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Now - Discovery
Reactor Neutrino Physics and precision

measurement of 6,

2008 - Precision measurement of
Ami22 . Evidence for oscillation

2003 - First observation of reactor X

envt a0
antineutrino dlsappearanc | wn‘“
|

1995 - Nobel Prize to Fred
Reines at UC Irvine KamLAND

1980s & 1990s - Reactor neutrino flu
measurements in U.S. and Europe

1956 - First observation
of (anti)neutrinos
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Past Reactor Experiments
Hanford

Savannah River

ILL, France

Bugey, France

Rovno, Russia

Goesgen, Switzerland
Krasnoyark, Russia

Palo Verde

Chooz, France
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A\ 56 years of liquid scintillator detectors
A\= , a story of varying baselines. ..
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Neutrino Mixing

vl U3
In a 3-v framework {Am, [
- SO
V1 I ?
A 2
Amatm
2
? V2 :;1212
Am
— A I
vV, U 11 U 12 U w3 || V2 V3 ﬁ:: v
Inverted hierarchy Normal hierarchy
Ve ) U U U Ly, el e
l NH:|Am3| = [Ami| +[Am,[, [|Am,| > [Ami,]
IH:|Am3 | = [Am3| —|Ams|, |Am3,| < |Ami,|
1 0 0 cos f13 0 sin 9139-’;5 cos 617 sinfip 0
U = 0 cos f93 sin O3 0 1 0 —sinf;p  cosflp 0O
0 — sin 3 cos 3 — sin 913915 0 cos 013 0 0 1
923 ~ 450 913 ? 912 ~ 340
Atmospheric Reactor Solar
Accelerator Accelerator Reactor



Reactor Neutrino Oscillation
1 = 045

Benefits of reactor neutrinos: - By
.61 Far Site \\

- Pure'v, source 9
T
- Intense source (>10%°v_/s) 8 061
. . Q. Assuming cont.
- Clean detection signal - ol Jiasine CEPALE
’ veak at 4 MeV
1 L [km]
100

- No effects from CP phase,
0.2 L %

or matter interactions
8,; revealed by deficit of reactor antineutrinos at ~2 km. Mixing angle 6,

governs overall size of V, deficit.
Short-baseline reactor experiments insensitive to mass hierarchy can not
. . 2 2

discriminate 2 frequencies contributing to oscillation: Am;,,Am;,
One effective oscillation frequency AmZ, is measured:
- 9 L . 2 4 - 2 2 L
Ps,—v, = 1 — sin® 20;3 sin? ﬂmee — sin“ 26013 cos B13sin“ | Am5; —
4E 4E
L} sin’(Am2, =) =  cos’ 1psin’(Am3,; &)

+ sin? f1- sin (‘&nr".'32 <=

A, ~ Am3, ~ Am?, ~ AmZ, ~ (~ Am2,) |




Detecting Reactor Antineutrino

Inverse beta decay in Gd-doped liquid scintillator
Peak at ~“4 MeV

Arbitrary

Prompt signal

— e +e 2y

176+p—>e++£1

Delayed signal, Capture on Gd (8 MeV), ~30us




Proposed Reactor Experiments

Krasnoyarsk, Russia
Braidwood, USA ,_ +

.KASKA, Japan
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Diablo Canyon USA

Three active experiments:

DayaBay, RENO, Double Chooz




Experiment layout

L3
%

o |4
AD3 Ling Ao-11 NPP

o LI
® 12
Ling Ao NPP

EH2

6 x 2.9 GW,

il ol ‘*' : /' i/
8 identical A

g . AD1 AD2
Ds for Daya Bay.

6 AD installed for data collection at first stage. e DI
After Oct. 2012, 8 ADs installation was finished. ¢ D2
Daya Bay NPP
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\“K e 6 x 2.7 16, 7 GWth §

NEE Detector ;;, ¢ 0@} e ,( ~
¥ .
4
\ Far Detector
\

‘i 16 ton,
450 m.w.e.



Double Chooz

' \ V_e —d —= ' Near Detector |==f —s | Far Detector
A g Vi r L =400m e L=1050m
Chooz Reactors é* ' | 10m3 target : & || 10m3 target
4.27GW,, x 2 cores - 120m.w.e. & 300m.w-.e.
S | w April 2011 ~




« Baseline Optimization
Detector locations optimized to known

ee
H

Daya Bay
RENO
Double Chooz

parameter space of [Am?2_| 0.95

« Far §it2e maximizes term dependent U_gg L [km]
on sin< 26,5 0 0.5 1 15 2 25

Experiment Power | Detector(t) 0\(/emr.b“t|.re(?)e f Sensitivity (3y,
(Gw,) Near/Far Near/Far 90% C.L.)

Double Chooz 8.5 8/8 120/300 ~0.03

RENO 16.5 16/16 120/450 ~0.02

Daya Bay 17.4 80/80 250/860 ~0.008
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Detector design

e Absolute reactor flux single largest uncertainty in previous measurements

I—> Cancels in near/far ratio: ﬁ

N,

Calibration

Mineral oil | &

Liquid Scint.

Gd-LS

Stainless Steel

Vessel (SSV)

5m

-(#) () (&) (2e3)

Daya Bay Antineutrino Detectors (AD)

» 8 functionally identical detectors to reduce the
detector relative errors

» Three zones modular structure

» Reflector at top and bottom:
Reflectors improve light collection and uniformity
RENO and Double Chooz detector: similar structure

Double Cho
" i

oz
— o
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Automated Calibration System

3 Automatic calibration units (ACUs) on each detector

ACU source for weekly calibration:
* 10 Hz %8Ge (0 KE e* = 2x0.511 MeV v’s)
* 0.5 Hz ?*Am-13C neutron source (3.5 MeV n without y)
+ 100 Hz ®°Co gamma source (1.173+1.332 MeV v)
* LED diffuser ball (500 Hz) for time calibration

Special ACU:

* v:13Cs (0.662 MeV), >*Mn (0. 835 MeV) 40K (1.461 MeV) Co
° n: 241Am 9Be 238Pu 13C
Manual(4n): _

* Co / 238pu-13C —>

R=1.7725m R=0

R=1.35m

13



Muon Tagging System

Dual tagging systems: 2.5 meter thick two-section water shield and RPCs

RPCs

e Quter layer of water veto (on |

sides and bottom) is 1m thick,
inner layer >1.5m. Water
extends 2.5m above ADs

e 288 8” PMTs in each near hall
e 384 8” PMTs in Far Hall

4-layer RPC modules above pool
e 54 modules in each near hall
e 81 modules in Far Hall

Goal efficiency: > 99.5% with
uncertainty <0.25%

inner water shield
i outer water shield
T~ > PMTs
p g g _ G- _ Tyvek
LI 7
- It k-;l\“%«.%‘ |
l‘! ; e . - D ». i
& T4 gy (1
| @b ~ <
T S i —
i 1A ;4 = :
i 2
4 ,-_'J
AD ,
AD support stand SOTEEaIe /

Two-zone ultrapure water cherenkov detector
14



Event Selection and analysis(Daya Bay)

Anti-neutrino events(IBD) Selection
(D Reject spontaneous PMT light emission

(”fIaSherS") = — All Singles
. 107 ‘\" ---- After Flasher Cut
2 Prompt positron: BN After Muon Veto

0.7 MeV<Ep<12 MeV
(3 Delayed neutron:
6.0 MeV < Ed < 12 MeV
(4) Neutron capture time:
1Ms<t<200 s
©® Muon veto: S BRI I
*  Water pool muon (>12 hit PMTs): Recamstriictad Enctgy. [Mek]
Reject [-2us; 600us] £
 AD muon (>20 MeV):
Reject [-2 ps; 1400ps]
 AD shower muon (>2.5 GeV):
Reject [-2 ps; 0.4s]
® Multiplicity:
* No additional prompt-like signal
400us before delayed neutron
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* No additional delayed-like signal Delayed Reconstructed Energy [MeV] 15
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. This background is directly measured by
. 91:/8
BaCkgroundS' Ll/ He fitting the distribution of IBD candidates

«  Cosmic u produced °Li/2He in LS vs. time since last muon.
°Li / ®He Decay
B-decay + neutron emitter 350

: Li yield
91i/8
* Measurement: Li/*He

— Time-since-last-muon fit method

Analysis muon veto cuts control
B/S to ~0.310.1%.

s\ uncorrelated
200—

150-

TN T T N T T T A Y M
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Backgrounds Fast neutrons

EH1 Prompt energy, AL == exmeeerneser [ Fmm,, T Fast neutron from muon:

% E,_._,_._r,_._,_._r.. | gﬁ'}snur sozlﬁ 3.587 o . 1.

s 0 o ﬂ”ﬁ e e prompt signal :proton recoil:

2 E ol h 5+0.695 | . . .

sl f”"ﬂ”i Validate with fast.n events delayed signal: neutron capture
o g [ tagged by muon veto. * Method:

- 25 30 35 40 45 50
prompt energy (MeV)
10°

» Evaluated by extraploation
»Spectrum and rate cross checked with fast-n
tagged by muonveto

AP IR I IR BN I I . .
0 5 10 15 20 25 30 35 4':! 16

Prompt energy (Me\) B/S to 0.06% (0.1%) of far (near) signal.
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Background rate and shape constrained using
intense source

241Am-13C background

A special x80 stronger 24'Am-13C Single n-like

Correlated prompt spectrum

Strong AmC's Prompt Spectrum: Data vs MC

source placed on the AD

=

10.05MeV
o
=3
S
S

T m—

Z Data

180——

Entries / 0.4MeV
>
=]

C

HHHHH

Backgrounds summary

Near Halls Far Hall
B/S % Og/s B/S Og/s
% % %
Accidentals 1.5 0.01 4.0 0.04
Fast neutrons 0.1 0.07 0.06 0.03
Li/fHe 0.4 0.1 0.3 0.08
21AmM-13C 0.04 0.02 0.36 0.16
13C(a, n)t0O 0.01 0.01 0.05 0.03 !




Uncertainty Summary

For near/far oscillation, only
uncorrelated uncertainties
are used.

\ Largest systematics are smaller
than far site statistics (~1%)

Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88%  0.10% 0.01% \
Multiplicity cut 0.02% <0.01%
Capture time cut  98.6% 0.12% 0.01%
Gd capture ratio  83.8% 0.8% <0.1% €
Spill-in 105.0%  1.5% 0.02%
Livetime 100.0%  0.002% <0.01%
Combined T8.8% 1.9% 0.2%

Reactor

Correlated Uncorrelated
Energy/fission 0.2% Power 0.5%
e/fission 3% Fission fraction 0.6%
Spent fuel 0.3% T

Combined 3% Combined 08% <

Influence of uncorrelated reactor
systematics reduced by
far vs. near measurement.
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Signal and background summary

Near Halls Far Hall

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

IBD candidates 101290 102519 92012 13964 13894 13731
DAQ live time (days) 191.001 189,645 189.779

Efficiency €,, - € 0.7957 0.7927 0.8282 0.9577 0.9568 0.9566
Accidentals (per day)* 9.5440.03  9.3640.03  T7.444002 2964001 2924001 2.8740.01
Fast-neutron (per day)* 0.924-0.46 0.6240.31 0.044-0.02

9Li/®He (per day)* 2.4040.86 1.240.63 0.2240.06

Am-C corr. (per day)™ 0.2640.12

3¢90 backgr. (per day)*  0.0840.04  0.0740.04  0.054+0.03 0044002 0044002 0.0440.02

IED rate {perday]* 653.3042.31 664.154+2.33 581.97+2.07 73.314+0.6€ 73.03+0.6€ 72.20+ 0.66

*Background and IBD rates were corrected for the efficiency
of the muen veto and multiplicity cuts e, - €

e (Collected more than 300k antineutrino interactions

* Consistent rates for side-by-side detectors (expected AD1/AD2 ratio 0.981)

* Uncertainties still dominated by Far Hall statistics 0.9%
19



Antineutrino Rate vs. Time

" Dava Bay Near Hall | ! ' ' !

200 ag,ra ay Er- _ Lok o
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— = Best Fit SRR T
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:l_‘:]-: Em L] -I L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I .
= Ling Ao Near Hall Predicted Rate:

T = o &b L . .
= 0 '.l m i — Assume no oscillation
= o E L — Absolute normalization is
e YE W I g . .
~ e determined by data fit.
m

— Normalization is within a few
percent of expectations.
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Detected rate strongly correlated with reactor flux expectations.



Daya Bay results

IBD prompt spectrum
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S

4 b g
Prempt Reconstructed Energy [MeV]

—— [ata B Accidentals T **Cloon)t=0
memee Mo Oscillation i B I Fast neutrans
Bast Fit B 241 Am-130

Shape distortion from
energy losses in acrylic

Spectral distortion
consistent with oscillation

m Both background and predicted
no-oscillation spectra from best fit

W Statistical errors only
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Mar.8, 2012, with 55 day data, sin?26,,=0.092+0.016(stat)+0.005(syst)
5.2 ¢ for non-zero 0.,

Jun.4, 2012, with 139 day data, sin°26,,=0.089+0.010(stat)+0.005(syst)
7.7 o for non-zero 0,,

Rate+shape analysis(NuFact2013)

U ::;E \ ﬁ —— Rate+Spectra E
< sE N ya === Rate-Only =
= R e N =
L B e T
- Best Fit -
[ Rate+Spectra | Tt //
— a m Rate-Only H . 2 — +0.008
o ¥ 0.7 C L sin® 2613 = 0.0907 5 550
@ B 95.5% C.L. 'Ei
) [ 68.3% C.L. T
= . T 2 4019 . _3 .
E 2'5' ______________________ e e ——— H |Amee| _— 2.59_[].2[] - 10 eV
< of \?/NpoF = 162.7/153
1 E-l L 1 L L 1 L 1 L L L L 1 L L L L ;u anilasss
i 0.05 01 .

sin2(2913)
Strong confirmation of observed anti-neutrino deficit.

Normal MH &m%i Inverted MH ﬂ.mgz
(10 %ev?] [10%ev?)

From Daya Bay Am?, 2.54t%112% —2.64"_'%‘_12%

2 +0.09 +0.11
From MINOS Amy, , 2377 5 00 —2.417 5
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RENO results(NuTel2013)
*RENO published their first resulton April2,2012.

sin® 26,, = 0.113+0.013(stat) +0.019(syst)

—+— Far Detector
—— Near Detector

2000

1000

Entries / 0.25MeV

sin® 26,, = 0.100+0.010(stat) = 0.015(syst)

Far / Near
(] k.
o0 — ]
I [ I
e

i
-
!
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-

.
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-
-
- L
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-
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HH

HiH

i
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—e———

0 I 2 3 4 5 6 7 8 9 10
Prompt energy [MeV]

e Total 6.5% background at Far
and 2.7% background at Near.




RENO Status and Plan

INEAR/ Live Time: 606.724670 days DAQ Efficiency : 0.934861

= Data taking began on Aug. 1, 2011 with
both near and far detectors.
(DAQ efficiency : ~95%)

= A (220 days) : First thetal3 result
[11 Aug, 2011~26 Mar, 2012]
PRL 108, 191802 (2012)

= B (403 days) : Improved thetal3 result
[11 Aug, 2011~13 Oct, 2012]
NuTel 2013

A

DAQ Efficiency

T

Dec31.2011| Julo1. 2012 Jan 01.2013

[ ]
IFAR/ Live Time: 637.(i'43250 days DA Efficiency : 097053

®  C(~700 days) : Shape+rate analysis
(in progress)
[11 Aug, 2011~31 Jul, 2013]

DAQ Efficiency

L 1| -|- THNUTT

N
------I-’---------

N o e -

Dec 31. 2011 Jul01. 2012 Jan 01.2013



lRENO

¥}

MOZ days) 0.100+0.018 (560)| m

0035

0.030

0.sin’(20,3)

0.025

0.020

0.015

0.010

0.005

000%0

ITITIITYYIYYIIIIYTI]TITTIITYI'YIT IIYYYITI l]T LI

RENO Uncertainty Projection

]

PRL (2012) )
O, = 0.019 This result

-/

llTTITITII‘Tl

IT'

TITIIIT

= 0005

5)'51

'Tl

-

o

-

.
.
.
l
LA 11111L111111111 11111 11 Lli LA 111111111111 L

=

05 1.0 15 20 25 35 40 45

o g de s e g bas el saaadaa s lasaad

Years

sin” 26,, = 0.100 = 0.010(staz.) <£0.015(sys.)
+0.01/ (10 0) | (3 years)

= w/3 years of data:
= Stat. error:0.006
= Sys. Error:<0.011
= Goals

- Sin?26,; to 7% precision

- direct measurement of
Am?5,

- precise measurement of
reactor neutrino flux and
spectrum

- study for reactor anomaly
and sterile neutrinos

0
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Double Chooz(NuFact2013)

D(}LH‘-"'--‘ -

Phys. Rev. D86 (2012) 052008

%

;-}lzm lndll.l.‘ﬂi,l.l.‘l.li
1000l i, EEENE Y (Ll m 42 LS}
8249 IBDs (with BG)
800 228days
. X2/dof =42 1/35
m_
200 L
;11-""""" ]
R
F oo —|—‘|'Jr e 3
) PR SRERSANES S5 SR N I
i -suw + ] O
e R
-] 1] 12

Energy (MeV)

_Evints
025 MeV

O,;: rate + shape results

Phys. Lett. B723 (2013) 66-70

_|_ Backpround-subtracted sipmal
------ No escillation
— Bestfit: sin¥{ 4 =007

at Aam® = 000231 &V *

36284 IBDs (with BG)
240days
X2/dof = 38.9/30

Energy (MeV)

DC-1I(Gd): sin’2613 = 0.109 + 0.039 [0.0305! + 0.025%%
DC-II(H): sin?2613=0.097 + 0.048 [0.0345t+ 0.034%5]

Combined Gd and H fit: sin?20,; = 0.109 + 0.035
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Results of analysis with reactor rate modulation
sin?20,, = 0.097 £ 0.035

—

Observed rate (day™)
=]
=]

40

20

4 nGddata j'"
® n-Hdata &
-enee- Best fit (2/dof=8/11) A
[ ] 90%cL Interval
Accidentalfs subtractefl
iﬁ
_',1
‘1 nGd background rate: 0.9-0.4 day’
e nb background rale: 7.4=1.4 day”
€in®(26, ) = 0.097--0.035 (stat+sys)
* | Double Ghooz Prefiminary
K I I

40

a0 | 100
Expected rate (day™)

Data: April 201 1- March 2012

Using dependence of V rate on
reactor power

Independent of BG estimation

Best fit: sin2203 = 0.097+0.035

Consistent with Double Chooz
rate+shape results
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Double Chooz Status and plan

DC sin2{291 ;) Measurements (data set )

- n.loﬁéu.os
Gd+H (jul.| 3@EPS) o '
sRate+Shape (OFF) P

: :;n.ln¥m

—» —
0.109£0.035 .

© | Gd-1 {Jun.| 2@yoto)
*Rate+Shape

| H-1 (Dec.| 2@Paris)
i *Rate+Shape

- |RRM(Mar| 3@™ariond)
; *Gd (OFF)

N ! i l.laE_ 0.07
Gd+H (Jul| 3@EPS) ! _
*RRM (OFF) :

:u.w:r;n.ozs 4 §=

- [RRMQuL3@ERS) I
.: *H (OFF)

Rata+Shape 68%CL
Reactor Rate Modulation 68%CL

-0.05 0.00 O. 05 0. 10 0.15

0.20 0.25 0.30
sin°(20,,)
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yUBL!
v # Near detector

e ’

| > Detector construction
= B | 7> Data taking in 2014

" or
AL ]| ’,

LA L m‘-w ’
, s [ R

>r=415m (115 mw.e.) |
~10% precision of sin®26,, measurement
» Myons (Veto): 250 HZ | with Near detector
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DayaBay Status and Plan

10n

Data taking fract

A. Two AD Comparison: arXiv:1202:6181
- Sep. 23,2011 —Dec. 23,2011 NIM A685:78

- Side-by-side comparison of 2 detectors

B. First Oscillation result: arxiv:1203:1669
- Dec. 24, 2011 — Feb. 17, 2012 (6 ADs)

-1t observation of v, dis. PRL108:171803

C. Improved Result: arXiv:1210:6327

- Dec. 24, 2011 — May 11, 2012

- 2.5x original data, CPC37:011001

D. New analysis

Data taking fraction

0-2 I

= .
N N BN & § =N =N § § § 32 R B ¢ N N N N &N § §F § § B |

- |
: |
E— 0
- Dec. 24, 2011 - July 28, 2012 T .
- 4x original data; shape, Am2__ analysis g 0% :
. £ F I
E. Full experiment (8 AD) g% AN E
- Oct. 19, 2012 — present E 04r le—d -
02 L | | —
S |
ol — | Al \ ‘ ! ! : : !
Dec 31 Jul 01 Dec 31 Jul 01

2011 2012 2012 2013



Measure Am_.2 complementary to accelerator-based experiments.

— Measure reactor flux/spectrum: possibly resolve ambiguities in reactor

— Measure neutron and spallation production for various muon energies in

Measure of 0,; with high precision:
— Uncertainty of sin?20,,<4%.
Further scientific goals:
predictions and anomaly.
different depths.

@ 002 L L B L L B
jan] : _
N 0-018:_ —— Rate Only =
; 0.016 = - Rate+Spectra -
S 0.014 f_ Installation ® PRL 108 171803 _E
S onE of AD 748 O CPC37011001 | 3
[T ; Dl;_ l O This Analysis _E

0.008 E— R —f
0.006 |- —
0.004 —
0.002 ;— Now —;
Da_ll é&DII ﬁéoll ESDII ééoll iﬂbd Ii2hé Ii4bd IiéDD

Time [days]

2 [107%V?

Error of Am

]
M2
w

(an]
M

0.15

0.1

0.05

L]
L]

MINOS -0 on Am2, |

Now

- Rate+Spectra
O This Analysis
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sin20,5, measurement summary

. e b + ‘ i -~ riewaluatedéﬂm
Eh::.t E”I:_ . gl o o E | : Selar4+KamLand
68% C.L. : : :
’ i MINOS
= i i
Accclerator ] I - : 1 ’ -
Experiments® — o ' | T2K 6 Events
Normal L : P
Hierrr:r?:h'g,- o o ' i i DC 101 Days
Inverted : : :
I-ri;::Erar?:hg,- e Daya Bay 55 Days
AN results assuming: : .
Bep =0, He— RENO 229 Days
By = 45° :
“ . v - ST T2K 11 Events
™ i i i i
Heacl_nr < i E P P DC 298 Dave
Experiments P —a— : dy>
® FRate only D e f Daya Bay 139 Days
o Rate+5Spectral
— nGd : ': c‘i DC n-H Analysis
— wH R
B RENO 416 Days
E ; —m— | : T2K 11 Events
| .-F' reactorion data -:nfnl'g,r
=~ ',-'—.I—| ‘ DC REM Analysis
™ ireactor o +off datal
; : e AT S T2K 28 Events
5Iﬂ22813 | | |_.:._EI | : | Daya Bay 217 Days
-0.05 0 005 01 015 02 025 0.3

[1106.6028]
[1108.0015]
[1106.2827]
[1112.6353]
[1203.1660]
[1204.0626]
[ICHEP2012]
[1207.6632]
[1210.6327]

[1301.2044]
[NuTel2013]

[1304.0841]
[1305.2734]
[EP52013]

[NuFact2013]
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Future prospects

2 o06f
o o = - S N Non oscillation
Next generation experiment : - PN 6 oeeilation
= 05 H Normal h_'u.ararchy
— Main focus: Mass hierarchy and CP phase < ‘ taverted hierarchy
Measuring Mass Hierarchy by Reactor b
neutrinos b |
— Method: distortion of energy spectrum uE
— Mass hierarchy independent of the CP N AR RN

10 15 20 25 30
phase L/E (km/MeV)

S.T. Petcov et al., PLB533(2002)94
o o o S.Choubey et al., PRD68(2003)113006
F(L/E)=0o(F)o(E)P..(L/E) J. Learned et al., hep-ex/0612022
L. Zhan, Y. Wang, J. Cao, L. Wen,
PRD78:111103, 2008

P..(L/E) = 1— Py; — P3; — P35 PRD79:073007, 2009

Py = cos*(6,3)sin?(2612) sin®(Ag) o
2 a2 .z 0.185— Analytical spectrum —5700
Pﬂl = COs LQIE)MH Lz'glﬂ)‘ 016 - E
PSE — r_-:lﬂz(f'}lg/] 51112(2913/] 9 21;; Simulated spectrum Esm
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Nobs/N exp

The Jiangmen Underground Neutrino Observatory

(JUNO, known as Daya Bay Il)

60 km KamLAND

14F DayaBay — N0
Near Site ‘
1.2+ x* \L Far Site ‘
4 | ¢
i A SRS AT v R
: =
0.8 A ILL
¥ Savannah River
0.6 [ O Bugcy |:>
X Rovno =
0.4 @ Goesgen =
A Krasnoyark =
02+ O PaloVerde
B Chooz ® KamLAND =
004 1 1 | |
10' 10° 10 10* 10°

Distance to Reactor (m)

20 kton LS detector
3% energy resolution
Rich physics possibilities

Mass hierarchy
Precision measurement
of 4 mixing parameters
Supernovae neutrino
Geoneutrino

Sterile neutrino
Atmospheric neutrinos
Exotic searches

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011; by J. Cao at Nutel 2009, NuTurn 2012 ;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen, PRD78:111103,2008; PRD79:073007,2009
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Physics prospective of JUNO

Y.F Li et al, arXiv:1303.6733

L Marmal true MH

234 236 238 240 242 244 246 248 250

|ﬁm2ee| (X1 04 EVE)

Probing the unitarity of Upyys t0 ~1%

Current JUNO
Am?,, ~3% ~0.6%
Am?,, ~5% ~0.6%
sin’0,, ~6% ~0.7%
sin’0,, ~20% N/A
sin0,; | ~14%=2> ~4% | ~15%

MH sensitivity with 6 years' data of JUNO (arXiv:1303.6733):

* Taking into account the spread of reactor cores, uncertainties from

energy non-linearity, etc.

— QAx2>9(3sigma) with relative measurement

— QAx2>16(4sigma) with absolute Am2 measurement
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Experiment site: Kaiping county, Jiangmen city

Status Operational Planned approved Under construction Under construction
Power 17.4 GW 17.4GW 174GW 17.4GW 18.4 GW

, Al 2 Huizhou
/Dgya Bay

A closer look: In granite
- 270 m high Mountain

iy
i

g/ N Taishan

-

Yangjiang A T RN 36




Detector Concept

Muon tracking— =

4 .. . -

Stainless steel tank

Water Seal

Water Buffer 10kt

Oil buffer 6kt

~15000 20” PMTs
optical coverage: 70-80%

VETO PMTs

--------
o a*-_ RN R
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Project status

Funding
Great support from CAS: “special fund for advancement”
Approved on Feb.1, 2013
Brief schedule
Construction: 2013-2019
Filling & data taking: 2020
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Overview of RENO-50

= RENO-50 : An underground detector consisting of 18 kton ultra-
low-radioactivity liquid scintillator & 15,000 20" PMTs, at 50 km away
from the Hanbit(Yonggwang) nuclear power plant

» Goals : - High-precision measurement of 8,, and Am2,,
- Determination of neutrino mass hierarchy
- Study neutrinos from reactors, (the Sun), the Earth,
Supernova, and any possible stellar objects

= Budget : $ 100M for 6 year construction
(Civil engineering: $ 15M, Detector: $ 85M)

= Schedule : 2013 ~ 2018 : Facility and detector construction
2019 ~ : Operation and experiment




1000 20" OD PMTs ~ Water

LS (18 kton)
15000 20" PMTs (67%)

w /g
W Ze




Summary

* Reactor neutrino experiments have obtained a big achievement in
0,3 measurement in past two years:

— Daya Bay experiment discovered the new oscillation and proved
0,5 is quite large.
— RENO and Double Chooz experiments get the consist results.
— The precision on sin?20,; will be improved to ~4%
* Future prospects:
— The reactor neutrinos will continue to play an important role:
* Mass hierarchy

* Precision measurement of mixing parameters up to < 1% level
= unitarity test of the mixing matrix
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Relative Meas _y ement

1.1

Absolute Reactor Flux: 2
Largest uncertainty in previous measurements & "%

1

Relative Measurement:
0.95
Multiple detectors removes absolute uncertainty

o9 Near
First proposed by L. A. Mikaelyan and V.V. Sinev, detector(s) .
Phys. Atomic Nucl. 63 1002 (2000) "8 onstrain flux 2 detector(syy
" measure oscillgtion

10”7 1 10
Baseline [km]

_ Distances from
Far/Near v, Ratio reactor Oscillation deficit

N Ny ¢ Ly 2 €f _Psur(E:Lf)—

!

N Now) \Li) \en) | Pow(E, Ly).

Detector Target Mass Detector efficiency
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Experiment Survey

Negligible reactor flux uncertainty (<0.02%) from precise survey.

Detailed Survey:

- GPS above ground

- Total Station underground
- Final precision: 28mm

Validation:
- Three independent calculations
- Cross-check survey W -
- Consistent with reactor plant e

and design plans

aom




Detector Filling

to 3 kg (0.015%)

o 2) ()]
Nn - Lf €n

Load cells measure
20 ton target mass

Psur(E: Lf)

Psur(E7 Ln

3 fluids filled simultaneously, with heights matched to

minimize stress on acrylic vessels

* Gadolinium-doped Liquid Scintillator (GdLS)
* Liquid Scintillator (LS)

* Mineral Oil (MO)

46
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PMT Light Emission (Flashing)

Neutrinos Flashers
Flashing PMTs: f - |
- Instrumental background from ~5% of PMTS o'k —AD3 -
bt 1 . 3 |
- ‘Shines’ light to opposite side of detector B s !
- Easily discriminated from normal signals b |

==

- MR W B 1 ;v =~ @ O

AD1R5C20
Entries  1.666675

Relative PMT charge e
FID of delayed can;:lidates
10

FID = log,y((MazQ)?/(0.45)% + (Quad)?)

' Quadrant = Q3/(Q2+Q4)
MaxQ = maxQ/sumQ

1 4z OTE 032 3F 051

14 24 3 084 088 036

10° Inefficiency to antineutrinos signal:
PR T S S S S R SN N T SR S S N M
25

5 10 15, 0 0.024% £ 0.006%(stat)
T ‘T Column

' Contamination: < 0.01%
Quadrant4 Quadrant3 Quadrant 2 Quadrant 1

(contains ‘hottest’ PMT) 48



Daya Bay Onsite Progress

Final two detectors Full 41 detector calibration
Installed, operating since In Sep. 2012.
Oct. 2012.

-

—
e
— —
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Accidental Background

Two uncorrelated signals can accidentally mimic an antineutrino signal.

Accidental Background Rate o EH1-AD1 * EH3-AD1
> 14 ° EH1-AD2 * EH3-AD2
e _ o EM2-AD1 | * EH3-AD3
.E 12
10 jﬁ—omq_loofﬁ _,%af;c,s; cm voor c':!j dib%a :. pumo 03‘?) % Q?:. cooe-rooﬂ"gaéhhb Accidental sF,ectrum
8 =8 :CI g c > o e o \‘JH .
?Gﬁ m%&“d“'“w oot Rp By e ) o0 pRkag™® 000 w0 0% 10" - — EH1-AD1 EH3-AD1
5 = — EH1-AD2  |— EH3-AD2
4 . 10°% = — EH2-AD1  |— EH3-AD3
St L LT B PR : - -
oF - enFing tmantiting s Signals >6 MeV:
oF , . . | | e 12B from cosmic spallation
Dec 31 Mar 01 May 01 Jul 01 =
- 241 13 H
1ot Am-13C calib. source
. . . 10°L
Accidental B/S is 4% (1.5%) of far (near) signal. =
102;—
Accidental background be accurately modeled -

: : : 2 a4 6 8 10 12
using unF(?rreIated S|g.nals.|n data. Reconstructed Energy (MeV]
=>» Negligible uncertainty in background rate or spectra.
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241 Am-13C Background

Background rate and shape constrained using intense source

Single n-like Correlated prompt spectrum
A special x80 stronger 24*Am-13C i 7 ol
S.eooo: / 7/ ata
source placed on the AD Eso- /% éDnct
"’°:6 /’ o
Correlated background in physics run =

single n-like in physics run (rate) x correlated/single
ratio in strong AmC (spectrum)

2
. Rate:
P s 0.26/day/module
iy RoTeredt (global uncert. 45%
o = Spectrum:
N exponential (global
oooReL L uncert 15%)
R R R BT

E/MeV 51



Background: 13C(a,n)**0

Alphas from intrinsic radioactivity (238U, 232Th, 235U, 219Po) measured in-situ.
Background rate and spectra modeled using known 3C(a,n)®O cross-section.

=
T <
=

) .
13 16 1.1% nz 3 . v 13 2 4F ;J
C (o, n) ™0 1.1% natural abundance 13( ] |P_O Ei:) |£
. S 3t i3
—n+p —— n+p () 225k — Total £ nf
—n + 2C — n + 12C*(4.4 MeV) s 2F¢ 1 -=-Ground state| 5 isf
S15F . g
L, 126, v (2) 2 ff e Excited stateg 3 “F
3C (o, n) 80*(6.05 MeV) ” 05F . o 1
0 " S ’ 0 . L ~ 3
I—’ 160 +Y @ ' ! ‘ 8Encrg){-ﬂ(Mc\/l)z ‘ ’ ! ‘ HEncrg_i-'D(Iv‘[cVI]h
13C (o, n) 160*(6.13 MeV) - @ s mﬂﬂ” \A_
3 0 c
|—>“‘*O+e++e‘@ . Eig
£
Example alpha 238y | 2%2Th | 235y | 210pg 2 5213
rate in AD1 3 % 10
Bq 005 | 12 | 14 | 10 ” . g7 I S .
10 12 0 2 4 b 8 10 12
Energy (MeV) Energy (MeV)
Near Sites: (0.05 to 0.08)*+0.04 per day, B/S (0.0140.006)%

Far Site:

0.04+0.02 per day,

B/S (0.05%0.03)%



A Comment on Am?

Short-baseline reactor experiments insensitive to neutrino mass hierarchy.

Cannot discriminate two frequencies contributing to oscillation: Am%l, Am%z

One effective oscillation frequency is measured:

L L
E) — sin? 2015 cos4813 sin’ (ﬂm%lﬁ)

Pro—sv, =1 — sin® 2013 sin® (ﬂmge
L sinz(&mieﬁ} = cos’ O sinz(&milﬁ)

+sin” B12sin”(Am3, &)
Result can be easily related to actual mass splitting, based on true hierarchy:

+: Normal Hierarchy
-: Inverted Hierarchy

|AmZ,| ~ |[Am3,| £5.21 x 10~ °eV?
2

: o o . 0
Hierarchy discrimination requires ~2% precision on both A2 and Ammu



