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Reactor v “Flux” Anomaly

Ratio of Observed To Predicted Reactor-v's

= Observed/predicted averaged event ratio: R=0.927x+0.023 (3.0 0)

Mentlon et al. PRD83, 073006 (2011)
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RAA = Reactor Antineutrino Anomaly

[(3+1) v RAA best fit: Am?,, = 2.4 eV?, sin%(20,,) = 0.14]




VSBL Reactor v Hlstory

1956: Savannah River, SC

Discovery of neutrinos
L=11m

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

measurements
L=0(1~10 m)

2011: Mention etal.  PRDS3, 073006 (2011)

New flux model ..

: ~6% deficit
- Sterile v

AmZ, [eV?]
2

2014 --:
DANSS, NEOS, PROSPECT, etc.

Sterile neutrino search boom |
L =0(1~100 m) P




Reactor v “Shape” Anomaly
4 The “5 MeV Excess” in 2014 )
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NEOS is the only VSBL (<100m) exp. N relation w/ sterile neutrinos

which observed the 5 MeV excess.



d >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:

. 5 |
Low Enriched #3°U (LEU) g °s}
3-5 % 235U s
9 03
. N athi bbb A I.:)-o.o.é..-}’
Cf. Natural Uranium: 0.7% 23°U Zi """"""""""" a%'ENgy
0002500 5000 7500 10000 12500 15000 17500

Burnup (MWd/MTU)
Sunny Seo, IBS



0939 [107% cm? / fission]

Phys. Rev. Lett. 118, 251801 (2017,
4 — (2017) 1807.9 days of near data
9 1230 days - .
Ax* < 5 / —
4 L _
1 a4 9 L L L e
55 — [ mm99.7% C.L. I
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» Daya Bay and RENO results suggest that
235 is responsible for RAA at ~3 o level.

- Need HEU reactors (20-90% 23°U),
i.e., research reactors to thoroughly test this. .



Very Short Baseline Reactor v Exp. Sites

Nucifer@0Osiris,

Prospect@HF_wN Lo Saclay 4 A
Stereo@ILL"

Grenoble

! | % Korean project
. * (NEOS @Hanbit-5)

DAS:S@:(NPP CARR site, Beijing
omlya \h\ (Not funded) {ﬁ"

Lhuiller @Neutrino 2014

Sunny Seo, IBS NuTel 2019 @Venice 8



Scintillation Detectors @VSBL

Liquid scintillator (LS)

GdLS, °LiLS
(* : operating exp.)

Homogeneous

*NEOS,

Nucifer
(finished)

Segmented

*Neutrino-4,
*PROSPECT,
*Stereo

Sunny Seo, IBS

Gd, Li = n-tagging

Plastic scintillator (PS)
PS (Gd/°Li sheet), ®LiPS

Segmented

*DANSS, N
*SolLid, :
Nulat (R&D),

Chandler (R&D)




Thermal

Baseline

Target

Target

Experiment power i Mass, Vol material Segment
MW, ]
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 SLILS 2D
SolLid 72 6-9 1.6 ton PS(SLi layer) 3D
STEREO 57 9-11 2.4 m3 GdLS 1D
NulLat Moving v lab any 0.9 ton SLiPS 3D
Chandler | Moving v lab any ? PS(°Li layer) 3D




VSBL Experiments: Pros & Cons

Pros:
= Short distance = Lots of neutrinos
" can use research reactors (compact core)

Cons:
= Shallow (or no) overburden
- huge background
= Neutron & gamma background from reactors
= small detector size due to lack of space
-2 light collection problem
" LS restriction in commercial reactors




Detection Principle of Reactor Neutrinos

Ve
__.__.»

(E, > 1.8 MeV)

delayed . \

signal

e +p — et +n)
IBD process
(E, > 1.8 MeV)

(Gd capture H capture\
Delayed signal i Delayed signal
|| ~soms 1 ~200ps
. —\ 8 MeV | 2.2 IVIeV/

* Prompt signal (e*) : 1 MeV 2y’s + e* kinetic energy (E = 1~10 MeV)
» Delayed signal (n) : 8 MeV y’s from neutron’s capture by Gd in ~30 us

or 2.2 MeV : by H in ~200 ps
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inverse beta decay (IBD) /

Ad ~100um
(e+e- anni. ' n-5Li capture\
Prompt signal i Delayed signal
Opus i ~40 pus
G 10 MeV; 0.5 MeV )




Pulse Shape Discrimination (PSD)

NEOS PSD=Q tail/Q tot  PROSPECT

= N - L,
1Y)
o s —== Reactor ON
‘g 10° == Reactor OFF
-
O
= 10 . A
| ..-'o.. ..v‘ﬁ'.a.
-l Yot e,
F J “;“*""w
o f L i
. Oﬁ“ﬂ t : £ Electronlc Recon
10 I --'-.'--'I "'f"' ™
P S S R R PRELWI/NAR
-5 0 5 10 15 4
PSD Parameter Energy (MeV)
LS: Ultima Gold F = 9:1 LiLS: EJ309-based PSD scintillator;

excellent n/gamma/nLi identification.

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

STEREO, Solid, and NulLat have PSD capabilities as well.
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where,

\_

. Epk: prompt E at k 2 spectral distortion if sterile v is
(k =1, ..., n for different baselines)
* <E >:average prompt energy

— spectral distortion washes out

/ Ratio = E */<E_>vs E X or Ratio = N(L,E)/<N(L,E)> vs L/E\

BASELINE-DEPENDENT
OSCILLATION ILLUSTRATION
Null Oscillation
67-71m
7.1-7 5m
7580m
0-8




Experiments
using

Liquid Scintillator

(GdLS or °LiLS)

NEOS, Nuetrino-4, PROSPECT, STEREO

16



(] Reactor: Hanbit-5t", Korea

(] Detector: GdLS -~0.5%Gd

NEOS

Neutrino Experiment for Oscillation at Short Baseline

Reactor
Containment
Building

2.8 GW,, LEU Reactor Hanbit-5

reactor

24 meter distance

1 m3 (homogeneous)
L="24m
20 m.w.e.

10 meter

[endon Gallery underground

~2000 IBDs/day

E resolution: ~ 5% @1MeV
Good PSD

- S/B~ 22

Sunny Seo, IBS



NEOS-I Results in 2017

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 ©.

* Limited by systematic uncertainties.

(\ll— L T TTI | I I T T TTI | \ I E T 11 I_
% | RAA allowed |
> s | 90% CL |
S g 95% CL
E - 99% CL -
@ 2\
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- _— -
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110 1 B B
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Best fit: Am2, = 1.73 eV?, sin?20,, = 0.05 L 111 'J' L k T | N
90+ — RaA: AmZ, =2.32 eV?, 5in?2614 = 0.14 ‘ 1 1 0_2 1 0_1 1
s sin°20,,
Prompt energy [MeV]




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 v flux/shape
Rate+Shape analysis
Smooth data taking is on-going.

Events

on

++ Fake data |
250+ 4 U235
- PU239
—- -+
200f +  Spectral
- T decompositi
150 —— 4
- -
100+
—o—
——
50 —o—
—o—
i ——
—————————
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NEOS2: Sensitivity 90% CL (Shape only)

NEOS2: Sensitivity 90% CL (Rate+Shape) i+

NEOS1: Exclusion Curve 90% CL
| [ | | | I |

7 | |
NuTel 2019 @Venice
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(] Reactor: SM-3, Russia

100 MW,,, 23°U Reactor
(42x42x35cm?3)

J Detector: GdLS 0.1% Gd
1.8 m3 (10 x 5 cells)
L=6712 m

* 3-5m.w.e.

e ~200 IBDs/day

Week protection from cosmic

rays (3-5mw. e.)

’ ’
‘ 2
/ g
” 7/
’ /
7 ' /////w
% Z / )
Ll / 23000 7 2
Z / 277 T 1 ‘
o f” ‘A
LA A 4 7 7777, 77770 il
K I_I\‘_J % ,/// > / N N
BT 70 /// éfll é < >
7 Z H 7 % |
gl a -
0 0 T e A R e T
Active zone 2000 Antineutrino detector in
passive shielding
9 3 4 5
»

e Eresolution:™ 16% @1Mev = ~ . <"

* No PSD
- S/B~0.54

Sunny Seo, IBS

NuTel 2019 @Venice
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Neutrino-4 Results in 2018

480(288) days On(OFF) data | ™F
Oscillation effect v |
C.L. 99.7% (30): H |
NEUTRINO-4 EXCLUSION, >30 o
2 2 . 2 20 4 HEUTRINO-4 ACCEPTED, 30
Am14 ~ 7eV Sln 14 ~ O. 1 [ . HEUTRINO-4 ACCEPTED, 20 Daya Bay
/ = HEUTRINO-4 ACCEPTED, Io. 90% CL
? fﬁ .RAA AND G.ALLIUMIANO’TALYI - l 1 l [ 1.. 1 1 I F=—y—r}
/ 10% sin2(2(;,(3-)1
‘/ 20% dEfiCit A Observed, 24p, 500keV
contradicts to ' Am>=7.34eV", sin"(26) = 0.39
15 - Am’=7.34eV’, sin’(20)=0.39 ' /DoF 16.8/25  GoF 0.89
DYB & RENO reSUItS ! “ I Unity i/DoF 30.1527 GoF 0.31
S | ed ai Lk
21.0- + [ {'ﬁ Py 4 ;%g*ﬁ«,&;"a o T’ »—\L—& I
M @h K 4 J' ) &4
Data taking J ’{' [1L } % % 1 |
. 5. Am’=7.34eV’, sin’(20) =039 3’ /DoF 10.26/17 GoF 0.89
continues. " Unity iZ/DoF 2229119 GoF 0.7
110 115 210 I 215 I 3I.0 l 3!5 l 4!0 I 415

LE,




PROSPECT (Precision Reactor Oscillation and SPECTrum)

J Reactor: HFIR, USA e 771 IBDs/day
80 MW, #*>U Reactor * Eresolution: 4.5%@1MeV
. * Good PSD
(1 Detector: 6LiLS 0.1%°Li > S/B ~ 2.2 (acci. bkg)
* 4ton (154 cells) ~1.32 (corr. bkg)
* L=7"9m
¢ < 1 m.Ww.e. Sub-segment conceptual design
Two-detector PROSPECT deployment at HFIR Eil\gAhTt Guide
- /‘\/ Separator ___ |

LiLS

‘\

Phase I: moveable AD-I

Phase II: AD-I + AD-II

HFIR: 80MW U-235 Core AD-I conceptual design



PROSPECT Results in 2018

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

Limited by statistics RAA best fit
2_I+ Dlatal I o I &;‘ | |
1: -RAA 6.7-7.1 _Stat.+sysf.1-7.5m | 7.5-8.0 % 10: .
1.4f i 1 e N
ol2 * { + } { l l ' { l g
1= | e N O RY PR S N | T YL
&Uo.;-“*-* T J H‘ +f++ *#..1{ | f+'ﬁ' i T”
ol k=1 k=2 k=3 }
0.2}
2rt t t t t t t t t t t i- t t t t t ||
12 k=4 k=5 8488m|| k=6 8892 1= ]
1.4 .
%1_21 {++H *+--+--*H { Iiﬂffrt’;‘?*’l'l'-’l jI l Jo PRL 121, 251802 (2018)
i 82 * - |{ [ Feldman-Cousins, 95% CL
g:g: | : | | ——— PROSPECT Sensitivity, 95% CL
% 5 4 5 6 71 P?o rr?pt t‘lE ref(MéeV;1 2 3 4 5 6 7 10;10_2L SBL + Gallium Anomaly $Rﬁj:; _915%CL . L 11
Ratio = E */<E > sin20,,

Data taking continues.



STEREO

(1 Reactor: ILL, France

58 MW, %3°U Reactor
(D40xH80cm?3)

1 Detector: GdLS 0.2%Gd
e 2.4m3(1x6 cells)

e L=9"11m

e 15 m.w.e.

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

- S/B~ 0.9

Sunny Seo, IBS NuTel 2019 @Venice



STEREO Results in 2018

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

2 - 2
3 T ] ek 3 Reference:
T 14F ~|~ + 3 T 1aF + + 3 10!
) F q 9 = E
Srep | aal 3 8 + _
~nogh [ 0T "3 oosf SRS | 4
T o6F i QoefF | T 3
Oo4F 4 Co4f 3
02F 3 02F 3
0 1 L L L 1 1 3 0 E 1 L 1 L L 1
2 3 4 5 6 7 2 3 4 5 6 7
Energy [MeV] Energy [MeV]
2 3 2 5
18F 3 1.8F E
_16F —+— 4 _1e6F i -~
= 14F 4 = 14F E >
[} E 3 [7) E 3
8izp | R IRt + T ]
¥ 08 +=$=—‘j_:.—=l:'_¥ 3 © 08 F 1 °F
= 06E —+ 1 o6k E
80ak {7 8ok 3 °
02F 3 02F 3
0 E ! ! ! 1 ! 3 ok 1 1 ! ! ! 1
2 3 4 5 6 7 2 3 4 5 6 7 1t
Energy [MeV] Energy [MeV] —— RAA95% C.L.
3 3 — - RAA99% C.L.
~ 16F 3 *  RAA: Best fit
3 14F E 1 STEREO Exclusion Sensitivity (66 days) : 90% C.L.
8 1-? 3 3 —— Data -1 STEREO Exclusion (66 days) : 90% C.L.
© o08F + —+ + 3 — Nonoscillation fit 102 10‘_1
goeg | b E — RAA best fit 2
O oaE 3 sin® (20,.)
02F 3
0 L L

Energy [MeV]

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



Experiments
using
Plastic Scintillators

DANSS, Solid

Nulat } R2.D
Chandler

26



(] Reactor: WWER-1000 Russia

3.1 GW,, LEU Reactor
(D 3.1m,H 3.7m)

O Detector: PS °3>% ¢

coating
1 m3 (2.5 K strips)
Strip: 1x4x100 cm3
SiPMs (2.5k ch.), 50 PMTs

L=10.7712.7 m

50 m.w.e.

~5000 IBDs/day

e

Core of

WWER-1000

E resolution: ~ 28% @1MeV

No PSD
- S/B ~ 33

1m

TayeOd
Q -_-.I';
OnrSeet

X-Module
1

Y-Module 7 PMT

WLS fibers

& wis
£ |\ fibers

2500 independent scintillafor strips

coupled to 2500 SiPM and 50 PMT




DANSS Results in 2018

DANSS 193 days ON data
disfavors RAA best fit at 5 ©.

10
8 O78E 3v:pm.as.=350/24 PRl DANSS 95% CL
u P o
£ 0.76- _
2 - 4v:Am?=1.4 eV2, sin?20=0.05 | o
R 074 =219 (best fit) + E
0.72k 1
0.7
0.68—
0.66 :_ 4v: Am?=2.3 eV?2, sin?20=0.14
7 %2 =83 (GA & RAA [Mention et al.]) 1
0.64 :— 10 —— All v, Disappearance Expts (Mention), 95% CL
~ I T T T ~——— SBL Reactor Anomaly (Kopp), 95% ('L/
—— All v, Disappearance Expts (Kopp), 95% CL
1 2 3 4 5 6 7 Gallium x\lll(!lllill)' (l\'oppl). 95% I('IL

Positron energy, MeV s L
1072 10"
arXiv:1804.04046

PLB 787, (2018) 56-63

Sunny Seo, IBS 28



(J Reactor: BR2, Belgium
50-80 MW,,, >°U Reactor

] Detector: PS (Li layer)

1.6 ton (~13k cubes)
SiPMs at 5° C (3.2k ch.)
L=6"9m

10 m.w.e.

~300 IBDs/day
E. resolution: 14% @1MeV
Good PSD
= S/B~ 3

13(8) days ON(OFF) st 12 (2017) no.04 P04024
JINST 13 (2018) n0.05 P05005




SolLid Phase-| Sensitivity

@ Baselines: 6 —9m

@ Energy resolution 14% / VE
@ IBD eff: 30%

@ Thermal power: 60 MW

@ S:B of 3:1

@ 5 Modules

@ 450 days of reactor ON

sin?(26,,)=0.09, Am?=1.78 eVZ/

Am?, (eV?)

Gallium Anomaly 95% C.L.

1.05

..... ++++ Ll 10!

Reactor Anomaly 95% C.L.

[

Global fit 95% C.L.

SoLid preliminary

* Global best fit

SoLid 95% C.L. - 150 days reactor on

T IIIIIII

""""" SoLid 95% C.L. - 450 days reactor on

SoLid 3¢ C.L. - 450 days reactor on

(=
3
e
V=
4
——
Ao
+
——
+
+
+
+
_+_

V. disappearance probability

0.9 Lo 1 R EE ! L1111
5 10~ 107 . 3
0.85:— D 150 days reactor on SoLid preliminary Sin Zeee
b n v New measurement of v spectrum of 235U
e e e First physics results expected by 2018
L/E ; in m/MeV
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J Reactor: Hartlepool, UK

N u Lat Neutrino Lattice

(2x) 0.65 GW, LEU Reactor

] Detector: °LiPS 0.5% °Li

~0.9 m3 (~3.4 k cubes)
L=38 m
1 m.w.e.

E resolution: ~ 4% @1MeV
PSD - S/B ~ 3

Light channeling via total
internal reflection

Full 3D light collection
along principle axis
Neutron directionality
Movable v lab




Current VSBL Reactor Limits

< w76 | 10
& — DANSS 95% CL
- —74 >
t o
< |72 NEff
1
——— \Eos 0% cL 68 1
Mension (2011) 95% 66 =
—— Kopp (2013) 95%
Gariazzo (2016) 20 64
62
DANSS 193d on
60 1 0—1
1 —— All v, Disappearance Expts (Mention), 95% CL
107 58 ——— SBL Reactor Anomaly (Kopp). 95% CL

*'1 v, Disappearance Expts (Kopp), 95% CL
allium Anomaly (Kopp), 95% CL

Neutrino-4 P o P
ikt PLB 787, (2018) 56-63

1072 107" 1
sin“20,,

PRL 118, 042502 (2017) =

33d on
28d off

66d on
138d off

'PRL121, 161801 (2018) m— S
STEREO ! ' s e . U "~ PROSPECT E
1 =R 48 I |

| ] NEUTRINO-4 ACCEPTED, 1o -~ =

[ — RAA AND GALLIUM ANOMALY
L 1 L 1 1

g ~ 10° sin2(2913')1 1 1
H g arXiv:1809.10561 - T

PRL 121, 251802 (2‘0\1

" — Feldman-Cousins, 95% CL A

Accepted in JTEP

—— RAA95%CL.
= = RAA99% C.L.
* RAA: Best fit
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How to improve sensitivity ?
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Data/Prediction

Sterile v oscillation feature or not ???
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This feature is due to ?°Nb, 143La, 22Y, 22Zr.
A. Sonzogni et al. @ AAP2018

If Sonzogni et al are correct, we should observe
the same feature in NEOS-II & PROSPECT data.



Conclusion

- 30
d New result from Neutrino-4 in 2018 | Am? ~7ev?

—> excluded by other experiments | sin20,, ~0.4

 Current best limits: NEOS, DANSS

d ~3 o hint of 23°U responsible for RAA (DB,RENO)

1 Need 5 o discovery of 23°U responsible for RAA
or continue search for sterile neutrinos.

J Need to understand our detector very well !

] Stay tuned for new results !!



Sterile neutrinos:

Beauty or Beast ?

New physics No new physics

Thank you very much
for your attention !
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VSBL Reactor v Experiments

Experiments | Power L Depth | S/B E Target | Doping | Segmt |Phys.Data
(country) [MWth] [m] [mwe] resol | mass [ton] On/Off
Chandler 2700 >3 m <1 1/60 ? PS 6Li layer| 5x(8x8) R&D
(USA) LEU | movable | surface ~240cm3 cubes
DANSS 3100 (10.7-12.77 50 ~33 | 28% PS Gd layer| 25x25 193d / ?
(Russia) LEU 1.1 0.35% 1m strips | on-going
NEOS 2800 24 20 22 ~4% GdLS 0.50% N/A 180d / 46d
(S. Korea) LEU 1 on-going
Neutrino-4 100 6-12 3-5 0.54 | 16% GdLS 0.10% 5x10 480d / 278d
(Russia) u23s 1.8 cells on-going
Nucifer 66.5 7.2 12 ~6% |10-20%| GdLS 0.17% N/A 145d /106d
(France) U235 0.85 Finished
NulLat 1950 3-8 1 3 <4% 6LiPS 0.50% | 15x15x15 R&D
(USA) LEU | movable | surface 0.9 cubes
Poseidon 100 5-15 <10 NA | 7% GdLS 0.10% ? ?
(Russia) U235 1.5
PROSPECT 85 7-13 <1 1.32 (4.50%| 6LILS 0.10% 14x11 33d/ 28d
(USA) U235 4 2 m cells on-going
SolLid 45~80 6-9 10 3 14% | PS (PVT) |6Li layer|50x(16x16)| 13d/8d
(UK,Belgium) U235 1.6 cubes on-going
STEREO 58 9-11 15 0.9 | ~9% GdLS 0.20% 1x6 66d / 138d
(France) U235 2.4 m3 ~1.2 m cells | on-going




M i n i_C h a n d I e r North Anna Nuclfoer Plant

(] Reactor: North Anna

(] Detector: PS 5Lisheet

(2x) 0.9 GW, LEU Reactor

(6.2 cm)3 (320 cubes)
L >3 m

80 PMTs (2 inch)
o/E:~? %

No overburden
neutron PID
- S/B~1/60

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

Looking forward to “Chandler” !
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