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NEOS Collaboration

* NEOS: Neutrino Experiment for Oscillation at Short baseline
* NEOS Collaboration: 19 collaborators at 6 institutes

- Chung-Ang University

- Institute for Basic Science

- Jeonnam National University

- Korea Atomic Energy Research Institute

- Kyungpook National University

- Sejong University
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Neutrino Anomalies and 3+1 Framework

e LSND and MiniBooNE

- vy — Ve @appearance experiment

= There are excess of neutrino appearance.
e GALLEX and SAGE (gallium anomaly)

- For calibration, ve — ve disappearance is measured.

= There are deficit of survived neutrinos.
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Neutrino Anomalies and 3+1 Framework

* Reactor antineutrino anomaly (RAA)

- Short baseline reactor experiments (ve — ve disappearance)

- Predicted number is increased due to update of flux.
= Measured to predicted ratio=0.94 + 0.02.
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Neutrino Anomalies and 3+1 Framework

* Anomalies cannot be explained with 3-v oscillation.

e 3+1 framework
- three active neutrinos and a sterile neutrino
- It can explain excess or deficit of anomalies.

* According to analysis of the anomalies in the 3 + 1 framework,
Ama4? is expected to be large (~ eV? scale).
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Reactor Neutrino

=Xperiment

e Beta decay in the reactor core: neutrino source
(beta decay)

n—pte +He

e Inverse beta decay (IBD) in the detector: neutrino detection

vep— et +n (IBD)

* Neutrino energy spectrum at detector

S(Er,.) = omp(Ep,)

/

IBD cross section
calculated by P. Vogel (thin line)
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Reactor Neutrino Experiment

* IBD in the Gd loaded liquid scintillator (Gd-LS)

positron
IBD with signal

a proton \ prompt signal (S1)
v, "R e* energy deposition + e*/e- annihilation

X In Gd-LS, there are time coincidence
between signals by positron and neutron
from IBD interaction.

/ delayed signal (S2)

neutron neutron capture on Gd (ZEvy = 8 MeV)
capture

signal

"\

IBD pairing

Gd

* Predicted number of IBD in energy bin i

Nipredicted (L) _

Detector I Number of
part fissions
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Reactor Neutrino Experiment

e Survival probability of electron antineutrino in leading order
Am?lL
Ey

PD€_>]76 (E,/, L; (91]', Amjl) =1-— Sin2 2913' Sin2 1.27

- MeV-scale neutrino energy and eV2?-scale Ama4?
= Short baseline experiment (several to tens meters)

= Background expected to be high 613 mixing
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—Xperimental Site

 Hanbit Nuclear Power Plant (NPP) in Younggwang, Korea
- 2.8 GWi» commercial reactor
- Core size: 3.1-m diameter and 3.8-m height
- Low enriched uranium fuel (4.6% 23°U)
- Refuel: change 1/3 of fuel rods for each burn-up cycle
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—Xperimental Site

* Detector in tendon gallery of Reactor Unit 5
- 23.7-m baseline and 20-m.w.e overburden
e Detector sensitivity
- Most sensitive range for ~eV sterile neutrinos
* Single detector
- Understanding detector response
- Reference model
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NEOS Detector

* Photomultiplier tubes (PMTs) * Active target

- Two buffer tanks filled with mineral - Homogeneous liquid scintillator (LS)

oil at both side of the target tank -1008-L volume:

- Acrylic windows b/w target and R=51.5cm,H=121cm

buffers -IBD in 0.5% Gd-LS
-19 R5912 (8 inch) PMTs are installed - Mixed LS: LAB- and DIN-based LS (9:1)
in each buffer tank. LAB: Linear Alkyl Benzene

DIN: Di-isopropylnaphthalene
PSD: Pulse Shape Discrimination
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NEOS Detector

e Shieldings
- 10-cm B-PE (n)
-10-cm Pb (y)

- Muon detectors
(Plastic scintillator)

 DAQ systems
- 500 MS/s Flash ADC for target

- Recording waveforms for PSD

-62.5 MS/s ADC for muon detectors e Muon detectors for veto

- 15 plastic scintillators with PMTs
except bottom side
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Construction and Operation
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Construction and Operation
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Calibration

e Source calibration
- Once a week with point sources

- 137Cs: 0.66-MeV v, °°Co: 1.17/1.33-MeV vy

- 252Cf: neutron source
= 2.2-MeV y from n-H capture

= vs (8 MeV) from n-Gd capture
- Po-Be: neutron and 0.8-/4.4-MeV vy
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Calibration

e 3D calibration
- 137Cs, %0Co, and %°°Cf at various positions
- Position dependence

- escaping ys from target

- used for MC tuning
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Calibration

 Internal/external background

- Continuous and volume source 2\ E
- 40K in PMT glass: 1.46-MeV ¢ % :

- 208T| jn B-PE: 2.61-MeV y S
- Correction for time dependence

- RadOn in LS: O(-/B-decay 0:5c|)o o0 1800 o | [ éo]bo
- &: Correction for position dependence
- B: Validation of MC tuning
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Response and Simulation

e Correction for position with

- & source is uniformly distributed throughout LS
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Response and Simulation

e MC Simulation based on GEANT4
- LS optical properties, PMT properties

- Full simulation including electronics simulation

e Tuning with calibration data
- Point source calibration:
energy, resolution
- 3D calibration:
escaping ys, position dependence
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Response and Simulation

 Charge to energy conversion

- Only single y sources are used for conversion.

- Non-linearity due to quenching and Cherenkov effect
- Energy is quenched at low energy

- Cherenkov effect is dominant at higher energy.
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Response and Simulation
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* Energy spectra of p-decay
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- Uniform distribution
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Single Event Reconstruction

Target Single Events
Py ‘ All: Reactor OFF
—— All: Reactor ON

Muon veto cut:Reactor OFF

Counts /sec/10keV
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* Energy distribution
- Selection: Es > 0.6 MeV

- 2.61-MeV vy from 208T|
- n-Gd capture signals at 8 MeV
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IBD Candidate

e Criteria for delayed events
- Energy range: 4-10 MeV

- Signal due to n-Gd capture (2Er ~ 8 MeV)
- Escaping ys = lower the lower bound

- v events from 2%8T| can affect near 4 MeV.

- Time coincidence: 1-30 us
- Capture time is 7-8 ps in 0.5% Gd-LS
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IBD Candidate

* Multiplicity cut
- For reducing backgrounds due to multiple neutrons
- No event in time window, [Tp - 30 ps, Tp + 150 ps]
* Muon veto
- All events are vetoed in time window, [Ty, Ty + 150 pus]

Tp: prompt event time
Tv: muon event time

Prompt Delayed
Candidate Candidate
To <30 us To <150 us

>|< >
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IBD Candidate

* Pulse shape discrimination (PSD)

- For reducing backgrounds due to fast neutrons ¢ i;‘j% Reactor off I accept
2 ot
- Accepting 99.9% y-like events S W 4 -
S 4 More than 70 % of
0 . 126 n background
- More than 70% of background is reduced. “E "L reduced via PSD
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Prompt energy spectrum

3 Wb T 3 «S/B ratio ~ 22
- — Prompt Engrgy Spectrum 7]
s T patasnal om0 | 4 - Reactor-on: ~2000 /day
© ~ Prediction w/ HM model ]
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Chi-square Distribution

* x> minimum (best fit) with 3+1v hypothesis
- x’avINDF = 57.5/59
- at (sin®2614, Am442) = (0.05, 1.73 eV?)

* > with 3v hypothesis

- x23INDF = 64.0/61
2 2 2 %
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Significance Test

e Significance test
- 0.3M sets of pseudo-experiments for significance test
- There is no strong evidence of light sterile neutrino with
3+1 hypothesis.

:E 10000 [— —
L i
_6 8000 —|— MC pseudo-experiment ]
= - |
L] i +2 dist. (NDF=2) i
6000 — _
4000 — —
2000 — _

0 | | | | Tt .fﬁw
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27 Ay? = 6.5 from data
, = p-value ~ 22%
with Ay? distribution by MC
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Significance Test and Exclusion Limits

e Exclusion limits: Raster scan with y? distribution

N —>7
% >76
NE; —174
< —72
70
1 A —
—— NEOS90%cCL | 7%
—— Mension (2011) 95% | __ =
—— Kopp (2013) 95%
Gariazzo (2016) 20 64
|62
60
-1 _—
10 | I | 58
107° 10~ o,
sin“20,,

arXiv: 1610.05134 / PRL 118, 121802 (2017)
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Conclusion

* Physics Goal of NEOS

- Sterile neutrinos search beyond Standard Model
- Short distance behavior of reactor neutrino
* Detector Performance
- PSD reduces more than 70% of background.
- Energy resolution is about 4.8% at 1 MeV.
- Signal to background ratio is about 22.
e Spectrum is compared with two models
- 5 MeV excess is confirmed at short baseline for the first time.

- There is no strong evidence of light sterile neutrino with 3+1
hypothesis.

- Best fit of Reactor Antineutrino Anomaly is disfavored.
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Charge and Time from Waveform

Energy measurement by NEOS detector

- The detector is a calorimeter.
- Signals from PMTs are recorded in waveforms.
- Charge and time are obtained from the waveforms.

Charge Q and FADC value F

- FADC value: height of waveform
- Charge: integration (summation) of waveform

bin

v
— dit = 0.024 F;
Q / Rterminal Z

1=s8bin

bin
Q ~ 0.024 ( Y F; — (ebin — sbin + 1)Fpedesml>
subtract i=sbin

pedestal

Definition of some information
- Qiot : charge of waveform with whole range

digitized waveform

FADC count

- Fmax : Maximum of FADC value in Waveform

' half maximum
of fitted Gaussian

|I\\Il\\II‘II\IlHII‘\IIwI\II\

- Fmaxx: time bin at F = Fmax
- touise : time at half maximum of fitted Gaussian

llllllIHI|HII‘IHIlHII‘JIIJ]IJII\

wn
(=] o
°|\||\||\||

-ty :triggered time of events

-
=
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Corrections: Vertex dependency

Vertex dependency
- Charge sum of event occurring near PMTs

vertex dependency

Charge [pC]

has a larger value than that of center.
Charge asymmetry A;

- A; is defined for vertex correction.

un un Charge Asymmetry

AZ E Sum’R _ Sum’L § 1.00
Qéllilm,R + lellrllm,L g 0.95
Fitting function and correction function &~
- fitting function: 4" order polynomial :
2 . '»¢/ correction function Y
fasym(Az) — ZpiAz 070 | =
1=0 | A Charge Asyrﬁmetry
- correction function A
fasym (0) £
Cvertex Az — Mol -
exle) = (A |
Corrected charge sum “E haree distr N3
un - cnarge aistribution ™
qum(ttrg) — CverteX(Az) ) sum(ta?“g) e 000 {800 2000

Charge [pC]
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Charge Drift and Muon Selection

Correction for charge drift

- There are charge drift due to variation of temperature.
= It can be corrected with gamma from 2°8T]|

(6]

%) o1.04 — o1.04 —
— 25 o . © .
. — BufferTank  — Out Side 19 E- charge drift <19 after correction
2 WE &1.02 PER P,
§ 20 g b

- £ 1.01
g 15 4 ° g
[ - 3 1.00 g

10 - 0.99

- variation of 1 o098

EI .

p

tem perature 0.97 e Ycs  %Co « 28 0.97 e Cs ® %Co « 2
Sep 15 Novis Janie ~ Marie — May 16 Sep 0708 Nov 0106  Jan 0103  Mar0200  May 01 21 Sep 0108 Nov0106  Jan'0103  Mar0200  May 01 21
Date Date Date
Muon event selection for veto
- If it is judged that it is a muon event,
. . charge distribution
all the events for a certain time are vetoed of a muon detector

. xag® R R
Q 220 - | ‘ =
Muon cuts S 200 E
6 180 :_ — Muon Detector #4 _:
detector # cut (pC) detector # cut (pC) detector # cut (pC) £ 160 - —— Charge CutforVeto 7
1 1 140 — =
120 [ =
12 100 =
13 e - E
60 H =
14 4o¥ -
15 E E

O g " Hoee 1800

Charge [pC]
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—scaping Gammas

Detector response matrix

- It has effects of resolution and escaped gamma
- It can be obtained by detector simulation

2 4 6 8
Neutrino Energy [MeV]

?: - ’Lk k %140__l | ] .
Nea;p — § :D Smod,el gmof_ neutrino E
k X\ flux ™ spectrum
. o 100 — —
of jt" bin ° :
expected number §°r [ E
Of ith bin L 60:— _:
40J _:
response matrix 20— =
S oF L o ]
= [ 2 4 6 8
g 6- Neutrino Energy [MeV]
o > 18— | ]
LE C (0] C ]
5° = tof smeared -
L Q) - o o o —
S 4 S ME distribution
r > - |
: S 7P from a bin -
3¢ 2 10 -
L 0C> C .
B > | -
2 . z

o N A O 0]

D\

N
B

|
6

Prompt Energy [MeV

— o
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Detector Sensitivity

Fission fraction correction

= = | E— <1800 - l ' ' ' ' ' .
D 1.06 — — > - ]
S - : = 1600 Daya Bay Spectrum |
(“3’ - ] “g 1200 F- —— Daya Bay FF E
2 1.05 - . - - — NEOS FF .
S - - S 1200 [~ -
3] B i ‘0 n -
S 104 - 2 1000 |~ —
Q B . £ - ]
© T j o 800~ -
B . X B N
1.03 — - — 600 —
i - O - 7
- Fission Fraction Correction |- *g 400 —
L 7] ]
| I 1 1 1 1 I — 9 0 1 1 1 L | _

5 10 &) 5 10
Neutrino Energy [MeV] Neutrino Energy [MeV]

Vogel

HM flux model IBD cross section
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Systematic Uncertainties: Flux Model

Propagation of covariance matrix

- Daya Bay provides uncertainty of the flux correlation matrix of DB
1

as the form of a covariance matrix.

0.8
- Covariance for analysis is propagated from gz
the covariance of Daya Bay. 0.2
: v VB o °
1] _ 7 -0.
Mfle = D i o D 0.2
Py DB*DB -0.4
’ 2 3 45 6 7 8
_ Correlation matrix Antineutrino Energy (MeV)
pr — /O:L)glua: —

Prompt Energy [MeV]

\ Ve K VMM,

I

response
matrix

correlation matrix
of absolute flux
measured by DB

4 6
Prompt Energy [MeV]

Prompt Energy [MeV]

|

propagated correlation matrix
with detector response matrix

propagated
correlation matrix

Neutrino Energy [MeV]
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Systematic Uncertainties: Energy Scale

Derivative of template for scale factor ¢
- Energy scales of the simulated data and the measured data
can be different.
- Systematic uncertainties due to energy scale differences
should be considered.

ONexp
Nexp|E_>(1_|_a€)E ~ Nexp + O Oe

e=0

ONex E(1+ Ae€)) — E(l-A
where Nexo | _ (B A+ Ae)) — fv(E( €))
de |._g 2A¢€
\ derivative of systematic uncertainty of
simulated spectrum energy scale with ¢ =0.005
(\g 60 L e E F ' : ' | : ‘ : ' -
g 2 5
g -2 K
& 40
-60
5 10
Reconstructed Energy [MeV] Reconstructed Energy [MeV]
NUFACT2017 41

NEOS Experiment



Covariance Matrix and Chi-square Distribution

Covariance matrix

- Covariance method is used for analysis
- All uncertainties must be expressed in the form of a covariance matrix.

MY = M on + M g + M2+ MY + M+ Mg

/ stat,on stat,off norm | ux
statistical uncertainty J , J
of reactor-on period overall normalization background
(shape-only analysis) normalization
. : uncertainty propagated
statistical uncertainty systematic uncertainty of from flux model
of reactor-off period energy scale

Prompt Energy [MeV]
Prompt Energy [MeV]

Prompt Energy [MeV]

covariance correlation
2 4 6 2 4 6 "~ | —— measured to predicted
Prompt Energy [MeV] Prompt Energy [MeV] ——(0.050, 1.73 eV3) —— (0.142, 2.32 eV?)

systematic uncertainties
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Covariance Matrix and Chi-square Distribution

Chi-square formula
- Covariance method

Amaq2

Hypothesis y?/NDF sin?2014

- Shape-only analysis [eV?]

. . e . . 3V 0 0
2 — Lo N MY 1 <NJ — NV ) [
X Z (Nobs eXp) [M] obs eXp 4v (best) $57.5/594 0.05  1.73
1,7 o SIS " g

- - ~ RAA (best) / 69.4/59 0.142 2.32
where N!.. = N2, — (ton/tot) Neg /

i ATi ~ 2

Nexp — ]\7¢3><p(Sln 9147 Am41) 2
Ayc=6.5

<’ 8 - ! ' =
3 B 115
N =
E g 10 3 =

10 55555
Chi-square 6 s
distribution Prompt Energy [MeV]

102 o o —$— measured to predicted

sin’26, , —— (0.050, 1.73 eV?) —— (0.142, 2.32 eV?)

systematic uncertainties
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