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Outline

m Brief introduction of neutrino mixing angles
m RENO introduction and data taking status
m Latestresults from RENO
- 8,5 & spectral analysis for Am_.?
- Reactor antineutrino flux and spectrum, 5 MeV access
- Fuel-composition dependent reactor neutrino yield
- Measurement of absolute reactor neutrino flux and spectrum
- Results from n-H IBD analysis

m Summary

INote] RENO results mainly will be reviewed

(even if Daya Bay, Double Chooz may attend here)




Atmospheric
Neutrino Oscillation

~45° (1998)
Super-K; K2K

\ ¢
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Solar Neutrino - 34° (2001)
Oscillation TN ¢ SNO, Super-K;
¢ KamLAND
Reactor Neutrino 9° (2012)
Oscillation 13 Daya Bay, RENO

Double Chooz

All these imply that “Neutrino has mass”.
“Established three-flavor mixing framework”



Reduction of reactor neutrinos due to oscillations
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(400 t«GWe-yr. a 10(40) ton far detector and a 14(3.5) GW reactor in 3 years)




Reactor Neutrinos
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= Cost-free, intense, low-energy
& well-known neutrino source !
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Start 2006, Completlon 2011
RENO atYonggwang, Korea

Nurth Amerlca 1 ,;’-,

T .-"l: N 3 i.... 15-\:-”
IFREL Y Eadtnsa.,, I

Start 2004 Completlon 2012 (8 detectors)
Will run 2020 & moves to JUNO
Infernaiions! Nuclear Safely Center af ANL, Oet 2002
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RENO Collaboration

8 institutions and 35 physicists in Korea

= Chonnam National University
* Dongshin University

» GIST

= KAIST

= Kyungpook National University
» Seoul National University

= Seoyeong University

» Sungkyunkwan University

» Total cost : $10M
= Start of project : 2006

* The first experiment running
with both near & far

detectors since Aug. 2011
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[J Located in the west coast of southern
part of Korea

[ ~300 km from Incheon international airport
(~2 hrs from Taoyuan airport, Taipei)

[ 6 reactors are lined up in roughly equal
distances and span ~1.3 km

(3 Total average thermal output ~16.7GW,,

YongGwang(Z J):
= glorious[splendid] light
(~spirited)

mmm) New name: Hanbit

@ Ulchin

o
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Google Satellite View of Experimental Site 200m hlgh

Reactors
; /

A
v

100m 300m
290m 1,380m Far Detector | “1

S S

Near Detectoi "f,,_of 4

~@s” .2
R 3 Thermal output
~2.8GW,, X 6

[ Two identical detectors

Yo v

7.0 .
® \Q o

o 4 e \ e
ongGwang Nuclear Pawer Plant
(Hanbit) - X A 3 Far detector ~1.4km

\
%\\
\

\ -
Far Detector “

-

[ Near detector ~300m


http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg

Experimental Layout |

Daya Bay

Y j £ o 1l NPP

Ling Ao NPP

Daya Bay NPP

8 detectors + 3 power plants

Most powerful nuclear
power complexes in
the world!

Double Chooz

Near detector
» Operating Jan 2015 - Dec 2017
* Baseline ~ 400 m

'+ Overburden ~ 120 mwe

o e

Experimental site

-~ Far detector
- e+ Operating Apr 2011 - Dec 2017
e Baseline ~ 1050 m

'+ Overburden ~ 300 mwe

: Ffiie s
;. &'~ Reactor B1 -

2 detectors + 2 reactors



-

RENO Detector l\

4 cylindrical layers

Buffer | Gamma .Catlc\her |
(Mineral Oil) | (LAB)
0 O
o fillcfe e o o ol o AN i e
Veto -\
g = Target : 16.5 ton Gd-LS
” i/ (R=1.4m, H=3.2m)
\ Nl » Gamma Catcher : 30 ton LS
* " A (R=2.0m, H=4.4m)
LAAHAVARAHAAVANGHAANARARARRARARAS = Buffer : 65 ton mineral oil (MO)

* Inner PMTs: 354 10” PMTs (R=2.7m, H=5.8m)
- solid angle coverage = ~14% » Veto : 350 ton water (R=4.2m, H=8.8m)

* Outer PMTs: ~ 67 10” PMTs total ~460 tons



Gamma Catcher

Buffer

Inner Velo

Shield

= Conceptually the same detector design & layout are used
for all 3 experiments (DB, DC, RENO)
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prompt signal

W 30us

‘g D> E, ~8MeV

Signal Property

1~8MeV SMeV

O

O

Use inverse beta decay (v, + p—e€* + n)
reaction process
Prompt part:
subsequent annihilation of the positron
to two 0.511MeV vy
Delayed part:
neutron is captured

~200us w/o Gd

~ 30us w Gd
Gd has largest n absorption cross section &
emits high energy vy
Signal from neutron capture

~2.2MeV w/o Gd

~ 8MeV w  Gd
Measure prompt signal & delayed signal
“Delayed coincidence” reduces

backgrounds drastically



(prompt signal)

Ve + P —)‘+ N, (delayed signal)
Prompt signal (S1)
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PRL 108, 191802 (2012) 0.

_ _ NEAR .

= Data taking began on Aug. 1, 2011 with | 5 1:¢ 1
both near and far detectors. g 0.8 i
(DAQ efficiency : ~95%) § . | ]

= A (220 days) : First 8,5 result 0.4 -
[11 Aug, 2011~26 Mar, 2012] !

0.0
* B (-500 days) : Updated resus bt bt bttt bt
Rate+shape analysis (6,; and |[Am_.? |)
[11 Aug, 2011~21 Jan, 2013] T R

— PRL 116, 211801 (2016)
PRD 98, no.1, 012002 (2018)

DAAQ Efficiency

= C (~2200 days) : New results
Rate+shape analysis (6,; and |[Am_.? |)
[11 Aug, 2011~7 Feb, 2018]

— (arXiv:1806.00248)
PRL 121, 201801 (2018)

‘0812 06 12 06 12 06 12 06 12 06 '12 06 12

2011 2012 2013 2014 2015 2016 2017



New Results from RENO I

m Precise measurement of |Am_.*| and 0, using ~2200 days
of data (Aug. 2011 — Feb 2018)

“Measurement of Reactor Antineutrino Oscillation Amplitude and Frequency
at RENO”” - Published in PRL (Phys. Rev. Lett. 121, 201801 (2018))

m Fuel-composition dependent reactor antineutrino yield -

“Fuel-composition dependent reactor antineutrino yield and spectrum at
RENO” - Published in PRL (Phys. Rev. Lett. 122, no.23, 232501 (2019))

m Independent measurement of 8,5 and |Am_.? | with delayed
n-H signals (using ~500 days of data)
—> Prepared for paper & will be submitted soon
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Clear excess at 5 MeV (persistent from the first result)

6000

[ Fast neutr

I I Accidental
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= Accidental coincidence between prompt and delayed signals

» Fast neutrons produced by muons, from surrounding rocks and inside

detector (n scattering : prompt,

= 9L i/8He B-n followers produced by cosmic muon spallation

n capture : delayed)

Accidentals
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Allows precise measurements of sin26;3and Am?2,
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= Accurate measurement of thermal power by reactor neutrinos

alOOO __ Expected with no oscillation
_g L Expected with oscillation (best fit)
— L T s
E =
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Good agreement with observed rate and prediction

= Any change of reactor condition can be monitored



The 5 MeV Excess is there !

RENO Double Chooz

- =t

(Huber + Mueller)
@ © o LN
io

Ratio to Prediction

o o

Prompt Energy [MeV]

In 2014, RENO showed that the 5 MeV excess
is from reactor neutrinos @Boston

DC & DB also observed the same 5 MeV excess




Preliminary
— L I I I I I I I I I I I l I 1 I I—
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5 MeV excess
has a clear

- correlation

with reactor
thermal power !

l

The 5 MeV excess
comes from reactors!



= 235U fraction corresponds to freshness of reactor fuel

= 2.90 indication of 5 MeV excess coming from 23°U fuel
Isotope fission

F
0.35 03> 0.25
T - T
| ¢ Data
3:_ == Best it
B e et (2.56+0.06) %

-~
T

1807.9 days of near data

Fraction of 5 MeV excess (%)

1 | 1 ] |
0.6 0.65

-
n
&
n
)

F235

<= (ENd (Beginning —
of reactor cycle) of reactor cycle)



Energy-dependent dlsappearance of reactor antineutrinos

Events / 0.2 MeV

Data / Prediction

6000

4000

2000

1.1

0.9

0.8..‘.|....|...‘

¢ Far Data

Prediction (best fit)
gemzmezz Prediction (no oscillation)
| | | | | | | | | |

RENO 2200 days ]

5
E, (MeV)

sin26,, = 0.0896 = 0.0048(stat.) = 0.0047(syst.)
|Am, 2| =2.68+0.12(stat.) =0.07(syst.) (x10-3 eV?)

oo

(£ 7.6%)
(+ 5.2 %)



0.95

PV, —>V,)

| ¢ FarData
0.9 @ Near Data
— Prediction from near data

0 0.2 0.4 0.6 0.8
L_/E, (km/MeV)

- Data follows exactly curve
- Clear energy-dependent disappearance of reactor antineutrinos



Plan for RENO data taking

20T 2010 2020 2021

S e >
RENO data has taken for Possible extension of additional

2~3 years ,t

almost 9 for the analysis

According to our recent study, the
@ systematic error of |Am_.?| is smaller
than the statistical error

sin?20,,; and |[Am,.?| will approach to
~6% precision (our design goal)

500 days 1500 days ~3500 days
Measured Measured Expected
(preliminary)

sin220,, 12 % 9 % 6~7%
|Am, 2| 10 % 7 % 4~5%



(@NUFACT2019)

JUNO (Jiangmen Underground Neutrino Observatory)
Main goal: Mass Hierarchy (MH)

Have recently updated many results and released some new ones: i _ iy GSWES

Latest
oscillation =—>»
results

sin® 26,, = 0.0856 £0.0029
| Am, [=(2.522709%

—0.070

)x 107 eV?

+ high-statistics absolute reactor antineutrino flux and shape measurements
and evolution with fuel composition, searches for new physics, ... etc.

Daya Bay will rur|unti| 2020 elnd

- New oscillation measurement wit
- Results from campaign to study liquid scintillator recipes and purification

| Ults: [
sin22613 uncertainty below 3% ST

GdahQ—Zhou s
cal o LS

3.4%

2 8% Oveurden ~ 70 - - Shen Zhen o

(ZS"

i
o YMacau

53 km, °
x ¥

Jiangmen

W 4

methods with EH1-AD1, which was dedicated permanently to this purpose ' .
High power nuclear power plants

- Other measurements in preparation including:
- New unfolded reactor antineutrino spectrum

- Improved measurement of 843 and Am24 via neutron capture on H
- Search for v signals coincident with gravitational wave events

(26.6 GW total power)

—'—'




(@NUFACT2019)

Three years of Double Chooz data with two detectorsl: 2015 - 2017 |

Novel IBD selection : Total Neutron Capture (H+Gd+C)

- Improved statistics
Good background control (S/B > 10)

- Background model confirmed with reactor off data
- ~25 days reactor off data in the final dataset

New result based on 15 month of data:

sin®26,,=0.105% 0.014 See also:
arXiv:1901.09445 [hep-ex]

Spectral distortion investigation

Most precise mean cross section per fission results to date:

<0f>:5.'7 [£0.06-10 ~cnr /Tission

Double Chooz i* unfortunately decommissioned I

Analyze the remaining data 1 increase statistics

Improve systematics by proton number calibration during dismantling



RENQ PRL 121 (2018), 201801

PDG 2018 \

Daya Bay pri 121 (2018), 241805
Double Chooz arXiv:1901.|09445 (2019)
T2K PRD 96 (2017) no.9, 092006

0.15

RENQ PRL 121 (2018), 201801

PDG 2018 |
Daya Bay PRL 121 (2018), 241805
T2K PRD 96 (2017) no.9, 092006

MINOS PRL 112 (2014), 191801

—e— NOVA PRL 118 (2017) no.15, 151802
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Motivation for the study of fuel composition
dependent reactor antineutrino yield

Reactor Antineutrino Anomaly

~6% deficit of measured reactor neutrino flux compared to the prediction with new
predicted flux evaluation in 2011 by Huber and Mueller.

Deficit of observed reactor neutrino fluxes relative to the prediction (Huber +
Mueller model) indicates an overestimated flux or possible oscillation to sterile

neutrinos.

The possibility that reactor anomaly is due to miscalculation of one or
more of the 235U, 23°Pu, 238U and 24'Pu antineutrino fluxes is investigated

by observing fuel-composition dependent variation of reactor
antineutrino yield and spectrum.

C. Giunti, Phys. Lett. B 764, 145 (2017)

F. P. An et al. (Daya Bay Collaboration), PRL 118, 251801 (2017)

[ . RENO Collaboration, Phys. Rev. Lett. 122, no.23, 232501 (2019) ]




Evolution of Fuel Isotope Composition Fraction

Average fission fraction f,;:: f,39: f233: f241=0.573:0.299: 0.073 : 0.055

* Study on fuel dependent o T T

variation of reactor
antineutrino yield and
spectrum

FEBE
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- Dependence of IBD yield per fission on the isotope fraction of 23°U

Measured total averaged IBD yield per fission (yy)
= (5.84 % 0.13) X 103 cm?/fission

Ratio (Data /H-M model) for the total average IBD yield
=0.940 * 0.021 - (6.0 £ 2.1)% deficit

F
0.35 03" 0.25
_ 6 & Data | | o
g [« Model (scaled by -6.0%)
'z - e Bestfit
o 5_9__ -- Identical IBD yields
E= B . .o A
J
= 5.8
N et
5 o 1807.9 days of near data
P I ] ] ] | ] ] ] ] | ] ] ] ] |
0.5 0.55 _ 0.6 0.65
Fass

Averaged IBD yield per
fission (V) vs F; ;

- slope means different
neutrinoyield for each
isotope

- rules out the no fuel-
dependent variation at 6.60

The scaled model indicates
the reactor antineutrino
anomaly

-> Observed data ruled out no fuel-dependent variation of IBD yield/fission



Crosssection calculation || Data / Prediction, RENO 2200 days at near detector

: 305218%4220{%3(1}1;3}7) 0.924 +- 0.018 (for Huber + Mueller model)
- ' 0.966 +- 0.019 (for ILL + Vogel model)

= T T ' T T T T ; L
£ 12~ RENO:¥,=(5.780 +-0.113) x 103 cm?/fission —
5 - H-Mmodel:y,=(6.227 +- 0.149) x 10"*3 cm?/fission -
£ F 1
:; L -
L .
. [ L Il | | -
_ T 1 :
B I8 —e— QOther experiments |
—o—- RENO
0.8~ — Global average ]
B [ Experiments Unc. 7]
B [ ] Model Unc. .
| . o . L]
10 10 10°

Distance (m)

Deficit of observed reactor neutrino fluxes relative to the prediction (Huber + Mueller
model) indicates an overestimated flux or possible oscillation to sterile neutrinos



n-H IBD Analysis

Motivation:

1. Independent measurement of 6,; and |Am_.?| value
2. Consistent check on 0,5 result from with n-Gd
3. Consistency and systematic check on reactor neutrinos

| Veto (Gd-LS)
A (Water)

»




Inverse Beta Decay

‘ﬂe+p—>e++n‘

H capture O,r Gd capture

. _£.=22Mev  Delayed signal . Delayed signal

k. , ~200 ps \ ~30ps

P \ I

R ~2.2 MeV | ~8 MeV
delayed . > !
signal . __ . Target+ Gamma catchert  Target only

-

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

» Delayed signal (n) : 8 MeV v’s from neutron’s capture by Gd or H
~30 ps for n-Gd , ~200 ps for n-H
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Far and near data match very well

= Delayed signal peak:
~2.2 MeV
= Mean coincidence time:
~ 200 ps
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= Non-linear resonse of the scintillation energy is calibrated using y-ray source
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Fit function : E;/E,. = a — b/(1 — exp(-CE; . — d))

= Deviation of all calibration data points with respect to the best-fit is
within ~1%



= Electron energy spectrum from B-decays from 2B and 1°N,
which are produced by cosmic-muon interactions
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= Good agreement between data and MC spectrum!

= One of examples to show how RENO MC well tuned and works fine




Data set : 2011/08 ~ 2013/01 (~500 days)
Preliminary rate only analysis results is

- Fast neutron = id.‘il_ Seu:n]m
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sin?20,, = 0.085+0.008(stat.) =0.012(syst.)

= Paper is preparing & will be submitted soon
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Summary

= Observation of energy dependent disappearance of reactor
neutrinos and improved measurement of and |[Am..? | and 03

sin®20,, = 0.0896+ 0.0048(stat) + 0.0048(syst) +0.0068 | 7.6 % precision

2
Am,

=2.68+0.12(stat) £ 0.07(syst) (x10°eV?) +0.14 | 5.2 % precision

= First hint for correlation between 5 MeV excess and 23°U fission
fraction

» Measured absolute reactor neutrino flux : R=0.918+0.018 (H-M)

= Measurement of |[Am..? | and 0,5 using n-H IBD analysis

= Additional 2~3 years of data taking under consideration to improve
Am_.? accuracy and the fuel dependent IBD yield.




