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Significance of 6,
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AmZ,, =~ 2.5 x 103 eV?2

* What is v, fraction of v,?
 U_; is the gateway to CP violation in neutrino sector:
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AmMZ,, ~ 7.9 x 105 eV?
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Some Methods For Determining 0,,
Method 1. Accelerator Experiments

p  target horn decay pipe absorber detector

o 2
* Am,,"L
. ———-TE/"—”/""""“"u___,~ _— a2 c 2 . 2 31
— = — P, =sin"20,;s1n"20,,sin 1E + ...
v

* v, — V, appearance experiment
- need other mixing parameters to extract 6,;

* baseline O(100-1000 km), matter effects present
* expensive

Method 2: Reactor Experiments

v

. o Am, 'L . o[ Am, 'L
P, ~1-sin"20, sm2( Tg ) —cos” 6,,sin”26,, s1n2( Tzl )

v

- v, — X disappearance experiment
* baseline O(1 km), no matter effect, no ambiguity
* relatively cheap
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Reactor v,

» Fission processes in nuclear reactors produce huge
number of low-energy v,

3 GW,,, generates 6 x 1020 v, per sec
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Detecting v With Liquid Scintillator

Use the inverse [-decay reaction in 0.1% Gd-doped liquid scintillator:

v, +p—e +n (prompt)
0.3b
50,000b — + 6d — Gd*

+p— D +v(2.2 MeV) (delayed)

> 6d + y's(8 MeV) (delayed)

Arbitrary

- Time- and energy-tagged signal is a good
tool to suppress background events.

» Energy of v, is given by:
Es~ T+ To+(m,-m)+m =T, +18MeV

10-40 keV
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From Bemporad, Gratta and Vogel

Observable vV Spectrum




Chooz: Finding 04,

Chooz B
P - 84 GWTh Nuclear Pl:::.\lgr Station

EURPURNIRI AL L L,
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5-ton 0.1% Gd-loaded liquid scintillator

2 x 4200 MWth

R o
70 i
v

D = 300 mwe

to detect v,+p = e* +n

Rate:

Events
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o Reactor OFF
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~5 evts/day/ton (full power)
including 0.2-0.4 bkg/day/ton
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Systematic uncertainties
parameter relative uncertainty (%)
reaction cross section 1.9
number of protons 0.8
detection efficiency 1.5
reactor power 0.7
energy released per fission 0.6
combined 2.7

Daya Bay



Current Knowledge of 0,3

Direct search

—— Palo Verde (excluded)
— — CHOOZ (excluded)
SK 90% CL (allowed)
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At Am?, = 2.5 x 10-3 eV?,
sin220,,< 0.17
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allowed region
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number of sigma

Global fit

Sy oscillation parameter bounds on 4,
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Fogli etal., hep-ph/0506083



Daya Bay Collaboration

Political Map of the World, June 1999
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Daya Bay: Goal And Approach

- Determine sin®26,; with a sensitivity of <0.01
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* Recommendation of the APS Neutrino Study Group:

» An expeditiously deployed multidetector reactor experument with
sensitivity to v_disappearance down to sin® 20 . = 0.01, an order

of magnitude below present limats.
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How To Reach A Precision of 0.01 in Daya Bay?

- Increase statistics:
- Use more powerful nuclear reactors
- Utilize larger target mass, hence larger detectors

- Suppress background:
- (o deeper underground to gain overburden for reducing cosmogenic
background
- Use active shield around the target

* Reduce systematic uncertainties:

- Reactor-related:

 Optimize baseline for best sensitivity and smaller residual reactor-
related errors

* Near and far detectors o minimize reactor-related errors

- Detector-related:
» Use "Identical” pairs of detectors to do relative measurement
+ Comprehensive program in calibration/monitoring of detectors
» Interchange near and far detectors (optional)
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The Daya Bay Nuclear Power Complex

» 12th most powerful in the world Ling Ao IT NPP: Ling Ao NPP:

(11;6 6Wip) 2 x 2.9 GW,, 2x2.9 6GW,,
* Fifth most powerful by 2011 (17.4 p— i =

6W,,)

- Adjacent to mountain, easy to
construct tunnels to reach
underground labs with sufficient
overburden to suppress cosmic rays




Where To Place The Detectors ?

* Since reactor v, are low-energy, it is a disappearance experiment:

Am L

P(v, = x) ~sin° 20, sinz(

Small-amplitude oscillation
due to 6,3 integrated over E

4 ) .2
—cos” 0,,s1n” 20, , sin
) 13 12 ( 4E

1\

AmglL)

Large-amplitude
oscillation due to 6;,

. -

0.8

* Place near detector(s) close to

\

reactor(s) to measure flux and b5

spectrum of v, for normalization,

hence reducing reactor-related 04 |

systematic

 Sin?20,,=0.1
- Am?,, = 2.5 x 10-
 Sin?20,,=0.825

Am?,; = 8.2 x 10°

0.2
- Position a far detector near

the first oscillation maximum

Disappearance probability

to get the highest sensitivity,
and also be less affected by 0,

-0.2
0.1
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Baseline optimization and site selection

Inputs to the process:

- Flux and energy spectrum of reactor antineutrino

- Systematic uncertainties of reactors and detectors
- Ambient background and uncertainties
- Position-dependent rates and spectra of cosmogenic neutrons and °Li

. Ideal case with a single reactor
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Kam-Biu Luk

Far site
1615 m from Ling Ao
1985 m from Daya
Overburden: 350 m

Empty detectors: moved to underground
halls through access tunnel.

Filled detectors: transported between
underground halls via horizontal tunnels.

Ling Ao Near
4 ~500 m from Ling Ao
| Overburden: 112 m

S A - el 9
873 m from Ling Ao .%. e Fe ®
56Am Al = Flo 27 5 (under const. )

v =

’ N St

v Cons'rr-u

o S “\ tunnel § LQn Ao

e NP
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Civil Design Almost Complete

@ | vzar 28, 0818, 0X10.§ G PR TERUERRRAONE
© | z6rs8 12, X9 041, § e
oI 329, [1%6. 2X7. 58 \ .
¥ uiits 8L0. 016, 2471
A0 | wsus 473.006. 2.1
@ | wzus 93,096,207, 1
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s Total tunnel length is about 3100 m
[
[
Snw

Estimated total construction cost is
~$11 M

Construction will start this summer

First experimental hall is available

&
LEtRtaRaRL

& FA BB A RAT after 13 months
- — o TR
i phs e o Construction time is ~22 months
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Antineutrino Detectors

+  Three-zone cylindrical detector design
- Target: 20 T (0.1% 6d-LS), radius = 1.55 m —E =

- Gamma catcher: 20 T (LS), thickness = 0.42 m | L
- Buffer : 40 T (mineral oil) , thickness = 0.48 m e
. O O ORI 08
* Low-background 8" PMT: 192 | arget
5m L
*  Reflectors at top and bottom | O o
T L [OE O8
* Photocathode coverage: i
el

5.6 % — 12% (with reflectors)

§ X’ /ndf 3350 /7 Entties 9825 } | ‘ , ‘
P1 177 | o Mean 12.29
- 12+ 2 RMS 6318 bUffer'
z 5 amma catcher
2 L\ O/E=12%NE | % « 9
- — 100
= o.=12 cm ; |
@R L N 500 r |
%} 8 — 95 |-
& - 400 - 90.7%
- SELELLLEL..
6~ 300 g Ll : ’
s 200 % ssf :
5 I B | - i !
0 2 4 6 8 0 C 1
0 5 10 15 2 25 30 35 40 45 50 75 : 1
Energy (MeV) At (cm) : | I
ol Lo L IR
. ‘e . ) 0 10 20 30 40 50 60 70 80 90
° E'ghT lden-rlcal de-reclror modules Gamma cather thickness (cm)
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Abs at 430 nm

Gd-Liquid Scintillator

0.007 .
. l . A ©1.2% Gd in PC —
0.006 | = - °® 1 e B [10.2% Gd in PC Mar 01, 2007
. A C % 0.2% Gd in 20%PC 80% Dodecane |
nopsd . . ~—1 v D ~0.2% Gd in LAB .
‘ % 0.2% Gd in 20%PC 80%LAB <f>
000 ] S > :
0.004 ] o o & o PONDNIDN 863 days
J 0.0%: < KOO0
0003w . b4 v 4 v 0.007 1530
N 0006
0.002 = o * “ 'y - 0,005
oo} 3 O O X X X O 311 days
. . 0,008 - O oooxE s K o X X
o 1light yields ~50% of anthracene a0 ] X MK X XKA XA o
0.0015 K—ADXK A 486 days
0.000 : : T I T ] . 0000 : : . " y gl
1 5 20 30 50 a0 120 wWe04 02/12/05 06/ /05 o ‘DI% 02/07/06 06/07/06 W06/06 02'02/07 06/02/07

Date

A.Gd-isonanoate in 4: 6 mesitylene/dodecane
B.6d-ethylhexanoate in 2: 8 mesitylene/dodecane
C.Gd-isonanoate in LAB

D.Gd-ethylhexanoate in 2: 8 mesitylene/LAB

- Use LAB (Linear Alkyl Benzene):
- good stability - high light yield
- high flash point - no EH&S issues
- used in bio. sc. - cheap (raw material for
making detergent)
Kam-Biu Luk Daya Bay
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2-zone Prototype at IHEP

- 0.5 ton unloaded LS (now replaced with 6d-LS)
45 8" PMTS with reflecting top and bottom

e R Data 170 -
0.005 [ — Simulation r i -
L 160 a .
0.004F . :
i 150 b
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r 140}
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F C = simulation result
C 130
0.0011— r
Pl L d b S P DU PUUT PEUTE PR, (W 1200 ";0' 7 S '2'0' : '4‘0' :
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calibration gamma energy ( MeV ) . .
calibration gamma energy ( MeV )
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Cosmic-ray Muon

* Use a modified Gaisser parametrization for cosmic-ray flux at surface
» Apply MUSIC and mountain profile tfo estimate muon intensity & energy

£ 500
] -2
] 10
400 E;
. \\'} -3
300 e 10
. . = 4
2 ] ~N -
200 - EBESES m = 10
a = P -5
100 : =10 == aya Bay
2| ] & .
n & : 112 m = 6 m— [.Ing A0
. - . 10 .
= 3 =) ——
2400, 208 m : 5 = = Mid
2200 : = o~ S
4 “72000 &7 " S;EB m 10
ﬁ llll 1 1 llllll[ 1 | lllllll | | lllllll 1
] 2 3
e 1 10 10 10
d0g, o 1000 1200 1400 1600 Muon Energy (GeV)

200 400 600 =

DYB | LingAo | Mid Far
Overburden (m) 98 112 208 355
Muon intensity (Hz/m2) | 1.16 | 0.73 | 0.17 | 0.041
Mean Energy (GeV) 55 60 97 138
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Shielding Antineutrino Detectors

Survived gammas from all isotopes vs water thickness (scaled from 5m x 5m square at center) |

— — —
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Thickness-of water / m
‘t-~

Fast neutrons per day (far site)

0.30
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0.05

Neutron background vs

thickness of water
2.5 m of
| water
+ 4
__________________ '___+___+__ .
1
0. 1, 2

water ’rhickﬁess (m)

+ Detector modules enclosed by 2.5 m of water to shield
energetic neutrons produced by cosmic-ray muons and
gamma-rays from the surrounding rock

Kam-Biu Luk
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An Example of the Muon System

Two stacks of e it PRt ien
fwoRPC'sto | ¥ N W N

track muons -

r L Ls
et 2t
T SR Y — — 3
= |
.4 l .
. ! |
) n |
2 = Em
7 i
Ky i W) ! !

Water shield also serves as
Cherenkov counter for tagging muons

» Combined efficiency of Cherenkov and tracker > 99.5% with error

measured to better than 0.25%
Kam-Biu Luk Daya Bay 23



- Uncorrelated background:
Sources: U/Th/K/Rn/neutron

Single gamma rate @ 0.9MeV < 50Hz/module

Background

Single neutron rate < 1000/day/module

» Correlated backgrounds: n « E 97°

Fast Neutrons: double coincidence
8He/°Li: beta-neutron emitting decays

1.003

1.002 %\

1.001

0.999 -

Events per 100 msec / signal fit

4 near detectors |

1.000 - %‘ --

T

- All these background events can be measured oLi
and corrected %00 o.l?ime Smceméwon (Sec1).l5 2.0
Per module Daya Bay Near Ling Ao Near Far Hall

Baseline (m) 363 481 from Ling Ao | 1985 from Daya Bay
526 from Ling Ao II | 1615 from Ling Ao’s

Overburden (m) 98 112 350

Radioactivity (Hz) <50 <50 <50

Muon rate (Hz) 36 22 1.2

Antineutrino Signal (events/day) 930 760 90

Accidental Background/Signal (%) <0.2 <0.2 <0.1

Fast neutron Background/Signal (%) 0.1 0.1 0.1

SHe+"Li Background/Signal (%) 0.3 0.2 0.2




Controlling Target Mass & Composition
- Store one batch of pure LAB ina 200-T tank

* Mix and fill a pair of detector at a time underground with controls of
Coriolis mass flow meters (reproducible at 0.1%), load cells (0.008%
accuracy), and volume flow meters (good to 0.02%), as well as
temperature monitoring :
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Calibration And Monitoring

mass flow automated calibration with A== manani
volume flow radioactive sources é
e I 5 v/

N ‘F" o attenuation length iy~ S“';g:'t
measurement in central ' _r_.T ’
target and gamma | PL |

level sensors catcher 2] ]
| | 0
| platform
: Source
load sensors Vi -

4

+ Use a manual system to do full-volume calibrations

* Monitor level, load and temperature sensors regularly

 Weekly calibration with radioactive sources and LED
along vertical axes with an automated calibration system
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Calibrating Energy Cuts

% = reconstructed neutron (delayed) capture energy spectrum
S 400 Rec
3 350 B %%
o S A Mean 7
g 350 E ek 300 ﬁ maus 222
= e % erfiow 0
< 300 “_ : Overflow 4
- 250( '
C e : .
250 g \
C 200 !
200 |— [Nt i S cutat 6 MeV
= 150 {
150 -
= True Energy 100 1
100 « Geant Energy : o &
- Reconstructed Energy 50 I A \
50— ! !
- 0 3 . : . -
0 - 1 l 1 N, 1 1 1 1 l 1 1 L 2 4 6 8 10 ‘2
0.2 0.4 0.6 0.8 1 1.2 1.4 Recon. Energy (MeV)

Positron Energy Spectrum (MeV)

+ Routine calibration with
- %8Ge: e* annihilation yields two 0.511 MeV y's
- 60Co0: 2.6 MeV iny's

- 238Py-13C (a-n source):

o (238Py) + 13C — 170

"’548 MeV L 160"‘ n
— 160* + n

g 160 + v (6.13 MeV) 7

Kam-Biu Luk Daya Bay



Systematic Uncertainties

- Reactor-related:

Near detectors

really help !
Number of cores Qv o,(power) | o,(location) | o ,(total)
- 0.338 0.035% 0.08% 0.087%
6 0.392 0.097% 0.08% 0.126%
- Detector-related:
Source of uncertainty Chooz Daya Bay (relative)
(absolute) | Baseline | Goal | Goal w/Swapping
# protons | H/C ratio 0.8 0.2 0.1 0
Mass - 0.2 0.02 0.006
Detector | Energy cuts 0.8 0.2 0.1 0.1
Efficiency | Position cuts 0.32 0.0 0.0 0.0
Time cuts 0.4 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 < 0.01 | <0.01 < 0.01
Total detector-related uncertainty 1.7% 0.38% | 0.18% 0.12%
anticipated
Kam-Biu Luk Daya Bay with R&D
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Sensitivity in sin®20,;

90% confidence level

-~ 2 - 1
L}
)
% 4.5 v |~ Chooz
?w \ Daya Bay
‘ .
- ‘E TR Near-mid
1
X 3.5 § .:¢%
o = ' 5
5 3
2.5
2
< |\ Vg
[ . >
1.5 S Y ©
@ | W
1 ~ s
0.5 | IIIII|| | | IIII| I~.Y-I
102 10"
. 2
sin"20,,

- Use rate and spectral shape
* input relative detector
systematic error of 0.38%
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Far

Mid 85 LA

DyB DyB
0.07 / /
Sept| 2009 | |
0.06] DYB-+mid: 9 months with 4 cores
: Nears+far: 6 months with 4 cores
I Nears+far: rest of run with 6 cores
0.05+
| June 2010
0.04
("2 _____
D I |
& 003 |
= i |
v |
0.021 |
| une 2011
— 1 June 2013
001 T .
| | |
| | |
0.00 g b A ! [
0 1 2 3 4 5

Year

Sensitivity of 9 months running
with near-mid, 3 years with near-far
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Funding And Support

» Funding Committed from
» Chinese Academy of Sciences,
* Ministry of Science and Technology
* Natural Science Foundation of China
» China Guangdong Nuclear Power Group
* Shenzhen municipal government
* Guangdong provincial government

» Strong support from:
* China Guangdong Nuclear Power Group y 9
- China atomic energy agency ;.
» China nuclear safety agency

» Supported by BNL/LBNL LDRD funds

» Supported by DOE $1M R&D to date

- Support by funding agencies from other
countries & regions

» China plans to provide civil construction and ~half of the detector

systems; U.S.plans to bear ~half of the detector cost
Kam-Biu Luk Daya Bay 30
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Summary

* The Daya Bay experiment will reach a sensitivity of < 0.01
for sin220,,

- Design of detectors is in progress and R&D is ongoing
+ Completed DOE scientific review, and is preparing for DOE
CD-1 review in April, 2007

* Detailed design of tunnels and infrastructures is in
progress

* The Daya Bay Collaboration continues to grow

* Received commitments from Chinese agencies and power
plant

* Plan to start civil construction in 2007, deploying
detectors in 2009, begin full operation in 2010, and reach
the designed sensitivity by 2013

Kam-Biu Luk Daya Bay 31



Schedule

» Will begin civil construction
* Bring up the first pair of detectors

* Begin data taking with the Near-Mid
configuration

* Begin data taking with the Near-Far
configuration

* Reach sin®26,5 < 0.01

Kam-Biu Luk Daya Bay

Jun 2007

Jun 2009

Sept 2009

Jun 2010

Jun 2013
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Aberdeen Tunnel Experiment (Hong Kong)

For studying cosmic muons, spallation neutrons, and gamma background

10

- 3 ‘ Gamma spectra taken in the Aberdeen Tunnel

Black = Spectrum taken in the cross tunnel
Red = Spectrum taken in the laboratory

Counts (per sec)
o

001 -

0.001 T - 5 - :
0 500 1000 1500 2000 2500
Energy (keV)
similar overburden/geology 2-fold comnirates (Hz perm2) RI
81 b | (66: 3 RPCs stacked up on
| etween|Aberdeen | ' R3
~ lland Daya Bay S Gas gap not R4
8 5 5 250B401 ¢ R e
g . E 2.00E+01 | ——RI-R4 2-fold countrate
_5 < 1.50E+01 A ., = R1-R3 2-fold countrate
3 q;cé égggig(l) A . —+—R3-R4 2 fold countrate
pl) . o WAL
o b ﬁ =~ S D00BH0) sortwsertcaoses
e = L “ 0 500 1000
Elements
Seconds

Fig. 1 A companzon of rock compositions at Daya Bay and Aberdeer




