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Reactor n “Flux” Anomaly
Mention	et	al.	PRD83,	073006	(2011)

2.4%	à ~6%	deficit	(3s)

DB,	RENO,	DC	(2012)
JUNO KamLAND

SBL MBL
Very	Short	Base	Line

RAA	best	fit:	 Dm2
41 =	2.4	eV2,			sin2(2q14)	=	0.14	(3+1)	n

RAA	=	Reactor	Antineutrino	Anomaly



VSBL Reactor n History
1956:	Savannah	River,	SC
Discovery	of	neutrinos

L	=	11	m

1980s+90s:	ILL,	Bugey,	…
Reactor	neutrino	flux	

measurements
L	=	O(1~10	m)

2014	-- :																			
DANSS,	NEOS,	PROSPECT,	etc.
Sterile	neutrino	search	boom

L	=	O(1~100	m)

2011:	Mention	et	al.
New	flux	model

à Sterile	n ~6%	deficit

PRD83,	073006	(2011)
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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
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q >	99.9	%	reactor	neutrinos	are	from	4	isotopes:	
235U,	239Pu,	238U,	241Pu

Which	isotope(s)	is	responsible	for	RAA	
and	the	5	MeV	excess	?

Democratic	or	discriminative	?

Commercial	reactors:
Low	Enriched	235U	(LEU)

3-5	%	235U

Cf.	Natural	Uranium:	0.7%	235U	
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Ø Daya Bay	and	RENO	results	suggest	that	
235U	is	responsible	for	RAA	at	~3	s level.

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



Lhuiller @Neutrino	2014

Very Short Baseline Reactor n Exp. Sites

(NEOS	@Hanbit-5)
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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)
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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 Experiments: Pros & Cons

Cons:	
§ Shallow	(or	no)	overburden

à huge	background
§ Neutron	&	gamma	background	from	reactors
§ small	detector	size	due	to	lack	of	space

à light	collection	problem
§ LS	restriction	in	commercial	reactors

Pros:
§ Short	distance	à Lots	of	neutrinos
§ can	use	research	reactors	(compact	core)
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Detection Principle of Reactor Neutrinos

§ Prompt signal (e+) : 1 MeV 2g’s + e+ kinetic energy (E = 1~10 MeV) 

§ Delayed signal (n) : 8 MeV g’s from neutron’s capture by Gd in ~30 µs
or 2.2 MeV ‘’                  by H in ~200 µs
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IBD	process
(En >	1.8	MeV)

Gd

8MeV H	capture
Delayed	signal

~200	µs

~2.2MeV

Gd capture
Delayed	signal

~30	µs

~8MeV

(En >	1.8	MeV)
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~40	µs

0.5MeV

e+e- anni.
Prompt	signal

0	µs

1~10MeV

n-6Li	capture
Delayed	signal



§ Good	discrimination	between	electron	recoil	(signal)
and	neutron	recoil	(background)	with	PSD	!

NEOS PROSPECT

LS:	Ultima Gold	F	=	9:1

Pulse Shape Discrimination (PSD)

STEREO,	SoLid,	and	NuLat have	PSD	capabilities	as	well.

PSD	=	Q_tail/Q_tot
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Model Independent Analysis

Ratio	=	Epk/<Ep>	vs	Epk

where,	
• Epk:	prompt	E	at	k	à spectral	distortion	if	sterile	n is

(k	=	1,	…,	n		for	different	baselines)
• <Ep>:	average	prompt	energy

à spectral	distortion	washes	out

Ratio	=	N(L,E)/<N(L,E)>	vs	L/Eor

PROSPECT

Neutrino-4



Experiments	
using

Liquid	Scintillator
(GdLS or	6LiLS)

NEOS,	Nuetrino-4,	PROSPECT,	STEREO
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NEOS
Neutrino Experiment for Oscillation at Short Baseline

Hanbit-5
reactor

q Reactor:	Hanbit-5th,	Korea
2.8	GWth LEU	Reactor					

q Detector:	GdLS
• 1	m3 (homogeneous)
• L = ~24 m
• 20	m.w.e.

~0.5%	Gd

Sunny	Seo,	IBS

• ~2000	IBDs/day
• E	resolution:	~	5%	@1MeV
• Good	PSD

à S/B	~	22



NEOS-I Results in 2017
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NEOS	180	(46)	days	reactor-on(off)data
• “5	MeV	excess”	observation
• No	strong	evidence	of	active-to-sterile	neutrino	oscillation
• RAA	best	fit	is	excluded	at	4.3 s.
• Limited	by	systematic	uncertainties.



19MeV

NEOS-II (Sept. 2018 --
§ Refurbished	detector	from	NEOS-I.
§ Plan	to	take	~500	days	of	data

(full	fuel	cycle)	+	2	OFF	periods
§ Evolution	of	reactor	n flux/shape
§ Rate+Shape analysis
§ Smooth	data	taking	is	on-going.

NEOS-II
Rate+Shape
500	days

Spectral	
decomposition
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Neutrino-4

q Reactor:	SM-3,	Russia
100	MWth

235U	Reactor					
(42x42x35cm3)

q Detector:	GdLS
• 1.8	m3 (10	x	5	cells)
• L	=	6~12	m
• 3-5	m.w.e.

Week protection from cosmic 
rays (3-5 m w. e.)

0.1%	Gd
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• ~200	IBDs/day
• E	resolution:~	16%	@1MeV
• No	PSD

à S/B	~	0.54



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	!



PROSPECT (Precision Reactor Oscillation and SPECTrum)

q Reactor:	HFIR,	USA
80	MWth

235U	Reactor					
• 771	IBDs/day
• E	resolution:	4.5%@1MeV
• Good	PSD

à S/B	~	2.2	(acci.	bkg)
~1.32	(corr.	bkg)

q Detector:	6LiLS
• 4	ton	(154	cells)
• L	=	7~9	m
• <	1	m.w.e.

0.1%	6Li



PROSPECT Results in 2018

PRL	121,	251802	(2018)

RAA	best	fit

PROSPECT	33	(28)	days	ON	(OFF)	data
disfavors	RAA	best	fit	at	2.2	s.

Limited	by	statistics	

Stat.+sys.

Ratio	=	Epk/<Ep>

k	=	1 k	=	2

k	=	4 k	=	5

k	=	3

k	=	6

Data	taking	continues.



STEREO
q Reactor:	ILL,	France
58	MWth

235U	Reactor					
(D40xH80cm3)

q Detector:	GdLS
• 2.4	m3 (1	x	6	cells)
• L	=	9~11	m
• 15	m.w.e.

0.2%	Gd
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• ~400	IBDs/day
• E	resolution:	~	9%	@1MeV
• PSD	(moderate)

à S/B	~	0.9



STEREO Results in 2018
STEREO	66	(138) days	ON	(OFF)data
disfavors	RAA	best	fit	at	97.5%.	

Data	taking	will	continue	(=	300	days	by	2019).

Reference:	



Experiments	
using	

Plastic	Scintillators

DANSS,	SoLid
NuLat
Chandler

R&D
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q Reactor:	WWER-1000
3.1	GWth LEU	Reactor					

(D	3.1m,H	3.7m)

q Detector:	PS
• 1 m3 (2.5	K	strips)

• SiPMs (2.5k	ch.),	50	PMTs
• L	=	10.7~12.7	m
• 50	m.w.e.

0.35%	Gd
coating

Core	of
WWER-1000

Cooling	
Pond

DANSS

Up

Down

Middle

L=10.7m

L=11.7m

L=12.7m

DANSS

• ~5000	IBDs/day
• E	resolution:	~	28%	@1MeV
• No	PSD

à S/B	~	33

Russia

Strip:	1x4x100	cm3



DANSS Results in 2018
DANSS	193	days	ON	data

disfavors	RAA	best	fit	at	5	s.	

arXiv:1804.04046

Sunny	Seo,	IBS 28
PLB	787,	(2018)	56-63



q Reactor:	BR2,	Belgium
50-80	MWth

235U	Reactor					

q Detector:	PS	(6Li	layer)
• 1.6	ton	(~13k	cubes)
• SiPMs at	5O C	(3.2k	ch.)
• L	=	6~9	m
• 10	m.w.e.

Phase-I

SoLid

• ~300	IBDs/day
• E.	resolution:		14%	@1MeV	
• Good	PSD

à S/B	~	3
• 13(8)	days	ON(OFF)

• ~300	IBDs/day
• E.	resolution:		14%	@1MeV	
• Good	PSD

à S/B	~	3
• 13(8)	days	ON(OFF) JINST	12	(2017)	no.04		P04024

JINST	13	(2018)	no.05		P05005



SoLid Phase-I Sensitivity
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NuLat Advanced	Gas	Reactor

q Reactor:	Hartlepool,	UK
(2x)	0.65	GWe LEU	Reactor					

q Detector:	6LiPS
• ~0.9	m3 (~3.4	k	cubes)
• L	=	3~8	m
• 1	m.w.e.

0.5%	6Li	

Neutrino	Lattice
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• E	resolution:	~	4%	@1MeV
• PSDà S/B	~	3
• Light	channeling	via	total

internal	reflection
• Full	3D	light	collection	

along	principle	axis
• Neutron	directionality
• Movable	n lab



Current VSBL Reactor Limits
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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)



How	to	improve	sensitivity	?
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Sterile	n oscillation	feature	or	not	???

This	feature	is	due	to	99Nb,	143La,	92Y,	99Zr.
A.	Sonzogni et	al.	@	AAP2018	

If	Sonzogni et	al	are	correct,	we	should	observe	
the	same	feature	in	NEOS-II	&	PROSPECT	data.
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Conclusion
q New	result	from	Neutrino-4 in	2018

à excluded	by	other	experiments

q Current	best	limits:	NEOS,	DANSS	

q Need	5	s discovery	of	235U	responsible	for	RAA
or	continue	search	for	sterile	neutrinos.	

q Stay	tuned	for	new	results	!!
35

q ~3	s hint	of	235U	responsible	for	RAA	(DB,RENO)

q Need	to	understand	our	detector	very	well	!

2
14

2m 7eVD »
2

14sin 2θ 0.4»

3	s



Sterile	neutrinos:	
Beauty	or	Beast	?

Thank	you	very	much
for	your	attention	!

New	physics No	new	physics
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VSBL Reactor n Experiments



Mini-Chandler
q Reactor:	North	Anna
(2x)	0.9	GWe LEU	Reactor					

q Detector:	PS	6Li	sheet
• (6.2	cm)3 (320	cubes)
• L		>	3	m

• 80	PMTs	(2	inch)
• sE/E:	~	?	%
• No	overburden

neutron	PID
à S/B	~	1/60

• Mobile	neutrino	lab
• 48	(24)	days	ON	(OFF)

IBD	events	at	5.5	s

Looking	forward	to	“Chandler”	!


