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Neutrino Anomalies and 3+1 Framework

e There are some neutrino anomalies, which
cannot be explained with 3v oscillation.

e Those anomalies can be explained with 3+1v

framework assuming a light sterile neutrino.

e NEOS: Neutrino Experiment for Oscillation at
Short baseline

e NEOS is a reactor neutrino experiment at
short baseline to search for sterile neutrino in

the 3+1v framework.
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Reactor Anti-neutrino Measurement

e Neutrino source: B-decay in the reactor core

n—p+e +1v, (betadecay)

¢ Neutrino detection: inverse beta decay (IBD) in the active target

ve+p—e +n (IBD)

e [BD in the Gd loaded liquid scintillator (Gd-LS)

IBD with positron .
a proton _e signal ———— promptsignal (S1)

\ e* energy deposition + e*/e- annihilation
IBD pairing In .Gd.LS, there are tlme.
o coincidence between signals
(coincidence)

by positron and neutron from
IBD interaction.

neutron delayed signal (S2)
Csaigtnua:.le __—"neutron capture on Gd (ZEr ~ 8 MeV)
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Experimental Site

e Reactor Unit 5 in Hanbit Nuclear Power Plant, Younggwang, Korea

10 -

- 2.8 GWi» commercial reactor <

- Core size: 3.1-m diameter and 3.8-m height g
- Low enriched uranium fuel (4.6% 235U) i RAA allowed_
e Detector in tendon gallery : gg; gt
- 23.7-m baseline and 20-m.w.e overburden ) J ok
- Most sensitive range is ~eV sterile neutrinos "’ :_Detector Sensitivity _
— 95% CL. (NEOS) \

- Single detector = —
- Understanding detector response and reference model

Detector
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NEOS Detector

e Photomultiplier tubes (PMTs)

- Two buffer tanks filled with mineral
oil at both side of the target tank

- Acrylic windows b/w target and
buffers

- 19 R5912 (8 inch) PMTs are installed
in each buffer tank.

AFAD 2018

Active target
- Homogeneous liquid scintillator (LS)
- 1008-L volume: (R, H) =(51.5,121) cm
- IBDin 0.5% Gd-LS
- coincidence time = 7~8 us
- Mixed LS: LAB- and DIN-based LS (9:1)

LAB: Linear Alkyl Benzene
DIN: Di-isopropylnaphthalene

NEOS Experiment



NEOS Detector

B-PE: borated polyethylene
PSD: Pulse shape discrimination

¢ Shieldings <
- 10-cm B-PE (n)
- 10-cm Pb (y)

- Muon detectors
(Plastic scintillator)

e DAQ systems
- 500 MS/s Flash ADC

for target
- Recording waveforms
for PSD
- 62.5 MS/s ADC for ® Muon detectors for veto
muon detectors - 15 plastic scintillators with PMTs

except bottom side
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Detector Operation

e |nstallation and operation Sl / .
- Install in Jul. 2015 T ' N .
- Data was taken from Aug. | (- ]
2015. 5 sl T E
- Reactor-on data: 180 days %i‘
(1977 Iday) €l
- Reactor-off data: 46 days = ooF —_ E
(85 /day) F ol ;
e ~90% DAQ efficiency : I e ——-23%2—38 ‘ . ‘ _
- Calibration runs ST ’ AT T
- Checking trigger condition ~ jjjl j
- Power outage °‘Z:Z_: ALLUITHTTHT _:.Z:
¢ Data taking is over in May 3 §: i 1l i
2016 due to regular é ZEE " i .mm .!
maintenance of the tendon. R T L L
o5 i s oea| oo e, oove. oo, a6

AFAD 2018 8 NEOS Experiment



Calibration Campaign

e Source calibration
- Once a week with point sources

- 137Cs (0.66-MeV vy), 60Co (1.17/1.33-MeV vy), PoBe (0.8/4.4-MeV v | n),
252Cf (n; n-H 2.2-MeV v, n-Gd 8-MeV vs)

¢ [nternal/lexternal background
- Continuous and volume source

- 40K (1.46-MeV vy) in PMT glass, 208T| (2.61-MeV v) in B-PE

- RadoninLS (x /)
® They are also used for position and time dependence corrections

—_~ —_ T T T T —_ )<10:|5 T T T T
g_ 22000 |- - LQ>_ 12000 |— — %_ \
< 20000 - 3 Q Gd ] 0 120 —
= - QA n‘ B i L
(/)] 18000 - 137CS ] = 10000 [— 1 57Gd ] g I~
2 = 8 of 252Cf - % 100 -~
= 16000 3 = C 2 C
L = E C 8000 [— ] c B
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Detector Response and Simulation

e Non-uniform response & escaping y 8 34 aevents B
o C
°p° D el
- Detector response depends on position g7
- There are lots of escaping y due to the ol
detector size F
- MC is tuned for several positions and ok
works good. gy ———————————————— L
- ®Co at radial border
- —e— Data
15001 — Simulation
T - o [ ' T
E 0o at 2-480m 000l s— | ""Co at center
2000:— e Data E %’4000— —— Data —
15005_ —— Simulation _f 500k g - —— Simulation
10005— ol N
500% Charge [pC]

1500
Charge [pC]

L 1 ! L
1000
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Detector Response and Simulation

e Charge to energy conversion

- Only single y sources are used for conversion

- Non-linearity due to quenching and Cherenkov effect
e Energy spectra of  events (212Bi, 214Bi, and 12B)
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Single Events Reconstruction

e Energy spectrum of reconstructed events
- Energy is reconstructed via charge to energy conversion function
including non-linearity.
- Selection: Erecon > 0.6 MeV
e Energy resolution for full peak
- ~4.8% at 1 MeV
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IBD Criteria - Events Selection

e Criteria for delayed events
Energy range: 4-10 MeV
- Time coincidence: 1-30 us

e Multiplicity cut: No event before (after)
30 (150) ps from IBD pair

e PSD: Use Qt.il/Qtot as PSD parameter

More than 70% of background is
reduced via PSD.

® Muon veto window: 150 pus
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Spectrum and Limits

e Prompt energy spectrum > F 1 3
S 60_— —
- Number of IBD candidates in S A e s om0t .
t iod =1977 /d S et Seckren O |
reactor-on penoa = ay 2 —— Prediction w/ DB spectrum |
- Signal to background ratio =~22 ¢ ¢ E
e Exclusion limit curve o E
- There is no strong evidence of 20 e
light sterile neutrino with 3+1 10 =
hypothesis.
0;' 4 —1>76 % IHM model | | _E
o, g. —4— Obs/Exp + ++ + =
NE; —{74 % Systematics R t ++ ++ ﬂ .....
< —72 e = I u +*+ ++++ th'H
? S T T o e B =
10 8§ 095 ‘
1 B — neos 0% cL . 68& % 1}8;: e
Mension (2011) 95% - 66 c 1:05 %f + + +H 4{,
—— Kopp (2013) 95% w et PR, pp—— ++J. lll

coreses 01620 THBce B ook marar s Gy L
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62 8 085 = + Qbs/j.f,m_ | | Sysltema}ticsl | | | |
60 : ) Promept Energy [Mer

107 — 55

e o sit20,,  arXiv: 1610.05134 / PRL 118, 121802 (2017)
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Summary

e Data was taken for eight months, and data taking is over
due to maintenance of the tendon gallery.

e Detector performance is pretty good.
- Energy resolutionis 4.8% at 1 MeV.
- PSD reduces more than 70% of background
- Signal to background ratio is 22.

e There is no strong evidence of light sterile neutrino.

- Exclusion limit curve

And ...
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Plan of NEOS Phase-2

¢ The measurement is planned to resume, and data will be taken at least
one full cycle of 500 days.

- Reactor neutrino spectrum
- Flux evolution in fission fraction
= Similar uncertainty with Daya Bay thanks to larger changes in fission
fraction

e Background will be measured in both overhaul periods before and after
the full cycle.

o
o

Fission Fraction
o
(0))

=
|

Effecitive rarixge of
Daya Bay

&
> 4 y 4 v

el daflelulutoh el A S Sl IR SR
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Burn Up [MTU/MWD]
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Neutrino Anomalies and 3+1 Framework

e LSND and MiniBooNE
- Electron anti-neutrino appearance experiment
= There are excess of neutrino appearance.
e GALLEX and SAGE (gallium anomaly)
- For calibration, electron anti-neutrino disappearance is measured.
= There are deficit of survived neutrinos.
* Reactor antineutrino anomaly (RAA)
- Re-analysis with past short baseline reactor experiments
- Predicted number of electron anti-neutrinos from reactor is increased
due to update of flux. = Measured to predicted ratio =0.94 £ 0.02.
e 3+1 framework
- three active neutrinos and a sterile neutrino
- It can explain excess or deficit of anomalies.

e According to analysis of the anomalies in the 3 + 1 framework, Am442 is
expected to be large (~ eV2 scale).
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Reactor Anti-neutrino Measurement

* Neutrino energy spectrum at detector

S(E5,) = op(Es,) > fr®e(Ep,) ~
/ k \ Neutrino flux from reactor

o . P. Huber and Th. A. Mueller’s model
IBD cross section Fission fraction (HM model, color lines)

calculated by P. Vogel (thin line) ~ Of isotopes

* Predicted number of IBD in energy bin i

Nipredlcted (L) _ th /S(Eye) P(El/e, L) dEye
Deter' T mber of
part fissions

e Survival probability of electron antineutrino in leading order

. 9 . 92 Am?lL
PD€_>]76(EV, L; (91]', Amjl) — 1 — sin 2913' S111 1.27 B
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Reactor Anti-neutrino Measurement

* Neutrino energy spectrum at detector

S(E,—, ) = O'TRn(Er, ) ; f (I)L(Er, \\
1.1 —r—v T . —r—rrrry e ——r——r—r—r

New react , — B13 mixing
arXiywt101.2663 - T
e ' ‘ : Daya Bay, del
1 Gl - PER QEPE: ,GED - GED, ‘GED: -y -y W Ju— o L — -~ -
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, gt s\  ,} RENO
o.o |-Nucifer N : . :
4 N N 6 v-o_sqlllatlon'
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g 014 mixing? v—oSelligubn 2 .
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Calibration w/ Point Source
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Response and Corrections

Vertex dependency

- Charge sum of event occurring near PMTs

N
a
o
o

: f vertex d'epe‘ndency

2000 [ 4

Charge [pC]

1500 -

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

- A; is defined for vertex correction.

un un Charge Asymmetry

Az _ sum,R ~ ¥sum,L b T —r———
QISllilm,R _|_ lell?m,L § 0.95
Fitting function and correction function £~
- fitting function: 4t order polynomial :
1 ) '#¢/ correction function Y
fasym (Az) — szAz = B — - =
1=0 | . Charge Asyrﬁmetry
- correction function T
fasym(()) % I
Cvertex Az — Mol -
¢ ( ) fasym(Az) ;
Corrected charge sum oo dist '
un - cnarge aistriouton
qum(ttrg) — CverteX(Az) | sum(ta’rg> e ggo oo fs00 2000

Charge [pC]
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Response and Corrections

Correction for charge drift

- There are charge drift due to variation of temperature.

= It can be corrected with gamma from 208T]|

& 7 ol.04 — o1.04 — .
"— 25 9 W . © . =
g F — ButforTank  —OutSids | <19 charge drift c10 - after correction E
2 20F 3 Br02 - S1.02 =
g E 2 £qo1 £1.01 E
£ 15 a4 © , O ;
'2 E E 1.00 . S s ‘81.00 -----------
10 - 099 $0.99 E
- variation of 1 oss Soss =
5 E_ tem peratu re _E 0.97 ] 137C$ . “Co . zo&n 0.97 ] 137CS - wCo . 2o&TI _E
Sep 5 T " Novis . dani6 . Maris May"1_6 Sep 0108 Nov 0106  Jan'0103  Mar'0200  May 01 21 Sep 0108 Nov0106  Jan'0103  Mar0200  May 07 21
Date Date Date
- If itis judged that it is a muon event,
. . charge distribution
all the events for a certain time are vetoed of a muon detector
e : — —
%_ 220 - l | =
Muon cuts S 200 =
g 180 & —— Muon Detector #4 =
detector # cut (pC) detector # cut (pC) detector # cut (pC) £ 40l —— Charge Cutfor Veto
1 11 o E
120 [ —
12 100 - E
13 o E
60 3
14 40 2 =
20 = —
15 o Lo v T
500 1000 1500
Charge [pC]
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Response and Corrections

e Non-uniform response

- & events from radon in LS are used for correction

e Charge drift in time is corrected with y events from 208T]|
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Multiplicity Cut

* Multiplicity cut
- For reducing backgrounds due to multiple neutrons
- No event in time window, [Tp - 30 ps, Tp + 150 ps]

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

>

Tp: prompt event time
Tv: muon event time
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Pulse Shape Discrimination

¢ Pulse shape discrimination (PSD)

- For reducing backgrounds due to fast neutror ¢ i;‘gi Reactor off [ accept
5 rof !
- Accepting 99.9% y-like events S b 4, =
O 1f 4, More than 70 % of
0 . 126 n background
- More than 70% of background is reduced. WE ", reduced via PSD
- Mixed LS (LAB + DIN) By el
S ST B B RS B B S B B T e
- Prompt energy (MeV)
0.40 = = 10% = —— Reactor OFF —=
; — Reactor ON ;
0.35 = 4 < T .
s 10F ' . E
o020 1 o n R o, -
£ 0.30 c S W' ", -
L|>J — ++ i +:F+m+ |
0.25 - 1 = # bt j'#}r‘ﬂﬂi#* E
- +++r+¥ﬁﬁfi : iﬂfﬁ*ﬂ,} .
- + s ]
it i
0.20 = - 10 L"W”“W ||||| |||| | i |
S IR GNP YN NUN NP SR SR R il‘ | | | | | e
T 2 3 4 5 6 7 8 9 10 10 5 0 5 10 15 20
Energy [MeV] P oo (t)
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Oscillation Analysis

e Comparison with HM model
- 5-MeV excess = Not suitable for oscillation analysis

e Comparison with Daya Bay
- Different fission fraction = Correction with HM

- Generally in an agreement
- Oscillation analysis with spectral shape only
= high dependence on reference spectrum

* ¥2 minimum (best fit) with 3+1v hypothesis
- x?INDF = 57.5/59 at (sin22614, Ams12) = (0.05, 1.73 eV?2)

—$— measured to predicted -

1.15| — (0.050, 1.73 eV2) —— (0.142, 2.32 eV2) .

* 2 with 3v hypothesis
-X23u/NDF = 64.0/61

110 systematic uncertainties =

i,l | i 55535
2 AINE U

—
o
o

easured/Predicted

-Ax?2= y23v- y%4vr=6.5

Prompt Energy [MeV]
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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.
= 10000 | — =
L i
_5 8000 —|— MC pseudo-experiment ]
= - i
L] i +2 dist. (NDF=2) i
6000 — _
4000 — ]
2000 — _
0 | | | | Tt .fﬁw

0 2 4 6 8 10 12 14

2 2 Ax? = 6.5 from data
, = p-value ~ 22%
with Ay2 distribution by MC
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¢ [107* cm? / fission]
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o
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