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Outline

. Neutrino oscillations:in:reactor:experiments

» Antineutrino detection (signal & background)
x  Oscillation physics: Am212, 8412 and 013+ mass hierarchy
x Reactor anomaly: sterile neutrinos?

II. The 813 measurement:

»  Double Chooz
x Daya Bay
=  RENO

Il Eotare-expetimentalprospects:

x JUNO, RENO-50, sterile experiments
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Neutrino osclllations

Atmospheric + LBL Reactors + LBL Solar + KamLAND

eatm 61 35 6CP esolar

x  Measured parameters: 612, Am?221, 823, Am?z;
»  Recently discovered: 613
x Unknown parameters: mass hierarchy (sign of Am-?sz1), Ocp, octant B23
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General panorama of
osclllation measurements

http://www.nu-fit.org

Global 6-parameter fit (including o;):

Solar: Cl + Ga + SK(1—-4) + SNO-full (I+!1+1ll) + Borexino:
— Atmospheric: SK-1 + SK-2 + SK-3 + SK-4;

Reactor: KamLAND + Chooz + Palo-Verde
+ Double-Chooz + Daya-Bay + Reno;
Accelerator: Minos (DIS+APP) + T2K (DIS+APP):

From Maltoni, EPS-HEP 2013

best-fit point and 1o (307) ranges:

~) +2.44)
— 1\ \7 75 ( 219) »

0.063

{ ~2.403 10962 (+0.184) 103

LW Sl ] B

Am3,

+2.421 20033 (Z0i73) x 107

Hl’; o 8,75 ;(.'_4._ (+1.21)

\
044 |-126) - 341138 (any) ;

ocp

PACT-IFT Workshop, October 24, 2013

Am- =745 ':’ (""‘”) x 107> eV,

NuFIT 1.1 (2013) |
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(Until 2011..)

The big unknown: 613

Hints for 8,3 >0  sin28,, = 0.01- 0.02 (10)

-

om’ (eV?)

CHOO!Z

R =1.01 = 2.8%(stat)
+ 2.7%(syst)

WP mem-

Atm & LBL & CHOOZ

Solar & KamLAND

ALL v oscillation data 2008

'6\" ,é\|e
ALL + MINOS 2009 '\6" ,Le"
AC

: %0(\{6 |

.-\~

Ve ™ Vx

v, I
i A’n:.;;.l
V] [N

Inverted hierarchy Normal hierarchy

vyl Vr

sin%(26,,) <0.12-0.2 |
(90% C.L)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 |

M. Apollonio et. al., Eur.Phys.J. C27 (2003) 331-374  sin"(28)
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The revolution of reactor
experiments in 2012

sin®20,, Measurements

= Double Chooz is the first reactor neutrino Double Chooz Jun. 2012
experlment |n prOV|d|ng |nd|Ca‘tlonS Of 913 Double Chooz Nov. 2011
# 0 In Nov. 2011

Daya Bay Mar. 2012

x Daya Bay and RENO: presented their first
result in April 2012 based on rate-only
oscillations (~5a for 613# 0)

RENO April 2012

T2K (2011) Normal hierarchy

= |mproved analyses with larger statistics T2K (2011) Inverted hierarchy

and systematics reduction-and cross-
checks with independent analyses

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy
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Reactor vs accel. neutrinos

n Y sin“(As; —al) .
P(I/“ —> I/e.) IQ] \lSlI] 2—0—1; (A:glzj—i(ll,)) A§1
. TN sin(As; —al sin(alL /-
+ Sin 2055 .'\9,11.1—2?_1—%\/5111 20,5 ﬁ Agq (a(L)) Agy cos(As, @
- . e sin“(alL
+Qcisi@ sin® 26, (a+)) A3,
»  Dependencies on 813, 023 octant, sign-of Am?s1-and dcp phase
»x  Parameter correlations and degeneracies
= Matter effects sensitive
x  Possibility to:measure dcp USiNg Vg, Vp-beams
= Experimental challenges: v-beam intensity, flavor contamination, flux properties, v-N interactions
n

_ _ “ ~ .
PV, — v, =1 —(é}‘I}?-Q_I}}SIIlz

x  No dependence on dcp N0 matter effects
»  Experimental challenges: backgrounds, systematic uncertainties
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Ve from nuclear reactors

» Electron antineutrinos emitted through

B decays of fission products of 232U,
238U, 289PU, 241PU

x  ~200 MeV/fission is released
®x ~0 antineutrinos /7 fission

x  Nuclear reactors: 1 G =2 x 1029V /s

x  Neutrino luminosity:  EEACESEl¢ <5

= Y. reactor constant
x K: fuel evolution correction up to 10%

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Reactor neutrino osclllations

- 2
zlm

Electron antineutrino p
survival probability e

Probability(V,—V,)

PACT-IFT Workshop, October 24, 2013

©,,exp.:

Am132L

4 ) .
—cos 0,;81n” 20, sin
4E,

4F

Three regimes:

. l.-Short-baseline (~m):

 Double neutrino anomaly

- Chooz

Daya Bay . (~1

" RENO km): 813 searches
CoKamLAND:VE L & . 1 il (~100

Solar”

Km): solar oscillations

Parameters " .

10
Length (km) [at E~3MeV]
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> Am212L
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Antineutrino detection

» |nverse beta decay: Ve + p = €7 +n

Prompt signal

et scintillation + annihilation
Eprompt = Eve - 0.8 MeV

- Delayed signal

n capture on Gd — Y cascade
Eqa ~8 MeV; At ~30 ps

OR

,,,,,,,,

n capture on H = single Y
Eqa ~2.2 MeV, At ~200 ps

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Reactor antineutrino
Spectrum

» | arge cross section
o ~ 10*cm?

x| arge reactor neutrino flux

= Neutrino detection threshold: 1.8 MeV

x Disappearance experiments

8 9
E, (MeV)
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Viain backgrounds

1. Accidental background: accidental
coincidences

n gammas from radioactivity from
materials, rock...

n neutrons from cosmic: muons, p decay
of cosmogenic isotopes

2. Correlated background: muon:induced
fast-neutrons and stoppiNg-Muons

» recoll proton from neutron scattering
or muon track

n neutron capture or Michel electrons
<) muon-induced
spallation fn emitters (°Li or 8He)
n electron
n neutron capture

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT 14



Vleasurements of reactor
experiments until 201 1

short- medium- long-baseline

= NoO oscillations observed at
short- and medium-baselines:
x  CHOOZ limit:
sin“2013 < 0.15 (90% CL)

x | BL oscillations observed by
KamLAND (in ~2002)

A
X
O
X
@
A
O
H

10°

Distance to Reactor (m)
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Vain neutrino physics In
nuclear reactors

» Determination of Am2i2; 015 (KamLAND)

x Mass hierarchy: (future?)

® Sterile neutrinos?

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT 16



Reactor antineutrino anomaly

» Reevaluation of reactor ve spectra and flux: Phys. Rev. C83 (2011) 054615, Phys. Rev. C84
(2011) 024617

» Reanalysis of past reactor experiments: Phys. Rev. D83 (2011) 073006
x  Small increase of the flux by about 3:5% = all reactor SBL-experiments observe a deficit!

_(—!_T’T—T——‘ﬁ“7—ﬁ7_¥——l—ﬁ‘—ﬁﬁ
Solar Neutrino
Anomaly
(1968-2001)
- v-oscillation

no oscillation

-—

\ J\ J Atmospheric
Neutrino Anomaly

Terra Incognita Reactor (1986-1998)
to be explored Antineutrino - v-oscillation

Anomaly (2011-)
- Vv-oscillation 2

v
>
1
-
o
Ay
(S}
o
@
o
o
Q
—
R
o
Q
b
Q.
o
—
o
Q
>
—
Q
w
Nel
o
Q-
o
2
A
=4
(a4

=
=S

100 1000
Reactor - Detector Distance (m)
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The detection strategy

no oscillation 0,5 oscillation

E, = 3 MeV

sin?(20,,)=0.15

Near Detector

2 _ -5 2
Am5,=8 10~ eV

2 _ -3 2
Am5,=2.5 10" eV

sin®(26,,)=0.87

r~ S
o o
o 3]
] ]
C ()]
2 2
o ks
2

PACT-IFT Workshop, October 24, 2013

n [wo identical detectors

x Reactor flux uncertainty
cancellation

x  ND: reduce correlated inter-
detector systematic uncertainties

Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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013 ongoing reactor experiments

% @ Reactor
' O Detector

120 mwe 0

@ - Reaclor
O Detector

» Daya Bay (China)

o0

Daya Bay,

13

U2x20t

< 908 255 mwe

\_ 6 x2.9 GW, —

x RENO (Korea)

@ Reactor
O Detector
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Comparison

Reference CHOOL:

QObs/Rexp = 1.01 £ 2.8% (Stat.) + 2.4% (SySt.)
Sin“2013 < 0.15 (90% C.LL.) (for Am2is = 2.5 x 105 Me\V?)

Experiment Location Baseline Near/Far L FD size
(cores)

Double Chooz  France 400/1050 m 8.6 GW (2) 8.3 ton

Daya Bay China 470/576/1650m 17.4 GW (6) 80 ton

R=N@) Korea 409/1444 m 16.4 GW () 16 ton

Designed sensitivity
(90%CL)

0.03

0.01

0.02
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Double Chooz

Results presented on behalf of the
Double Chooz collaboration

Outlook

= Experiment overview

Latest results:

» Gd and H oscillation analyses

= Reactor-off background
measurements

= First combined Gd + H fit

= Reactor Rate Modulation
analysis

Prospects

PACT-IFT Workshop, October 24, 2013

Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT

22



Double Chooz collaboration

Brazil

CBPF
UNICAMP
UFABC

France  Germany
APC EKU TUbingen
CEA/DSM/IRFU:. - MPIK Heidelberg
N RWTH Aachen
SPhN TU Munchen
SEDI U. Hamburg
SIS
SENAC
CNRS/IN2P3:

Subatech
IPHC

ULB/VUB

www.doublechooz.org

Herveé de Kerret (IN2P3)

Project manager:

C. Veyssiere (CEA-Saclay)

PACT-IFT Workshop, October 24, 2013

Japan

Tohoku U.
Tokyo Inst. Tech.
Tokyo Metro. U.
Niigata-U.
Kobe U.
Tohoku Gakuin U.
Hiroshima.Inst:
Tech.

Russia

INR RAS
IPC RAS
RRC Kurchatov

n . :

Spain

CIEMAT Madrid

USA

U. Alabama
ANL

U: Chicago

Columbia U.

U: Nofre Dame
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Running since April 2011
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Detector design

Inner detector

Neutrino target
Gd-doped liquid scintillator (8.3 tons)
in acrylic vessel (8 mm)

Undoped liquid scintillator (18 tons)
in acrylic vessel (12 mm)

EJuiiar
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Detector design

Cosmic ray veto systems

18mx7/m
. Ve ,
HRTRIH I 1### fd“;-:.;-;-:.; sssessd
s - Undoped liguid ¢ illato 0 tons

Tk ikee PMTS in steel vessel (8 mm)

External shield

15 cm steel
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Far aetector construct

2008

2010

27



IV PM s installed
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Buffer PM Is installed

29
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Acrylic vessels Installation
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Acrylic vessels and PM s installeo

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Hle C\osure
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Buffer volume C\osed

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results -

4
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iNnstalled
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Quter veto Installed

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT




Calibration

» | ight injection inID-ana-1\V:

= Monitor stability of readout (timing, gain)
and scintillator

»  Radioactive sources:

x Sources deployed in Z axis-in-target and
guide tube in GC

x 197Cs, 98Ge, 9Co (energy scale and
stability), 2°°Cf (n detection efficiency)

- Spallation-neutrons:generated-by.
cosmicrays

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT 36



Energy
reconstruction

Gain (charge a.u./PE)

50 100 150 200 250 300 350 400 450
Charge (arbitrary units)

x  Charge to PE

»x  (Gain nonlinearity correction

» Detector nonuniformity:correction

= Response maps of cosmogenic neutron
captures on Hacross volume

x [ime instability correction

x Using cosmogenic neutron captures on Ga
peak variation

x Absolute MeV: scale (PE/MeV)

x H capture peak from 2°2Cf at center of target

0.2 04 06 038 1 1.2 14 16 138 2
p (m)

Energy deviation [%]
Peak energy [MeV]

PACT-IFT Workshop, October 24, 2013 Late Elapsed day



Double Chooz main results

» “Indication for the disappearance of reactor electron antineutrinos in the Double Chooz
experiment”, Phys. Rev. Lett. 108 (2012) 131801

x 101 days, 1 detector F(Rate+Shape-fit)
» - sin?20+3) ='0.086 + 0.041 (stat.)+ 0.030:(syst:)*(no-0sc excluded-at-94.6 % CL)

= “Reactor electron antineutrino disappearance in the Double Chooz experiment”, Phys.
Rev. D 86, 052008 (2012)

x 227.9 days; 1 detector i (Rate+Shape-fit)
» - sSin?20+3) ="0.109 '+ 0.030-(stat.)+ 0.025°(syst.) (no-osc excluded-at2.90)

x “First Measurement of 81z from Delayed Neutron Capture on Hydrogen in the Double
Chooz Experiment”; Phys. Lett. B723 (2013) 66-70

x 240.1-days; - 1-detector-E(Rate+:Shapeit)
wSin?2043) = 0.097 + 0.034:(stat.) + 0.034 (syst.) (no-osc excluded at 2.00)

= “Direct Measurement of Backgrounds using Reactor-Off Data in Double Chooz”, Phys.
Rev. D87 (2013) 0111012R

» Sept 2013: Combination of Gd + H analyses: R+S fit & RRM analyses (not published yet)

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Osclllation analysis:
two neutrino detection channels

Gd analysis FEanalysis
x  Standard analysis = Factor 2 more statistics: Includes
= High cross section for capture of GG volume
thermal neutrons x - Different systematics
x  Capture time ~30pus x  Capture time ~180us
x Delayed energy: &8 MeV x  Delayed energy: 2.2 MeV

Sonistae

0 05 1 15 2 25 .3 35 4
Evis [MeV]
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Candidates distribut

prompt VS Ede,ayecl Gd analysis Delayed energy Gd analysis Prompt-delay time difference Gd analysis

[ ] antivmMC
® Data
Double Chooz Preliminary

m

T T T ‘ T T T ‘ T T T . T T ‘ T T ‘ T T T ‘ : T T T ‘ T T T T
*,.. Double Chooz pre¢liminary *I | | |
: ‘ : — [ ] anti-vMC

[ ) Data

-
L

102

Entries/2us

—
N

Double Chooz Preliminary

Entries/250keV

delayed E (MeV)

|||||.||| H
2 4 10 1 12

delayed E (MeV)

H analysis H analysis

r[r o T T T T T T T T FrrTrt+rtrjjgrrr ot rrr 11| 1 [T T 1719

Double Chooz Double Chooz
Preliminary Preliminary

) — l ) I I l )N S l ) I I l

111 l ) l ) l )

i 0
16 18 2 22 24 26 28 3 100 200 300 400
Energy (MeV)
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IBD candidates
(April 2011-March 2012)

Gd analysis
Live time = 227.93 days
Candidates = 8249

Neutrino Rate (day'l)

2 reactors ON

1 reactor ON

H analysis
Live time = 240.1 days
Candidates = 36284

—_
)
o]
=
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7]
~—
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>
=5)
~
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S
<
=
=
=
S
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PACT-IFT Workshop, October 24, 2013
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Number of Days Since April 13 2011

Vertex distribution
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Background estimations

( N
East=n:and:StOPRINGELLES:

Accidentals:

~

= Stable along data taking 2
period

x  Determined by off-time »
window
x  (Gd: 0.261 = 0.002 evis/day
x H: 73.5 + 0.2 evis/day

»x Rate and shape: data-
_driven

Prompt energy extended up
to 30-MeV

Rate: IV-tagged-events
= G000 20 evis/day
s - HE2:530.5evis/day

Shape: from fit to tagged
events

—— Singles scaled

—e— Accidental prompt

Entries / 200 keV
o

Gd analysis

PACT-IFT Workshop, October 24, 2013

Gd analysis

Fast-n + SM

25 30
Energy (MeV)

GOSHIOCEeNICRACKAr

oundg:

°Li rate from At between
showering muon and prompt
event

Energy spectrum from MC
(poorly known)

Gd analysis

DATA
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Reactor neutrino flux prediction

Dominant source of systematic errors in DC phase-|

Rl
(E,)

Average energy per fission:

Expected neutrino flux

€ = detection efficiency

Np = number of protons in fiducial volume

L = distance between reactor and far detector
= thermal power of reactor

Double Chooz preliminary B]

(from EdF & simulations)

ok(t) = fractional fission rate of k isotope

k = 235U, 238U, 239PU, 241Pu

-

5000 10000
Burnup [MWd/t]

"y
Q
N

—
'>
[
=
'=
o
7]
7]
2

N
>

[y
e
N

(from SimU|ationS & ' Double Chooz preliminary
measurements)
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lotal relative error on the
oredicted neutrino rate

éDoubéIe Chéooz pérelimiénary

x  Bugey4 measurement Supresses sensitivity
to reference spectra (oy)

= Accurate reactor simulation with-MURE
keep contribution of the uncertainty on
fission rates low

= TOTAL =1.75% of total error

O 02 04 06 08 1 12 14 16 1.8
Relat Error (%)

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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PACT-IFT Workshop, October 24, 2013

Se e
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227.93
8249

3439.6
284.9
152.7

ek

8936.7
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H analysis
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Gd analysis

1.1%
1.7%
0.3%
1.0%

1.4%
0.5%
<0.1%

2.7%

" Spectrum shape uncertalntles

= Reactor Ve spectrum s spectrum
= Energy scale »  Fast-n + SM spectrum
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Rate + shape fit strategy

= Unique Double Chooz fit-strategy

»x |mproves upon rate-based analysis by adding spectrum-information
= Constrains backgrounds
» Fits data with specific oscillation shape

Covariance matrices, including spectrum shape uncertainties

36 Bkgnds
o I ‘a7 _— a7predy o (a, —1(an7 _ aspred\T g — AgSe pqdet 4 agstat 4 pgeff \ qb
Y Z(‘\i NP9 X (M) ~1(N; — N¥°) M =MF+ M+ M2+ M+ > M,
T b
L]

t (eenysm — D7 (oo — 1) (ap — 1)7%
E + SCFN/SML T 3O N ST S hiat N A

;.

> > > |
TEN/SM OF o i

; Y ) 9
- (Am3; — (Am3, )miNos )

N
O MINOS

iyiens v BEEREERE st
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Rate + shape results

Gd analysis, June 2012
Phys. Rev. D86 (2012) 052008 Phys. Lett. B723 (2013) 66-70

,E, o fSackgzround-subltracted signa £ . 14""
=
& ‘ cssssnse o4 . - ) {
b | ’“0 Sy ki y oscillation v | .
== = i ; ‘ dest (M dn' i 1w 010 = '! o) y ’
‘ e A 1200 ; :
- s Am* 11 ] s { -

1000

1000

800 800:

600 1y L 600 |

400 5 400§

200 g ‘ 2004J

21
1.0
0.8

0.6

0.25 MeV

]H
-
g -100] + {

200
10 12 EE: ' fin ' w12
Energy (MeV) Energy (MeV)

Data - Predicted Data / Predicted

Data - Predicted Data / Predicted

sin(2013) = 0.109 + 0.039 [0.030s + 0.025%= | |SiN%(2013) = 0.097 + 0.048 [0.034st! + 0.034%1]
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Rate + shape constrains

x Background constrains from rate + shape fit:

Fit parameter Initial value (rel. uncert.) Final value (rel uncert.)

ILi backg. 1.25 + 0.54 d-1 (40%) 1.00° £ 0.29 d' (30%)

i FN+SM backg. 0.67 % 0.20 d"" (30%) 0.64 +0.13 d! (20%)
i backg. 2.8+ 1.2d"(40%) 3.9+ 0.6d"(15%)
: FN+SM backg. 2.5+ 0.5d" (20%) 2.6 +0.4d"(15%)

» Energy scale and Am? are also adjusted to reach best fit

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Reactor off background
measurerr eﬂtS Phys. Rev. D87.(2018) 011102(R)

= /.5 days of data with both
reactors off

[] Background model
f-n

—— Accidentals

= Unique Double Chooz capability!

Entries/ 0.5 MeV

® Reactor-off data

®x Same selection than for Gad o
- . pected events: 14.8:4.0
aﬂa|y3|S Observed events: 8

» Rate consistent with predictions
x  Observed: 1.0+0.4 0"

x Predicted: 2.0+ 0.6 d

10 12
prompt Energy (MeV)

x  New constraint for oscillation fit

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Reactor rate modulation

(RRBM) analysis

Rate-only backgrouna-
Independent -analysis

Observed vs expected Ve
candidates rate using different
reactor power

Fit provides sin20+3-and the total
background:rate

NO background model assumed

t Includes the background
reactors-off measurement

PACT-IFT Workshop, October 24, 2013

a
o

Data
No osc. (x*/dof=71/7)

Best fit (?/dof=4.1/5)
E 90% CL interval

<
)
S
=
~
5]
-
]
|
=
3]
>
S
D
wn
=
-

> A Double Chooz Prellmlnary
" 2 reactors OFF | |

30 40 50
Expected rate (day™)

In agreement (~same precision)
with DC R+S results:

sin?(26+3) = 0.109 + 0.039; Total BG: 1.6 + 0.3 d™
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First combined Gd + H fit

x  April 2011 - March 2012

» it includes correlation of
systematic errors

» Backgrounds constrained-by
reactor-off measurements

= Rate + shape preliminary result:

% Sin22013)=:0:109°+°0:035

= Rate only preliminary result:
n sSin?2013) = 0:107 % 0.045

PACT-IFT Workshop, October 24, 2013

RRM analysis for Gd+H fit

-
(=]
o

nGd data

n-H data

Best fit (%/dof=9/11)
[ ] 90% cL interval

§ subtracted

<
>
<
=
N’
v
N
<
i
=
o
>
£
)
wn
=
o

& néd backgrofund rate: 0.;9:0.4 day";
y nH background rate: 7.6+1.4 day™' .
sin’(20,;) = 0.097+0.035 (stat+sys)

Double (éhooz Prefiminary

60 80 100
Expected rate (day™)

Small impact on central values
Precision improvement
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Summary of DC results

DC sin®(26,,) Measurements (data set Il)

: S - |Gd-1 (Jun.| 2@Kyoto)
0.11£0.04 : | : *Rate+Shape

' : ' o |H=H (Dec. | 2@Pars)
. 0.10£0.05 . : *Rate+Shape

1301.2948

Gd+H (Jul.| 3@CPS)

+Rate+Shape (OFF) olhmmn ity

pmliminary cofleccccscccscccsccccsnccssncsa

RRM(Mar.| 3@Meriond)
«Gd (OFF)

preliminary

| 0.10£0.04

o - |RRM(Jul.| 3@EPS)
0.13:+0.p7 : *H (OFF)

preliminary

Gd+H (Jul | 3@ZPS)

(] -
*RRM (OFF) ; '

'‘0.0971+0.035 ' —
- : Rata+Shape 68%CL
Reactor Rate Modulation 68%CL

" preliminary cssecssnccsssncssncssa

-0.05 0.00 0.05 0.10 0;'15 0.20 0.25 0.30
sin°(20, ,)
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Conclusions and prospects
from Double Chooz

»x  Double Chooz has demonstrated the

» Many independent background validations (estimation from sub-samples, R+S fit output,
reactor-off measurement, RRM analysis)

x Consistent 81z results from independent analyses (R+S Gd, H, RBRM, combined Gd+H...)
= Currently finishing new:improved-analysis:including...

» Statistics (> 2X)
x  Optimized selection: S/BG
x  Reduced systematics

uNear+:Eardetector-analysis:(mic::2014)

» Reactor flux uncertainty almost cancels!
» Projected final precision ~10%
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Daya Bay collaboration

Asia (21)
Beijing Normal Univ., CGNPG, CIAE, Dongguan Polytechnic, ECUST, IHEP,
anjing Univ., Nankai Univ., NCEPU, Shandong Univ., Shanghai Jiao Tong :
Nar jing Lr?n , Nankai L‘u I‘.\( PU, h.ar de rj'i_L : %}_ ang h:nJm. Tong North America (17)
Univ., Shenzhen Univ., Tsinghua Univ., USTC, Xian Jiaotong Univ.,

= . Brookhaven Natl Lab, CalTech, lllinois Institute of Technology, lowa
Zhongshan Univ., : , =% :
5 State, Lawrence Berkeley Natl Lab, Princeton, Rensselaer Polytechnic,
_ i . . . : . . 1¢1 . Siena College, UC Berkeley, UCLA, Univ. of Cincinnati, Univ. of Houston,
National Chiao Tung Univ., National Taiwan Univ., National United Univ. et A ke o g5 e ﬁ 5 y

UIUC, Univ. of Wisconsin, Virginia Tech, William & Mary, Yale

Chinese Univ. of Hong Kong, Univ. of Hong Kong

Europe (2)

Charles University, JINR Dubna

~230 Collaborators
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DB | tal | t
Overburden: ~860 mwe . EH 2 NOV 5 2011
EH3 @ Weighted baseline: ~1650 m , \ N

EH-3 Dec 24,2011 | & Onearand 1 far
GO Ren: 2l I underground locations

Weighted baschne: ~500 m

Ling A0 ' EHo = 8 detectors placed at

near 2 different distances

@ .Ag
% e = 6/8 detectors (20 ton each)
are used for next results

&
&
Ling Ao 6 x 2.9 GWi, reactor power

rcactors

!-‘.nlxg:;c Buﬁlj)u‘,\]:}ull?uy EH-1: ep 23, 2011‘» |
®e
Dava Bay

I'Cs ulmx

Overburden: ~250 mwe
Weighted baselhne: <360 m
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DB detectors

8 functionally identical detectors
reduce systematic uncertainties

3 zone cylindrical vessels

Liquid Mass  Function

Inner Gd-doped 20 t Antineutrino
acrylic liquid scint. target

Outer Liquid 20 t Gamma
acrylic scintillator catcher

Stainless  Mineral oil 40 t Radiation
steel shielding

192 8 inch PMTs in each detector

Top and bottom reflectors increase light yield
and flatten detector response

PACT-IFT Workshop, October 24, 2013
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Daya Bay Calibration System

3 'robots employed along 3 z-axes

1| Center of GdLS target volume

2| Edge of GdLS target volume

3| Middle of LS gamma catcher volume

sources in each robot (employed wee

8Ge (2x511 keV ~)
21 Am13C (n) +99Co (1.17+1.33 MeV ~)
LED diffuser ball

2N

8§

g

=

P

pu——

Additional temporary sources

1 Gamma sources.

» 7Cs (0.662 MeV)
» >*Mn (0.835 MeV)
» K (1.461 MeV)

- U5 DR J—

Neutron sources

241 9 239 13
= Am-"Be. Pu-—C
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Viuon veto systems

» Daya Bay detectors are immersed:in-an
Instrumented water pool

x Shield gammas from-ambient
radioactivity and neutrons-produced by R -3 e 8
cosmic rays =

x Serves as a Cerenkov detector to tag
cosmic muons (reducing backgrounds)

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Daya Bay main results

x  “Observation of electron-antineutrino disappearance at Daya Bay’,
Phys. Rev. Lett. 108 (2012) 171803

» 55 days of data; 6-detectorsiN+r
x sin%2043) =0.092 % 0:016:(stat:)=:0:005:(systi)(no=0sc-excluded at'5.20)

x “|mproved measurement of electron-antineutrno disappearance at
Daya Bay”, Chinese Phys. C37 (2013) 011001

n 139 days:of-data;b-detectors-IN+=
- sin%20413)'=10.089:%0.010:(stat.) +:0.005:(syst.) (no-osc excluded at 7.70)

»  Aug. 2013: First spectral analysis (not published yet)
w217 days, 6-detectors

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Neutrino selection

Use IBD prompt+delayed coincidence signal

Reject spontaneous PMT light emission

("flashers™) E\ All Singles

W After Flasher Cut

T\

Prompt positron: 4 A —= After Muon Veto
0.7MeV < E, < 12 MeV

Delayed neutron:
6.0 MeV < E4 < 12 MeV

Neutron capture time:
1pus < At < 200 ps ’ e

sl oo b a la s

Muon veto: : " ¥ P Reconstructed Energy [MeV]
» Water pool muon (>12 hit PMTs):
Reject [—2us, 600 us]
» AD muon (>20 MeV):
Reject [—2us, 1400 us]

» AD shower muon (>2.5 GeV):
Reject [—2us, 0.4s]

Multiplicity:
» No additional prompt-like signal

400us before delayed neutron A R
» No delayed-like signal P s N T T

r 3 10 12
200us after delayed neutron Deayed Reconstructed Energy [MeV]

U LR

1 II |
;;"‘l‘nllllllnulllll-

IIT]

Prompt Reconstructed Energy [MeV)

ITIITI

-
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Summary of signal and
pbackground events

Near Halls Far Hall

AD 1 AD 2 AD 3 AD 4 AD 5 AD 6

IBD candidates 101290 102519 02012 13064 13894 13731

DAQ live time (days) 191.001 189.645 180.779
Efficiency €, - €m 0.7957 0.7927 0.8282 0.9577 0.9568 0.9566

Accidentals (per day)™ 0.544-0.03 0.3610.03 7.4440.02 296+0.01 2.9240.01 2.871£0.01
Fast-neutron (per day)™ 0.921+0.46 0.6210.31 0.04+0.02

oLi/®He (per day)* 2.4040.86 1.240.63 0.2240.06

Am-C corr. (per day)* 0.2610.12

13C190 backgr. (per day)* 0.0840.04  0.0740.04  0.05+0.03 0.0440.02 0.04+0.02  0.04+0.02

IBD rate (per day)* 653.3012.31 664.151+2.33 581.9712.07 73.31+0.6€ 73.031+0.66 72.20+% 0.66

* a5, :m
Background and IBD rates were corrected for the efficiency
of the muon veto and multiplicity cuts €, - €

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT 65




Uncertainties

larget Protons
Flasher cut
Delayed energy cut
Prompt energy cut
Multiplicity cut
Capture time cut
Gd capture ratio
Spill-in

Livetime

Combined

Correlated

Energy /fission
IBD /fission

Combined

Efficiency

00.08%
90.9“ 0
00.88%
08.6%
83.8%

105.0%
100.0%

78.8%

Detector

Correlated Uncorrelated

0.47% 0.03%
0.01% 0.01%
0.6% 0.12%
0.10% 0.01%
0.02% <0.01%
0.12% 0.01%
8% <0.1%
1.5% 0.02%
0.002% <0.01%

1.9% 0.2%

Reactor

0.2%

3%

3%

PACT-IFT Workshop, October 24, 2013

Uncorrelated

Power 0.5%
Fission fraction 0.6%
Spent fuel 0.3%

Combined 0.8%

x  Only uncorrelated
uncertainties relevant to
near/far-oscillation analysis

x | argest systematics smaller
than far site statistics (~1%)

= |mpact of uncorrelated
reactor systematics reduced
by relative measurement

Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT
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Chinese Phys. C37 (2013) 011001

Rate osclllation fit

(My—Ta(1+e+ 3, wia, +€2) + 1]
.\/,{ “+‘ l),“.'

005 01 0I5 Sin?2013):=0:089-% 0.010 (stat) = 0.005 (syst)

sin“20 .

(x2/dof = 3.4/4)12.6% precision measurement
EH1 EH2

04 06 03 I 1.2 14 1.6 13 2

Weighted Baseline [km]

Robs/exp = 0.944:+:0.007:(stat):+ 0.003(syst)

(expected ratio 0.981 due to reactor core distance)
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Unpublished rate osc. fit

—

Daya Bay

e Far Hall*

*AD 446 data points are displaced

wm
)
c
Q
>
(NN
0
QD
-
O
D

=
X
L
O
D
-—
O
Q
-
QU
o

by -50m and 50m for visual clarity

06 OB T8 12 FA. 316 F§S. 9 0 5 0.05'004 0,06 0.08 0.1 0.2 0.14 0.16 0.16 0.2

Effective Baseline [km] sin2261

3

New:result:sinc2013)=0.089 + 0.009

= Uncertainty reduced by statistics (217 days)
» Standard x?/dof = 0.48/4
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ENergy response modade

Complex energy conversion

i

s "\
Encrgy Deposited

in Scintillator E

Positron Energy Response Model

—— Nominal Model + 68% CL

U
o
—
-
e
o

—e— Data [ Accidentals B “C(a,n)'®O
No Oscillation Li /®He [ Fast neutrons
— Best Fit [ 20Am-13C

Sny
|
!

Shape distortion from

Spectral distortion energy losses in acrylic

[ T T TN T
2 4 6 8 10 2

Prompt Reconstructed Energy [MeV]

-
N

consistent with oscillation

i IIIH IIIIIHIIIIIIHIIIH

m Both background and predicted

mmt T T A e A T

no-oscillation spectra from best fit R e e
512 ¢ EH& } TS
m Statistical errors only . /& 0. et HH’T
I bois o)

*

L [ 1 | 1 1 l 1 1 1 1

L
2 - 6 8 10
Prompt Reconstructed Energy [Me

2
l
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Preliminary rate + shape fit

= Rate+Spectra
w— Rate-Only

sin®20is =0/090" 2=

Best Fit

e Rate+Spectra P

® Rate-Only | (5 .
99.7% CL v Bt == 2 5042 it v
95.5% C.L. [ . :
68.3% C.L.

2/ Npop = 162.7/153

\ 2
MINOS [AmZ, |

(11

sin“(Am>. -L)= cos® 65 sin“(Am3, L)
ee 4F \ 31 4E /

One effective oscillation frequency 1Am?eel is measured
Result consistent with MINOS

S (. ¥ 2 |
+ sin” 612 sin“(Am3, 77 )
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Projected sensitivity

— Rate Only - Rate+Spectra

Rate 4 Spectra 02 7 O This Analysis

Installation PRL 108 171803
of AD 748 CPC 37 011001

This Analysis

MINOS 1-0 on ¢

1000 1200 1400 1600 0 200 400 800 1200 1400 1600

Time [days] Time [days]

- N

Full detector operational since Oct 2012

—. b B e 2 3 , 3

= N A
i AN
a I’
& ;‘z )&, V
> =0
y \
, et 343 / n
] « - V| B
b, 1 " N
ey o < A
7 Y A
1
n
{

Statistics contribute ~73% (~65%) to
total uncertainty in sin20+13 (IAM2cel)

Precision of mass splitting measurement
close to results from p flavor sector
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Daya Bay future goals

» Measure 613 with high precision (4% in 3 years)

x Measure |Am2l complementary: to accelerator-based
experiments (final precision < 0.1 x 102 eV?)

x Measure reactor flux/spectrum:: resolve ambiguities in
reactor predictions and anomaly

®x Run for at least 3 years (~2015)

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT 72



RENO
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RENO experimental setu

 Ulchin
'@

e ";-Muglsunu Reactors

in Korea

Far Detector
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RENQO detectors

Gamma Catcher :—.

|
|
|
1
i
:
|
|
|

» 354 ID +67 OD 10” PMTs | . -3
= Target : 16.5 ton Gd-LS, R=1.4m, H=3.2m E IR L S
» Gamma Catcher : 30 ton LS, R=2.0m, H=4.4m S====es e
= Buffer : 65 ton mineral oil, R=2.7m, H=5.8m e | = g
= Veto : 350 ton water, R=4.2m, H=8.8m 7 T e

PACT-IFT Workshop, October 24, 2013 Latest reactor neutrino oscillation results - Inés Gil Botella CIEMAT



RENO main results

x  “Observation of reactor electron antineutrino disappearance in the RENO
experiment”, Phys. Rev. Lett. 108 (2012) 19802

x 220 days of data,2-detectors:N+E
- sin?2013) = 0113+ 0.013(stat.) =+ 0:019-(syst.)(4.90 significant signal)

x March 2013 (NuTel): Improved analysis-with-more statistics (not published yet)

x 403 days of-data;-2:0etectors-N+E
- sSiN%2013) ="0.100:%:0.010(stat))=+:0:015:(syst.)(5:6 G significant signal)

x  Sept 2013 (TAUP): Same statistics, reduced systematics (not published yet)
x - 403-.days; 2 detectors
= 8in%2013) =0.-100:%°0.010 (stat.) + 0.012-(syst.) (6.30 significant signal)
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Events / 0.125 MeV

Events / 0.125 MeV

Neutrino selection

IBD prompt signal

— Data
— MC

Energy [MeV]

IIIII

IIIIIIIIIIIIIII

I T T T I T T T |

IBD prompt signal

— Data
— MC

IIIIIIIIIII'III[III'I

Energy [MeV]

PACT-IFT Workshop, October 24, 2013

Events/0.05 MeV

lIII]IllIIIIIIIIIIIIIIIIIIIIIIIIII

IBD delayed signal

IIIIIIIlIlIlIlllllllllllllllllllllllI

IIIIIIIIlIIIIIIIII|IIIIIIIII|

(=2

6.5 7 75 8 8.5 9
Energy [MeV]

g N

Events/0.05 MeV

lllIIIIIIII]IIIIIIIIIlIIIIIIII

T 177

IBD delayed signal

II|IIIIIII|III|III|III|III|III|II]

IIIIIIIII|IIII|IIIIIIIII|IIII|

IIIIIlII|IlI|III|IIIIIII|III|II]

6.5 7 7.5 8 8.5 9
Energy [MeV]
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=111

Events /2 us

Events /2 us

FrTTT

rrrryrrrryrrrryrrrryprrrrprrrryrrrrJyrrrr[rri1ri3

Neutron Capture Time by Gd

Far

t©=26.09 +/- 0.28

IIIIIIIIIlIII|IIIlIIlIIIIIIIlIIIIIIIIIlIIII]III

10
Delayed time [us]

|

IIIIIIIIIIIIIIIIIIIIIIIIIIII|II|IIIIIIIIIIIIII|

Neutron Capture Time by Gd

Near

©=26.16 +/- 0.09

o

10 20 30 40 50 60 70 80
Delayed time [us]
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ummary of recent analysis

Signal and background events Uncertainties

Detector Near Far H‘\m'“;'f — T

Selected events 279787 30211 Thermal power ——— ul‘ ——

Total background rate (per day) 21.17+ 1.81 4.80+ 0.46 88 Fission fraction 0.7%

IBD rate after background 737.00+ 2.31 70.22+ 0.64 g8l Fission reaction cross section 1.9%
subtraction (per day) :.‘f"'-“'_“f"_“""'_"t’,"I"f'-\' i ::: |

DAQ Live time (days) 369.03 40269 B Couiined 097 307

Detection efficiency () 62.0+£ 0.014  71.4+0.014 T

Accidental rate (per day) 3.61+ 0.05 0.60+ 0.03 Uncorrelated _ Correlated

°Li/®He rate (per day) 13.97+ 1.54 3.55+ 0.45 [l IBD cross section ' 0.2%
Fast neutron rate (per day) 3.59+ 0.95 0.65+ 0.10 [arget protons 0.17% 0.5%

Prompt energy cut 0.01% 0.1
Flasher cut 0.0% 0.1%
Gd capture ratio 0.1% 0.7%

Delaved energy cut 0.1% 0.5%
['ime comncidence cut 0.01% 0.5'%
Spill-in 0.03% 1.0'%
NMuon veto cut 0.02% 0.02%
Multiplicity cut 0.04% 0.06'

(V'HInrl)inc'(i (total) H,‘_)V:V.; 1.5%
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Phys. Rev. Lett. 108 (2012) 19802

Rate osclllation fit

! 4
0.15 0.20
sin® 26, ,

1

PO PUNURPU WU S ST T S S ——— S ——
0 200 400 600 800 1000 1200 1400 1600 1
Weighted Baseline [m]

l? P —pe - p—
)

N = 5 10
090~ Prompt energy [MeV)

¢ Far Detector
Near Detecton

Robs/exp = 0.920 + 0.009 (stat) =0.014 (syst)

T
Prompt energy [MeV]
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Unpublished rate osc. fit

—+— Far Detector
—|— Near Detector

New result:

Robs/exp — 0929 +0.000 (stat) + 0.007 (syst)

-
L
=
v
N
)
—
7
O
E
c
84

Sin22013)/=0:100 % 0:010 (stat) + 0.012 (syst)

Far / Near
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Projected sensitivity

— 0.035

[s2}

—

D
AN

& RENO Uncertainty Projection
N% 0 2012 4
©

PRL (2012)
0.025 |- Ogyst = 0.019

O = Syears of data: ~0.007 (7% precision)

5 - statistical error : £0.010 — +0.005

- ' : +0. +0.
O systematic error 0.012 — +0.005

Oy = 0-005 (7 % precision)

w - Prospects:

x 7% precision on sin“2813 in 3 years
= Spectral analysis
x  Measurement of Am?2s1
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ummary of global results

Best Fit
68% C.L.

Accelerator
Experiments*

Normal
. Hierarchy

Inverted
Hierarchy

*All results assuming:
écp = (),
8:3 — 45

Reactor
Experiments

Rate only
Rate+Spectral

n-Gd
n-H

- |

/

original flux

PACT-IFT Workshop, October 24, 2013

Solar-+KamLand
MINOS

T2K 6 Events

DC 101 Days
Daya Bay 55 Days
RENO 229 Days
2K 11 Events

DC 228 Days

Daya Bay 139 Days

DC n-H Analysis
RENO 416 Days
T2K 11 Events
DC RRM Analysis
T2K 28 Events

Daya Bay 217 Days

[1106.6028

.
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Reactor results on 613

x [dea of final.combination:among the three experiments
nce defining correlated errors between experiments
Nd estimation of errors In-a unified way

®,

Q
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Vass hierarchy by reactor
experiments

S S.T.Petcov et al, PLB533 (2002) 94
{on oscillation
— 6, . oscillation S. Choubey et al., PRD6S (2003) 113006
——— Normal hierarchy
i J: Learned et al, hep-ex/0612022
L. Zhan et al.. PRD78 (2008) 111103

L.-Zhan et al., PRD79 (2009) 073007

—
—
=
o
—
(A
—_—
pos |
-
-
—
i
—
-
—_—
=9
»

x - MH 1dentification by Fourier
transform to L/E spectrum

> 30 sne
EIaul ® Precision energy spectrum

&(E)o(E)P measurement: looking for
= 1- P, : iInterference between P31 and Pao

| s & TR ety
P>y = cos’(#13)sin”(26012)sin” (Ao )

1’;| — ."'.\—.[NI y \lll-ll._)’,
Pao = sin“(#y2)sin™(26,%

.\ 2] << \ 31 =~ .\ )
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\Viass hierarchy sensitivity

C-
=
I
ol
(=
(ol

Fourier transformation:

= resolution = 2%NE
resolution = 3%NE

resolution = 4{3.;\?'F.‘
6 years,30

6O 70 80 90 1 O0)
Number of events

PACT-IFT Workshop, October 24, 2013

» Detector size: 20 kton

- Energy resolution: 3%//E
xThermal power: 36 GW

x Baseline: 58 km
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Jiangmen Unaderground
Neutrino Observatory (JUNO)

x  Statistical sensitivity to-mass
hierarchy

= Major project in China (already.
funded)
x \ery challenging measurements:

= Requires major improvements-in
detector technology

= Energy resolution .and: scale are of
paramount importance

= |mproves with percent-level precision
on Am?2z3

PACT-IFT Workshop, October 24, 2013

60 km
Daya Bay ____ JUNO

Near Site

Mﬁ*

Savannah River

Bugey

Rovno

Goesgen

Krasnoyark

Palo Verde

Chooz ® KamLAND

¥

_____.,____*____

KamLAND

A
*
O
X
*
A
O
n

10° 10° 10*

Distance to Reactor (m)
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JUNO experimental site

Daya Bay Huizhou Lufeng Yangjiang Taishan

Status  running planned approved Construction construction

power/GW 174 174 174 174 184

{Vi]

" ..~; ’_
‘ mﬁ?"'$ S “H
W, vavas s R o JRGEND
AAVAYAVArY : T x
\- \.lh’ 1
i A closer look In granite
W 270 m high Mountain
\« o]
A RS
/ 1..\

Taishan

- Yangjiang
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JUNO detector

»  Site determined

Muon racking P Detailed civil design underway
Stainless steel tank ; "““ ' "."» 3 . DeteCtOr d@Slgn UﬂdeI’Way
Water Seal ““ 2. | 3 ¢
&/ Liquid Scintillator \& "~ * R&D started:

Yater Buller 10K o 20 kt = Detector prototyping

Oil buffer 6kt ( Acrylic sphere: ¢34.5m

= | AB-based liquid scintillator
~15000 20” PMTs e g
optical coverage: 70-80% " Y & ' : ! Photodetectors

VETO PMTs x  Readout electronics

x  Schedule;

= Construction: 2013-2019
»  Filling & data taking: 2020
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Physics potential

Detector size: 20 kton
Energy resolution: 3%/\E

; 443 Thermal power: 36 GW
x Mass hierarchy sensitivity SRR On

= MH can be determined at 3.70(4.40) in 6
years for Am?,, uncertainty of 1.5% (1.0%)

»  Precise determination of oscillation
parameters (<1%)

= Supernova neutrinos
»  (Geoneutrinos

x Sterile neutrinos P —r

2.-38 240 242 244 246 248 250

IAM?ee| (X107 V)
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RENO-50

Underground detector consisting of
18 kton-ultra=low=radioactivity liguio
scintiliator & 15,000 20™ PMTs, at
50 km-away from the Hanbit
(Yonggwang) nuclear power plant

10 kton LS Detector R ' S A * :
~47 km from YG reactors | *..- % | _ 2013-2018: Facility and detector construction

Mt. Guemseong (450 m) |
~900 m.w.e. overburden |

~2019: Operation and experiment

Goals:

= High precision measurement of 812, Am?i2 and Am?is(< 1% precision)

x  Determination of neutrino mass hierarchy (challenging: requires extremely good energy
resolution)

= Study neutrinos from reactors, the Sun, the Earth, supernova and any possible stellar objects
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Conceptual design of
RENO-50

1000 20” OD PMTs Water

Mineral Ol

18 kton
6%//E 3%/E
250 p.e./MeV >1000 p.e./MeV

x Energy resolution challenge:

LS (18 kton) x High transparency LS: 15m — 25m
15000 20" PMTs (67%)

(purification-and better PPO)

x lLarge photocathode coverage: 34% —
67% (15000 20” PMTs)

x High QE PMT: 20% — 35%
(Hamamatsu 20” HQE PMT)

= High light yield LS: x1.5 (1.5 g/l PPO —
5 g/l PPO)
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Reanalysis of reactor short

Ste ri ‘e HGUtri nOS baseline experiments

G. Mention et al., Phys. Rev. D83 (2011) 073006

ROVNOB88_3S
182m

» New fission antineutrino flux
calculations suggest that

ROVNOB88_2I
18.0m

ROVNOB88_1I
18.0m

RP-II
3.8 m

0.79 =0.06 =0.05

Goesgen-lll 0.91 +0.04 =+0.05
65.0 m

Goesgen-li 0.97 +0.02 +0.06

x [here are other hints for sterile
neutrinos (LNSD; MiniBooNE; ...)

Bugey3
95.Ogmy

x Not all-of them-are compatiole! Ry

Bugey-3/4
149 m

0.95 +0.02 +0.06
0.86 +0.11 =0.04
0.94 =0.01 =0.04

0.93 =0.00 =0.04

w - Global-fit-of-alkhintsiseveretensions

0.927 =0.023

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

VMeasured / VExpected, NEW
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1 he reactor anomaly

oscillation to
sterile Atmospheric Solar

neutrinos? _ \_'—I Oscilation Oscilation

Reactor
anomaly

8
g
w
g
=
g
k-
2
3

100 1000
Reactor To Detector Distance (m)
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EXperiments to test the 4th
Nneutrino Nypotnesis

» Radioactive source experiments::CelzAND
(*4Ce in KamLAND), SOX (°'Cr in Borexino)

» |Low background measurements

» (Challenge of production and transportation:of
intense source

x AcceleratorbeamsslsoDAR; ICARUS/
NESSIE, nuSTORM:..

n - ReactorsENUEIEERESISreoEHanaro;
Neutrino=4:+S0H0:

x Background reduction is challenging
x Synergies with reactor monitor experiments
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Reactor neutrino oscillation experiments at ~1km baseline have

x Ongoing reactor experiments try to-measure sin“2013 1o <4% precision

Next generation of reactor neutrino-experiments focus on Mass

hierarchy-determinationand
— technical challenges

x JUNO in China already -approved
x  RENO-50in Korea
x  Data taking will start ~2020

sSterile neutrinos will be explored by reactors (and source & accelerator
experiments)
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