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Some hints of a non-zero 6,
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”’ Determining 0,3 With Reactor v,

- Look for disappearance of electron antineutrinos from
reactors:
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The Daya Bay Collaboration

Political Map of the World, June 1999
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e Daya Bay Nuclear Power Complex

+ ~55 km from Hong Kong central

» All 6 reactors are in commercial
operation e

- one of top 5 most powerful nuclear
power plants in‘the world o
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Overburden: ~860 mwe
Weighted baseline: ~1650 m

A, N
s

Overburden: ~265 mwe
Weighted baseline: ~500 m
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% EH3

Water Hall

LS Hall
Ap1 ) EHI1

AD2

Daya Bay NPP

Baselines

Detailed Survey:

- 6PS above ground

- Total Station underground
- Final precision: 28mm

EHD Validation:
- 3 independent calculations
L3
L1e® - Cross-check survey
Ling Ao-IINPP - Consistent with reactor plant

Llg

12 o and design plans
Ling Ao NPP

Overburden R, FE, D12 L1,2 L34

EHI 250 1.27 57 364 857 1307

EH2 265 0.95 58 1348 480 528

200 m EH3 860 0.056 137 1912 1540 1548

TABLE I. Overburden (m.w.e), muon rate R, (HzZm?), and average

muon energy E, (GeV) of the three EHs, and the distances (m) to
the reactor pairs.



Daya Bay Detector Design
L3

_ Calibration units
Stainless steel (LED, ¢8Ge,

tank AmC-Co)

4m acrylic tank sandwiched
between top and bottom reflectors

20t 6d-LS Four layers of RPC's
(target) to tag muons

201 liquid scint.
(gamma catcher)

37t mineral
oil shield

192 PMTs

.~ 3macrylic
> vessel

5m !
2.5m water: / e

- attenuates gamma rays & neutrons
- forms two optically decoupled Cherenkov counters
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( :
Detecting Reactor Vv,

- Use the inverse B-decay reaction in Gd-doped liquid scintillator:

V., + p —>e"+n (prompt signal)
;1%-0%3% D +vy(2.2 MeV) (delayed signal)
— + 6d — 6d*
;3?8_51% &d s 6d + v's(8 MeV) (delayed signal)

* Energy of v, is given by:
E et Ce T b ek seailed RIS YE Y,
10-40 keV

- Time- and energy-tagged signal is a good
tool to suppress background events.
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eﬂay ? 2
e Calibration S

ystem of Antineutrino Detectors

3 Automatic calibration ‘robots’ (ACUs) on each detector

ACU-C ACU-A )
R=1.7725m R=0 RA=C1U35?n

Three axes: center, edge of
target, middle of gamma
catcher

3 sources for each z axis on a turntable
(position accuracy < 5 mm):

« 10 Hz %8Ge (2x0.511 MeV y'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 PMT

gain and timing

1



Stainless Steel Vess»el
(SSV) in assembly pit

Install Acryllc Vessels Install calibration units



« 6d (0.1%) + PPO (3 g/L) +
bis-MSB (15 mg/L) + LAB

« Number of proton:
(7.169+0034) x 102° p per kg

« 185-ton 6d-LS + 196-ton LS
production

185-+ 0.1% Gd-LS|stored
in five 40-1 tanks ‘

Absorbance (10-cm)

0.0019

0.0018 -

0.0017 -

"'j""H""T'l ________ ‘f‘f’i’f?"."f‘i"_l_‘yf__]____|__

0.0014 -

ooos | A 1-m apparatus yielded attenuation length

| of ~15 m @ 430 nm.
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0.0012
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Monitoring Date (since production)
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Fill Antineutrino Detectors (ADs)

_—r U - 7.
Coriolis

- Target mass is measured with: 0.104

(1) 4 load cells supporting the ’
20-t ISO tank

(2) Coriolis mass flow meters

0.103 -

0.1031+0.0002 %

Absolute uncertainty: 0.02% % ! {
Relative uncertainty: 0.02% =
- Temperature is maintained constant |
* Filling is monitored with in-situ 0.102 - , .
1 2 3 4 5 6

sensors
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“/ Getting Ling Ao Near and Far Halls Ready

EH 2 (Ling Ao Near Hall):
_E—__-K. e Began operation on
| g— -~ 5 Nov 2011

EH 3 (Far Hall):
Started data-taking on
24 Dec 2011




Daya Bay,

A3

Data Taking

Comparison of two detectors in EH1 :
- Sep. 23, 2011 - Dec. 23, 2011
- Side-by-side comparison of 2 detectors
- Demonstrated detector systematics
better than requirements.
- Details presented in:
F.P. An et al., arXiv:1202:6181 (2012)

Current oscillation analysis:

- Dec. 24, 2011 - Feb. 17, 2012
- All 3 halls (6 ADs) operating
- DAQ uptime: >97%

- Antineutrino data: ~89%

17



eayaﬂay H H
Triggers & Their Performance

. L. g T ~+LED.AD1 W
Discriminator threshold: §0.83_+"ee.:~m I
- ~0.25 p.e. for PMT signal : ; if::ﬁi i
. i
Triggers: “ ] Em
- AD: » 45 PMTs (digital trigger) 02 i —
> 0.4 MeV (analog trigger) %;_J_ﬂ_.}.o.d. A T N |
- Inner Water Cherenkov: > 6 PMTs - eyl
- Outer Water Cherenkov: > 7 PMTs (nhear) .
>8 PMTs (far) § [+wmr 1
- RPC: 3/4 layers in each module gosk o,
£ —-fr—"Ge:AD2 '?
Trigger rate: ¢ !
- AD: < 280 Hz ki ¥ €,
- Inner Water Cherenkov: < 160 Hz 02 B e
- Outer Water Cherenkov: < 200 Hz AT A DU N |
Energy [MeV]




(o :
Multiple Independent Analyses

Multiple independent analyses to cross check results.

Highlights of differences between analyses:

*Energy calibration/reconstruction
- Calibration source (60Co, 'point’ source)
- Spallation neutron (full volume)

*Antineutrino candidate selection/efficiency
- Muon veto
- Multiplicity cut
*Background studies
*Rate-only 0 ;5 analysis (perform blind analysis)

1)



Energy Calibration

Daya Bay,
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eayaﬂay H
Singles Spectrum

Dominated by low-energy radioactivity

Sources: Stainless Steel (U/Th chains); PMTs (40K, U/Th chains)
Scintillator (Radon/U/Th chains)
Measured rates: ~65 Hz in each detector (>0.7 MeV)

- A Nwa -1 > FEIAD Falar F FEAR’TFalar F
16 e g
Ij‘; e
L nE
1 “g
i |1';-
i3 2
:Y ) NN N A N N N A | l’{ETTTTTTTTTTTYTTY 111
o 4 LY L | " 12 o
Froarr"Mi V)
1-“AMM Ry -1 > FEADPFalar F F AR YFalar b
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“/ Selecting Antineutrino (IBD) Candidates

Use Prompt + Delayed correlated signal to select antineutrino
candidates.

V. spectrum
(no oscillation)

Selection:
-Prompt: 0.7 MeV < E, < 12 MeV
-Delayed: 6.0 MeV < ljzad <12 MeV
-Capture time: 1u s< At<200pu s
-Reject Flashers
- Muon Veto: 2345\5“78 510
Pool Muon: Reject 0.6ms -rom semporaa, crarra ana veger
AD Muon (>20 MeV): Reject Ims
AD Shower Muon (>2.56eV): Reject 1s
- Mulftiplicity:
No other signal > 0.7 MeV
in -200 1 s to 200 1 s of IBD.

Arbitrary

22



e
Prompt/Delayed Energy

Clear separation of antineutrino events from most other signals

—~ 20 / .
S’ , Spallation-n capture
S 181 | 3 : +
PR: ¢35 > o ane
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e et s 3 = i : =y | CHz AD"
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Uncertainty in relative E, efficiency (0.12%)
between detectors.
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. 3m-IAV (6dLS) 4m-0AV (LS)
Prompt signal

Pri vertex
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Delayed signal o

Delayed vertex
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Spatial Distributions of IBD candidates

Real data
EH1-AD1

+ After applying
all IBD
selection cuts.

- Vertices from
IBD candidates
are uniformly
distributed
within 3m-IAV.
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Events/2 us

Daya Bay,

ARG N U T T T RERRERERRE
~ < | IBDevents °
10°L — Data, DYB-ADI _
| we
10°F =
10 | 3
L N T S S L bl
0 50 100 150 200 250 300 350 400

Neutron Capture Time

Time interval (Us)

Simulation contains no background
(deviates from data at >150 u s)

Consistent capture time
measured in all detectors

— EH1
— EH2
— EH3

10°

T TTTITH

Teap ™ 29 1S

T HHH‘

Time between neutron

'L generation and capture on Gd

0 20

40 60 80 100 120 140 160 180 200

At [ns]

Measured capture times

imply relative H/Gd

capture efficiency: <0.1% between
detectors.
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13

Remaining Background

Uncorrelated background

- Accidentals: two uncorrelated events
‘accidentally’ pass the cuts and mimic IBD
event.

» Correlated background

- Muon spallation products
- 9Li/8He
- Fast neutron

- Correlated signals from ¢4 Am-13C source
- 13C(a ,n)i60

26



& Background: Accidentals

Two uncorrelated single sighals mimic an antineutrino signal
Rate and spectrum can be accurately predicted from

singles data.
= F | ' | =
3 12~ $ E
S 12 ]
T 10 Fﬁ 3 -
& %ﬁﬁ%@% w% W%«p&@ WN&M@%
w - Q,
% 8; —e— EH1-AD1 ’ % o ¢<> : Q¢% %w%%& %_
% 6— —=— EH1-AD2 E
'E 4 :_ —&— EH2-AD1 —:
S n & EH3-AD1 m&i*%n%w*%w =
S of  —EH3AD2 —
< - —s«— EH3-AD3 .
—| .

| | | |
3%9/11 23/10/11 22/11/11 22/12/11 21/01/12
Date

EH1-AD1 EHI1-AD2 EH2-AD1 EH3-AD1 EH3-AD2 EH3-AD3

Accidental 9.82+0.06 9.88+0.06 7.67+0.05  3.29+0.03 3.33+0.03  3.12+0.03
rate(/day)

B/S 1.37% 1.38% 1.44% 4.58% 4.77% 4.43%



Daya Bay,

A3

B-n decay:
- Prompt: B-decay
- Delayed: neutron capture

SLi’*He Fit
@ The S Li
g |
9L| T,,=178 ms, Q = 13. 6 MeV & "}
8He: 1,,= 119 ms, Q = 10.6 MeV '

Analysis muon veto cuts
control B/S to ~0.4:0.2%.

Background: °Li/8He B -n Decays

- Generated by cosmic rays
- Long-lived
- Mimic antineutrino signal

led=-85 +-13s

|
....,l|| ||”|”a|..| el 1 ||"|||

PRRE SR ST S TR U TN U U ST U U ST SR U NS

No#No, = 294 +- 26
N,, = 10249 +- 103

uncorrelated

v |

lu I3l ‘
| || ] ! I il |

|‘l |

E. >4 GeV (visible)

8 10 12 14 16 18 20

Time since muon (s)
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Background: Fast Neutrons

EH1 Prompt energy, AD#1 eh1_ad1_hist
Entries 38256
% - T T T T T 7 Mean 3.587
FGS"' nheutrons: g 10° | ;F:?M/Sndf 17.663'?77'
Energetic heutrons produced b § I N BomR0ee
9 P Y & [ Constrain fast-n rate using

—

cosmic rays (inside and outside of o IBD-like signals in 10-50 MeV:

muon veto system)

T 1717

10° = =
Mimics antineutrino (IBD) signal: OF e e
- Prompt: Neutron collides/stops in S Y D DU P VDR TUD I |
.l.ar.ge.l. Prompt energy (MeV)
. b
2 Delqyed: Neu'rr'on Cap‘l‘ur'es on Gd prompt energy of fast neutron candidate Entriesprompt;f n_hist 5757
1. Mean 25.93
RMS 14.06
¥ | ndf 60.24 / 34
| p0 128.7+ 1.9

Ana|y5i5 muon veto cuts - Validate with fast-n events

| Tagged by muon veto.
control B/S t0 0.06% (0.1%) Y
of far (near) signal. ST T T romptenergy (ev).
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Background: 241Am-13C Source
13

Leakage (0.5Hz) of neutron source in ACU can mimic IBD via

inelastic scattering and capture on elements in stainless steel.

13¢c
(v) 57F
| All Three ACU Capture Position z vsi(recE > 6 MeV) | hCap . —_— . n €
Entries 5352 .
4500 " Mean x -gigliS \ n .
‘Simulated neutron ey Bas Py

ol .y RMS ]l!q, ™

40005CGPTUP€ pOSITlon MSy i —i4g ' ,/" /x%k
- —2 - ‘

3500 e S T
- L @

3000[

2500/ -

% Prompt Delayed
r NeutronInelastic neutron Capture
. —l
- Constrain far site B/S t0 0.3 + 0.3%:

3 i - Measure uncorrelated gamma rays from ACU in data

- Estimate ratio of correlated/uncorrelated rate using
simulation

- Assume 100% uncertainty from simulation

soToM

il
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Daya Bay,

A3

130 ((X, n) 160

e nip = nip (1)

1.1% natural abundance 13C

>N + 12C —> n + 12C*(4.4 MeV)

|—> 26+ Y (2)

13C (o, n) 80*(6.05 MeV)

lergn !
13C (o, n) 80*(6.13 MeV)

|—> 160 +e* + e (&)
Example alpha ZERI Ny e Al 2l Sle il oY
rate in AD1

Bq 0.05 1.2 1.4 10

Near Site: 0.04+0.02 per day,
Far Site: 0.03+0.02 per day,

Background: 13C(x ,n)'€O

Potential alpha source:
238U, 232Th, 235U' ZIOPO

Each of them are measured
in-situ:

U&Th: cascading decay of
Bi(or Rn) - Po - Pb
210Po: spectrum fitting

Combining (« ,n) cross-
section, correlated
background rate is
determined.

B/S = (0.006+0.004)%
B/S = (0.04+0.02)%

31



Daya Bay,

A3

Data Summary

AD1 AD2 AD3 AD4 ADS ADG6
Antineutrino candidates 28935 28975 22466 3528 3436 3452
DAAQ live time (day) 49.5530 49.4971 48.9473
Veto time (day) 8.7418 8.9109 7.0389 0.8785 0. 8800 0.8952
Efficiency 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Accidentals (/day) 9.82+0.06 9.88+0.06 7.67+0.05 3.29+0.03 3.33+0.03 3.12+0.03
Fast neutron (/day) 0.84+0.28 0.84+0.28 0.74+0.44 0.04+0.04 0.04+0.04 0.04+0.04
8He/°Li (/day) 3.1£1.6 1.8+1.1 0.16+0.11
Am-C corr. (/day) 0.2+0.2
BC(a, n)'%0 (/day) 0.04+0.02 0.04+0.02 0.035+0.02 0.03+0.02 0.03+0.02 0.03+0.02
Antineutrino rate (/day) 714.17 717.86 532.29 71.78 69.80 70.39
+4.58 +4.60 +3.82 +1.29 +1.28 +1.28
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2272 837 Prompt (Positron) Spectra

Entries / 0.25MeV l \

13
; - 2000
4000 :_ EH1 —+- Signal % . EH2 —+- Signal
- BX Accidentals S - 3 Accidentals
: Lithium-9 2 1500~ Lithium-9
3000 341Am_13C ‘E B 24|Am_13c
. U7 Fast n — i A Fastn
[ Bn | 1000 |- (. n)
2000 . i .
- 57910 signal i 22466 signal
[ candidates sl candidates
1000 |- I
[ Ll DU PP [ , R L
% 2 4 6 8 0 12 % 2 4 6 8 10 12
Prompt energy (MeV) Prompt energy (MeV)
> i
3 ot % 800 - EH3 iiggzl -
High-statistics reactor ° | S ccidentl
. . 2 600 2113
antineutrino spectra. T ratn
i =[CR)
400 |-
° ° (. ) (. ) : 1 1 i
B/S ratio is 2% (5%) at : 0416 signal
! 500 - candidates
near (far) sites. :
e I R TP U BT
% 2 4 6 8 0 12
Prompt energy (MeV)
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Reactor Flux Calculation

Antineutrino flux is estimated for each reactor core

Flux estimated using: Isotope fission rates vs. reactor burnup
W istopes * ; § | ——u23s
S(E,) = _th JF)S:(F ' ' | = pu239
(Ev) > i(fi/F)e; Z i/ F)Si(Ev) 2 N U238
. t &0 —~— PU241
Reactor operators provide: 2 | e | v
- Thermal power data: W,, 5 *"““H_HN
- Relative isotope fission fractions: f; x ) I— ORI, T S o]
e L 100 . S J.Jf‘**r+
Energy released per fission: e, = S
V. Kopekin et al., Phys. Atom. Nucl. 67, 1892 (2004) 2 et
. . . . 10 ""T"T"T"'T"é"ﬂ""ﬁ":":"é"':":":""""i """"""""""" '"
Antineutrino spectra per fission: S(E,) [~ TR
K. Schreckenbach et al., Phys. Lett. B160, 325 (1985) © S : 51:.‘013 : w;m 15;00 —

A. A. Hahn et al., Phys. Lett. B218, 365 (1989)
P. Vogel et al., Phys. Rev. C24, 1543 (1981)

T. Mueller et al., Phys. Rev. €83, 054615 (2011)
P. Huber, Phys. Rev. C84, 024617 (2011)

Burn—up (MWD/TU)

Flux model has negligible impact on
far vs. near oscillation measurement
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Antineutrino Rate vs. Time

3% 800 } | D2 off .
PO A
T 600 — “
ﬁnﬂ - Ry y “:u;‘.“.‘..\‘
— 400 - T ﬂ‘ v ‘1"‘. N
L ‘ (

ES -
N =
= 700 —
5600 EH2
2 500 —
= =

400 —
S
(=] L
3 B
80
9 U EH3 _
g — Predicted
Q ) L
=z 0 —— Mcasurcd

40: : : ‘ "‘ )‘ w | ‘ L ‘ ‘ | |

Sep28  Oct28 Nov27  Dec27  Jan 26

Run time

Detected rate strongly
correlated with reactor
flux expectations.

Predicted Rate:

- Assumes no oscillation.

- Normalization is
determined by fit to
near-hall data.

- Absolute normalization is
within a few percent of
expectations.
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Summary of Uncertainties

Detector
Efficiency Correlated Uncorrelated
Target Protons 0.47% 0.03% FOI" near'/far‘ C(nClIYSiS, Only
Flasher cut 99.98%  0.01% 0.01% .
Delayed energy cut 90.9%  0.6% 0.129, uncorrelated uncertainties
Prompt energy cut 99.88%  0.10% 001% are used.
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 78.8% 1.9% 0.2%
Reactor
Correlated Uncorrelated
Energy/fission 0.2% Power 0.5%
ve/fission 3% Fission fraction 0.6%
Spent fuel 0.3%
Combined 3% Combined 0.8%
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a . _
Far vs. Near Comparison : V., Rate

B Ff*rl"r.'rr.:*mmr.:?d B ﬂfh + f'-ffj + ﬂffﬁ,

R = .
Fﬂr{’.k‘pﬁ'?{’ﬁ" 2?24(&’;'(1141 + M2) + BiM3)

M, : measured rates in each detector.
Weights « .8 . : determined from baselines and reactor
fluxes.

R =0.940 + 0.011 (stat) + 0.004 (syst)

Clear observation of V, deficit at the far site.
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e Bay, H
e Rate-only Analysis

Measure 6 5 using measured rates in each detector.

. L :
s o= Mg —Ta(1+e+ Y, wlar +c4) +7a]” E 35E
=2 M 5 i
iVidq C
d=1 Zz 25+
3o i(d n3> N w20,
+) =+ S+ = 3 15¢
r 9t g= \% 9B 3 1
Z 1.05 5‘
% oos o1 oas
s 20
S AT N TR T i
[Absolute rate is not constrained.] EHT EM2
0.95
Consistent results obtained by h !
independent analyses, different - 3

reactor flux models.

ORIV R R4l 1.6 18 2
Weighted Baseline [km]

sin®20 ;3 = 0.092 + 0.016 (stat) + 0.005 (syst)
sin®20 ;5 = 0 excluded at .20
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Far vs. Near Comparison : Spectrum

S
S
T ‘ T

+ Far hall

+ Near halls (scaled)

Entgies / 0.29Me\
S
S

400

200

-
T T T

Tg L ---- Nooscillation 2
120 L BestFit _Sin 2913 =0.092
s [ ,
z |
I o B I S e B S Sl e I i
5 L
~ L B

0.8 ‘

0 5 10
Prompt energy (MeV)

Spectral distortion consistent with oscillation.
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Landscape of sin?20,

° Solar + KamLAND
............... B ) cecccccaccccad
~@- Original Flux
-£-- Reevaluated Flux
@ MINOS —@- Normal Hierarchy
"""""" TR - = = === ===t -£=- Inverted Hierarchy
X T2K
.............. Y R ——
—® Double Chooz
—e— Daya Bay
1 1 1 1 I 1 I 1 L l ' Il ' 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
sin’20,,

Daya Bay surpasses all existing results
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e Bay, H
Complementarity

i : T \
- Normal - \ Inverted
ok hierarchy | mf }> hierarchy |
of & Of /
- - /
- Hypothetical result from [ . //
- / accelerator-based - // //
-2 [ \ \ experiment 2 F <
: \\\ : &\\
-TC E \\;\ -TC E \\:\\
10° 107 10" 1 10° 107 10" 1
sin?20,, sin?20, ;

Combining results from accelerator- and reactor-based experiments
could offer the first glimpse of d..
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Install the last pair of antineutrino detectors in this

summer.

Prospects For Daya Bay

We are R B m
here | ... CHOOZ 90% CL limit |
-1 Y Assume: Am?;; = 2.43 x 103 eV2

30 measurement

Rel. detector syst. = 0.38% -

| 90%CLlimitif0,,=0

~(with-3 sites-commissiohed)- -

0 05 1 15 2 25 3
Running time (years)

3.5
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/ .
Conclusions
13

« The Daya Bay reactor neutrino experiment has made an
unambiguous observation of reactor electron-antineutrino
disappearance at ~2 km:

R =0.940 =+ 0.011 (stat) + 0.004 (syst)

« Interpretation of disappearance as neutrino oscillation
yields:
sin?26 ;3 = 0.092 + 0.016 (stat) + 0.005 (syst)

ruling out zero at 5.2 standard deviations.

 Installation of last pair of antineutrino detectors this
summer.

- Daya Bay now begins precision measurement of 6 ;5.
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