	10	years

Energy resolution 
& scale are the keys



2)	Precision	Measurements

Statistics +BG +1% b2b	+1%	
EScale +1%	EnonL

sin2 θ12 0.54% 0.67%

Δm2
21 0.24% 0.59%

Δm2
ee 0.27% 0.44%

Probing the unitarity of UPMNS to 1%, New physics?

Only JUNO can do!

26

Current precision



1.	Which	flavor	symmetry	model	?

Why Leptonic CPV ?

27

Understanding	
pattern	of	nmixing

Image	credit:	T.	Ohlsson @KTH

Ballet	et	al.	JHEP	1412

Sunny	Seo,	IBS WIN	2019@Bari
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• CP	structure	in	quark	sector	is	well	known.
à Small	CPV	in	quark	sector	(	<	10-7 %)	

can	not	explain	baryon	asymmetry	of	the	universe.

Why CPV in Lepton Sector?

• However,	leptogenesismay	explain	baryon	asymmetry,	
provided	with	large	CPV	in	lepton	sector.

• There	is	hint of	maximal	CPV	in	lepton	sector.
(~	2sigma	@T2K,	NOvA)



T2K (2010 -- )

• Beam:	J-PARC	n beam	(480	kW)
• Baseline:	295	km	w/		2.5o off-axis
• Far	detector:	Super-K	(50	kton water)	in	1	km	depth
• Near	detectors:	ND280,	INGRID	à to	reduce	ssyst
• Discovery	of	ne appearance	in	2013 29



Recent T2K Results

30



Recent T2K Results

31Sunny	Seo,	IBS WIN	2019@Bari



Recent T2K Results

32Sunny	Seo,	IBS WIN	2019@Bari



J-PARC Beam Upgrade Plan



T2K-II Prospects
with	ND280	upgrade

Sunny	Seo,	IBS WIN	2019@Bari



~344	k	ch

NOvA (2010 --)

• Beam:	Fermilab NuMi n beam	(700	kW)
• Baseline:	810	km	w/		0.8o (14	mrad)	off-axis
• Far	detector:	segmented	scintillator	in	PVC	(14	kton)
• Near	detector:	0.3	kt @1km	à to	reduce	ssyst
• 4s observation	of	ne appearance	in	2018

Low	Z	tracking	calorimeter	composed	of
Alternating	horizontal	&	vertical	planes	of
Liquid	scintillator	filled	cells.

35



NOvA Results in 2018
Neutrinos:		8.85x	1020 POT	

(Feb.	2014	-- Feb.	2017)
Feb.2019	--

Anti-nu					:		6.9x	1020 POT	
(Feb.	2017	-- Apr.	2018)

Statistical	error	dominant	!

36



NOvA Results in 2018

Non-maximal	q23 is	favorable	at	1.8s.

Best	fit:
• Normal Ordering
• sin2(2q13)	=	0.58 +/- 0.03
Dm2

32 =	(2.51+0.12-0.08)x10-3 eV2

37Sunny	Seo,	IBS WIN	2019@Bari



Status: Dm2
32 vs sin2q23

38Sunny	Seo,	IBS WIN	2019@Bari



NOvA Results in 2018

Excluding	dCP=p/2	at	IO		>	3s

Best	fit at	N.O.	(favored	at	1.8s)
• dCP =	0.17	p (~30o)
• sin2(2q13)	=	0.58 +/- 0.03
Dm2

32 =	(2.51+0.12-0.08)x10-3 eV2

39Sunny	Seo,	IBS WIN	2019@Bari



NOvA Plan & Sensitivity

2021:	aim	to	do	T2K	+	NOvA analysis

Running	until	2025
n :	n =	1	:	1	

40Sunny	Seo,	IBS WIN	2019@Bari



CERN	Courier,	July	2016

Ø Current	best	fit:	normal	ordering	at	3.4	s from	global	fit
Front.	Astron.	Space	Sci.,	09	October	2018 (T2K,	NOvA)	+	(SK)	+	(DB,	RENO,	DC)

**	Cosmological	measurement	
(indirect	/	independent)

favors	normal	ordering	3	times	
more	from	sum	of	nmass

Current Status of n MO

T2K+NOvA

D
c2

5

10

15

41



Future	Long	Baseline	n Experiments

42



Hyper-K (~2027 -- )

• Beam:	upgraded	J-PARC	n beam	(1.3	MW)
• Baseline:	295	km	w/		2.5o off-axis	(En =	0.6	GeV)
• Far	detector:	HK	(260	kton water)	in	600	m depth
• Near	detectors:	upgraded	ND280,	INGRID
• Intermediate	WC	det.	1	kton @	~1	km			à to	reduce	ssyst
• Very	far	2nd detector:	T2HKK	in	Korea	(~1100	km)

~300	collaborators
in	15	countries

43
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Fiducial	Vol.	
HK	= SK	x	8

D:	74m

H:	60m

Hyper-K Detector
• 20~40% photo-coverage

(20	inch	+	mPMTs)
• 190	kton fiducial	vol.

Hamamatsu	B&L	PMT	(20”)

@Tochibora site
(600	m overburden)

mPMT (19x	3”)

45
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Intermediate Water Cherenkov Detector

• ~1	km	baseline
• 1~4o off-axis	angles	in	50m	vertical	tunnel
• 1	kton WC	detector
• 480	mPMTs
• Detector	optimization	is	on-going.

q To	precisely	measure		ne/	ne cross-section
q To	measure	neutron production	in	n-nucleus	scattering

IWCD	=	E61
=	NuPRISM

Sunny	Seo,	IBS WIN	2019@Bari
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Hyper-K Two Detectors
T2HKK

1~3	deg.	off-axis

FlowerKNO
Korean
Neutrino
Observatory

km km km kmkmkm

Sunny	Seo,	IBS WIN	2019@Bari



Energy vs. Baseline

48

Bisul

Bohyun

Sunny	Seo,	IBS WIN	2019@Bari



Beam + Atm. n Data

49

Mass	ordering	sensitivity

à Best	way	to	determine	nmass	ordering
among	[[	n oscillation,	0nbb,	cosmology	]]



dCP Precision Sensitivities

At	maximum	CP	violation:		JD+KD	1.5o:	s(dCP)	=	13~14	degree
JD	x	2									:	s(dCP)	~	17	degree
JD	x	1									:	s(dCP)	~	22	degree 50

àVery	important	for	flavor	symmetry	model	of	neutrino	mixing
S.	Petcov in	ICHEP	2018
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PTEP	2018,	6,	1-56

Sunny	Seo,	IBS
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Atmospheric Parameter Sensitivity

1.3%
3% ~0.6%

Sunny	Seo,	IBS WIN	2019@Bari
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Why Proton Decay Search ?

See	F.	Di	Lodovico’s proton	decay	talk	on	this	Friday.Sunny	Seo,	IBS



7)	Proton	Decay

53Takaaki Kajita,	Neutrino2018

n Proton decay: physics at very high energy scale, where 
neutrino mass/mixing might be related with.

n Hyper-K:  t~1035 years for eπ0

n DUNE:          JUNO: t~2´1034 years for νK+



Hyper-K Status

• Seed	funding	in	2019	JFY
• Construction	starts	in	2020
• Data	taking	in	~2027

On	Sept.	12th 2018,
U.	Tokyo	president	&	Kajita-san
visited	HK	Collab.	Meeting,
and	announced	the	start	of	

HK	construction.

**	HK	Technical	Design	Report	
will	be	ready	soon.

54



• Beam:	nuMI n beam	(1.2	à 2.4 MW	upgradable)
• Baseline:	1300	km	w/	on-axis n beam	(En <	8	GeV)
• Far	detector:	4	x	10	kton (fiducial) LArTPC in	1.5	km depth

(single	or	double	phase	TPC)
• Near	detector:	designing	phase		à to	reduce	ssyst

Deep Underground n Exp. (2026~)
~1000	collaborators

in	31	countries

55Sunny	Seo,	IBS WIN	2019@Bari



DUNE n Spectra

nµ à nµ nµ à neCDR
2016CDR

2016

TDR
2019

nµ à ne

Disappearance

Appearance

56



DUNE Far Detector

17	kt LAr/module
(10	kt fiducial	vol.)

Total	150	APA	(Anode	Plane	Assembly)	/module
• 1	APA	=	6	m	x	2.8	m
• 2,560	SiPM channels/APA

Ø e- drifts	horizontally	to	Anode.
<Vd>	=	1.63	m/ms

Ø 500	V/cm	à 180	kV	at	cathode

q LAr:	scint.	Light	(PD)	à triggering,	t0
q TPC:	tracking

mip ionization:
600	e-/mm

3.6	m,	2.2	msec 57



DUNE Near Detector

B.	Svoboda	@Prospects	in	Neutrino	Physics	2019

1.3	km	baseline

58



ProtoDUNE @CERN
Thanks	to	“Neutrino	Platform”	@CERN

ProtoDUNE construction:	2016	– 2018
• 1	kton LArTPC SP	(6x6x7m3)
• Beam	data	taking:	Sept.-Nov.	2018
• Cosmic	µ data:	until	early	2021

Purpose:
• Validation	of	design
• Understand	detector	response
• Long	term	stability,	etc.

(due	to	CERN	Long	Shutdown	2)

59



DUNE Sensitivities
Mass	Ordering dCP

60Sunny	Seo,	IBS WIN	2019@Bari



DUNE Status

**	DUNE	Technical	Design	Report	will	be	ready	in	summer	2019.

• Ground	breaking:	July	2017	(pre-excavation	underway)
• Cavern	excavation:	2021-2024
• Near	site	construction	starting	in	2020
• Ground	breaking	for	MW	proton	linac:	Mar	2019

à Neutrino	beam	available	in	2026/27

• Module	1:	single phase	installation:	summer	2024	
(data	taking	in	2025	for	SuperNova burst,	atm.	Nu)

• Module	2:	double phase	LArTPC
• Module	3:	single phase	LArTPC
• Module	4:	“module	of	opportunity”	w/	different	design

Ø ProtoDune-SP	successfully	constructed	at	CERN	(NuPlatform)
Ø Double	phase	ProtoDUNE will	take	cosmic	data	summer	2019.

For	example,	WbLS detector	(THEIA)

61



G.	Orebi Gann	talk,	2015

62



Sterile Neutrinos at ~eV ?

3s~4s
evidences

Very	short	baseline	reactor	n

GALLEX/SAGE
LSND	(n)

MiniBooNE (n,	n)

ne disappearance
P(ne à ne)

Source	
Calibration

(n)

ne disappearance
P(ne à ne)

ne appearance
P(nµ à ne)

ne( ne)	appearance
P(nµ à ne)4.8	s

(2018)

3.8	s
(2001)

3s
(2011)

3s
(2011)

30m/30MeV

500m/500MeV



MiniBooNE Data by 2018
Ø 15+	years	of	taking	data
Ø Total	30	x	1020 POT roughly	1	:	1	in	n : n

where,	new	n data	of	6.38	x	1020 POT	

64



MiniBooNE Results in 2018
Ap

pe
ar
an
ce
	p
ro
ba
bi
lit
y

L/E	(m/MeV)

Ø Large	sin22q value	is	unphysical	
for	3+1	n osc.	frame.	



L	=	600	m
M	=	476	ton

L	=	470	m
M	=	85	ton

L	=	110	m
M	=	112	ton

66



SBN Sensitivities

67Sunny	Seo,	IBS WIN	2019@Bari



SBN Status

• Performing	R&D	w/	candidate	DUNE	technologies
• Detector	construction	underway
• Data	taking:	~2020

µBooNE

SBND

ICARUS

• Detector	operating	smoothly	
• 9.4x1020 POT	a	year	ago	(>	95%	DAQ	up	time)
• Improvements:	detector	response,	reconstruction
• Confirm	or	refute	MiniBooNE in	2019~2020	?

• Detector	construction	underway
• Detector	installation:	July	2018	--
• Data	taking:	~2019

à High	muon	rate	is	a	challenge	!

68
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Lhuiller @Neutrino	2014

Very Short Baseline Reactor n Exp. Sites

(NEOS	@Hanbit-5)

70Sunny	Seo,	IBS WIN	2019@Bari



Scintillation Detectors @VSBL

Homogeneous

Segmented

Liquid	scintillator	(LS) Plastic	scintillator	(PS)
GdLS,	6LiLS PS	(Gd/6Li	sheet),	6LiPS

Segmented

Gd,	Li	à n-tagging

*NEOS,	
Nucifer
(finished)

*Neutrino-4,
*PROSPECT,
*Stereo

(*	: operating	exp.)

*DANSS,
*SoLid,
NuLat (R&D),
Chandler	(R&D)

71Sunny	Seo,	IBS



Experiment
Thermal 
power
[MWth]

Baseline
[m]

Target 
Mass, Vol

Target
material Segment

NEOS 2800 24 ~1 m3 GdLS None

DANSS 3000 10-12 1 m3 PS(Gd layer) 2D

Neutrino-4 100 6-12 1.8 ton GdLS 2D

PROSPET 85 7-12 4 ton 6LiLS 2D

SoLid 72 6-9 1.6 ton PS(6Li layer) 3D

STEREO 57 9-11 2.4 m3 GdLS 1D

NuLat Moving n lab any 0.9 ton 6LiPS 3D

Chandler Moving n lab any ? PS(6Li layer) 3D

VSBL	Reactor	n Experiments



Current VSBL Reactor (3+1) n Limits
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NEOS 90% CL
Mension (2011) 95%
Kopp (2013) 95%

σGariazzo (2016) 2

NEOS-I

PRL	118,	042502	(2017)

PROSPECT

33d	on
28d	off

180d	on
46d	off

Neutrino-4

480d	on
278d	off

DANSS 193d	on

STEREO
66d	on
138d	off

PRL	121,	161801	(2018)

arXiv:1809.10561
Accepted	in	JTEP

PLB	787,	(2018)	56-63

PRL	121,	251802	(2018)



480(288)	days	On(OFF)	data

2
14

2m 7eVD » 2
14sin 2θ 0.4»

Oscillation effect 
C.L. 99.7% (3s):

Data	taking	
continues.

Neutrino-4 Results in 2018

ü 20%	deficit	
contradicts	to

DYB	&	RENO	results	!

74Sunny	Seo,	IBS WIN	2019@Bari



Which	mechanism	gives	mass	to	neutrinos	?

Credit:	Symmetry	Magazine,	2013

See	W.	Rodejohan’s n theory	talk	(Mon.)	&	F.	Vissani’s Majorana n talk	(Fri.)

75Sunny	Seo,	IBS



Tritium	b decay:
KATRIN,	PROJECT-8

Many	experiments:
KamLAND-Zen

EXO,	Gerda,	CUORE,
SNO+,	AMORE,	
Majorana,	etc.

Electron	capture:
ECHo,	HOLMES

• Neutrino	mass	affects	shape	
of	CMB	power	spectrum.

• Model	dependent
• Different	data	sets	give	different	results.

*Neutrino	mass	affects
de-excitation	energy	

spectrum.	

76Sunny	Seo,	IBS WIN	2019@Bari



F.	Aviniogne’s talk	in	2014

0nbb:	~0.3	eV	(2014)		à ~0.23	eV	at	90%	C.L.	(2018)

WMAP:	~1	eV	(2014)		
à Planck	(2018):	14~50	meV (IO),	0~30	meV (NO)

A.S.	Barabash
Front.	In	Phys.	(2019)



Dirac vs Majorana n

0nbb =	Majorana n,	LNV,	absolute	nmass

1st observation	of	2nbb
in	1987	for	11	nuclei

T1/2 =	1019 ~2x1021 yr

2nbb (1935)
M.	Goeppert-Mayer
PRL,	48	(1935),	512

0nbb (1937/39)
G.	Racah,	
Nuovo Cimento,
14,	(1937)	171
W.	H.	Furry
PRL,	56,	(1939)	1184
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0nbb Exp. Design Conditions
q Need	radioactive	isotopes	with	bb emission.

à Total	33	isotopes,	only	11	have	Qbb >	2	MeV
q Qbb >	3	MeV	is	better	to	avoid	huge	natural	radio	bkg.
q Good	energy	resolution	(<	3~5%	FWHM)	,	

no/low	BKG,	high	efficiency,	etc improve	sensitivity.

Lo
w
er
	B
KG

BKG	effect

Lower	cost
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0nbb Challenge
G(Q,Z):	phase-space	factor

well	calculated
M:	nuclear	matrix	element

Big	uncertainty

Several	models

See	W.	Rodejohan’s n theory	talk	(Mon.)
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0nbb Experiments
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Current	(2018)	Limits	at	90%	C.L.

A.S.	Barabash
Frontiers	in	Physics	(2019)
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t1/2 ~	1026 yr

t1/2 ~	1027 yr

t1/2 ~	1029 yr

nEXO,	NEXT-2.0,	PandaX-III	1t,	Kamland2-ZEN,	SNO+-II,	LEGEND-1000,	CUPID

~	1	ton	next	generation	experiments:

Dream	detector



Tritium	b Decay

Q-value	(E0):	18.57	keV

If	mn =	0,		then	b- end	point	is	18.57	keV.

t1/2 (3H)	=	12.3	yrs



KATRIN Detector
KArlsruhe TRItium Neutrino	experiment

~70	m

Sensitivity:	mn =		0.2	eV	at	90%	C.L.	
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KATRIN Status

July	2017

May	2018

Kippenbrock talk	at	PASCOS	2018

2018
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Abs. n Mass Sensitivity

0.2	eV
(KATRIN)

0.04	eV
(Project	8)
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CEvNS
Coherent	Elastic	veutrino-Nucleus	Scattering

CsI detector

Freedman
1974

Observed	in	2017
by	COHERENT	@OAK	RIDGE	NL
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Efremenko @IAEA	2019
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Ø q13 can	be	best	measured	by	short	baseline	reactor	neutrino	exp.
à Legacy	measurement	(~3%)	by	2021

Ø JUNO	will	be	the	largest	ever	LS	detector	(20	kton).	
àMost	precise	measurements	(	<1%)	of	osc.	parameters	before	2030.

Ø Reactor	n flux	(6%	deficit	at	3s)	spectral	anomaly	(5MeV	excess)	
needs	to	be	understood.	

Ø eV	scale	sterile	neutrino	searches:
àNeed	more	precise	measurements	by	VSBL	reactor	n exp.
àµBooNE should	identify	low	E	excess	events	seen	by	MiniBooNE
àAdditionally,	SBN	detectors	will	be	good	demonstrators	for	DUNE.	

Ø T2K/NOvA will	provide	evidences	(~3	s level)	of	CPV	and	MO		by	2027.

Summary (I)
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Ø CPV	&	MO	will	be	determined	by	Hyper-K	and	DUNE	before	2040.
dCP =	-p/2	?			Normal	Ordering	?

• Hyper-K:	the	biggest	ever	water	Cherenkov	detector	(260	kton)
• DUNE:	noble	technology	detector	(LArTPC,	4	x	17	kton)
• T2HKK/ESSnuSB gives	unique	opportunity	for	2nd osc.	Max.

Ø Multi-messenger	astronomyà see	Astroparticle Overview	Talks

Ø Whether	neutrinos	are	Dirac	vs	Majorana is	very	fundamental	question.
àNeed	bigger	detector	with	no	or	tiny	background
àCUPID,	KamLAND2-ZEN,	LEGEND,	nEXO,	SNO+-II,	NEXT-2.0,	etc

Ø Absolute	mass	measurements	à very	challenging
KATRIN	(>	0.2	eV),	PROJECT-8	(>	0.04	eV),	ECHo,	HOLMES

Ø CEvNS is	observed	(6.7s)	by	COHERENT	in	2017:	1s tension	w/	predict.
This	field	grows	rapidly	with	different	technologies	also	using	reactor	n.

Summary (II)
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Now,	we	are	in	the	ear	of	very	exciting	time
with	state	of	art	future	n experiments.	

We	may	be	lucky	again,	
New	discoveries	in	10~20	yrs ?

Thank	you	very	much	!

We	have	been	very	lucky	with	neutrinos.
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