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Neutrinos & Neutrino Oscillation

Fundamental building blocks of matter:
e Vi T u C t

v, ) \d st

Neutrino mass: the central issue of neutrino physics
= Tiny mass but huge amount

= Influence to Cosmology: evolution, large scale structure, ...

= Only evidence beyond the Standard Model
Neutrino oscillation: a great method to probe the mass
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Daya Bay: for a New Type of Oscillation

Goal: search for a new oscillation 6,5

0, solar neutrino oscillation @ Vi
Vo 0437
0,,atmospheric neutrino oscillation @ v
3
Neutrino mixing matrix:
1 0 0 Cis Cyo Bya 0 'Eip 0 0
0 —S54 Cga/ \ —5ya 0 o 1,0 0 1

Unknown mixing parameters: 6,3, 6 + 2 Majorana phases

Need sizable 0,5 for the 5 measurement
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Two ways to measure 0,3

Reactor experiments: o
N

P..~1—5sin220,5sin?(1.27Am?2,L/E) — . | \\R M
C05%0155iN%20,,5in? (1.27Am?;,L/E)

0.8 Small-amplitude \

Long baseline acceleratorexperiments: =z~ o7 sseillaTioh e 1676, \\

no_osc

0sc

PuezSin20235in229138in2(1.27Am223|—/E) + = oe \ //\\\-
€0520,,35iN%20,,5iN2(1.27Am?2,L/E) — o ' Large -amplitude /\ /
O
A(p)eC0520,55iN0,;05iN(5) N, éoscﬂlahon due to 0;, v
o1 1 10 10

Baseline (km)

At reactors:
Clean signal, no cross talk with 6 and matter effects
Relatively cheap compared to accelerator based experiments
Provides the direction to the future of neutrino physics
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Direct Searches in the Past

Palo Verde & Chooz: no signal

Sin220,,<0.15 @ 90%C.L.
if AM2,;=0.0024 V2

T2K: 2.5 o over bkg

0.03< Sin%20,3,<0.28 @ 90%C.L. for NH
0.04< Sin%20,3,<0.34 @ 90%C.L. for IH

Minos: 1.7 o over bkg

0 < Sin?20,;< 0.12 @ 90%C.L. NH
0 < Sin20,,< 0.19 @ 90%C.L. IH

Double Chooz: 1.7 o
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sin%20,,=0.086 * 0.041(stat) = 0.030(sys)
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Reactor Experiment: comparing

observed/expected neutrinos

14F Typical precision: 3-6%
1.2 %
1.0 beeed #.#ﬂ_ ....... P = — = — —-
o f
© 0.8 =
Z A ILL i
8 X Savannah River 2
ZO 0.6 O Bugey H ¥
X Rovno '
0.4 @ Goesgen N
A Krasnoyark *
02F O PaloVerde
B Chooz ® KamLAND
0.0 | | | |
10" 100 100 10t 10’

Distance to Reactor (m)

Precision of past exp.

Reactor power: ~ 1%
Spectrum: ~ 0.3%
Fission rate: 2%

Backgrounds: ~1-3%

Target mass: ~1-2%
Efficiency: ~ 2-3%

Our design goal: a precision of ~ 0.4%
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Daya Bay Experiment: Layout

W W RPCs

Redundancy Il

¢ Relative measurement to cancel Corr. Syst. Err.

= 2 nearsites, 1 far site
¢ Multiple AD modules at each site to reduce Uncorr. Syst. Err.

= Far: 4 modules, near:2 modules Cross check; Reduce errors by 1/AN
¢ Multiple muon detectors to reduce veto eff. uncertainties

= Water Cherenkov: 2 layers

= RPC: 4layers atthetop+ telescopes
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% EH3

EH2

L3
I.-t'.

Water Hall

Ling Ao-11 NPP
|.zl'.l
Ling Ao NPP
LS Hall
ant < EH1
AD2
Dava Bay NPP
Overburden R, E, D1,2 L1,2 L3,4
(MWE) (HzZm?) (GeV) (m) (m) (m)
EH1 250 1.27 57 364 857 1307
EH2 265 0.95 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548
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|. target: Gd-loaded scintillator _ _,_  _ ¥
192 8” PMTs/module

Anti-neutrino Detector (AD)
II. y-catcher: normal scintillator \
Two optical reflectors m

Three zones modular structure:
[11. buffer shielding: oil
and the bottom, Photocathode

coverage increased from 5.6% to 12% @

2012/3/20
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Epee (MeV)

glzi $ADI1 (—L210.9)%
£ 10f OAD2 \E,..(MeV) :
£ |
% 8 ~ 163 PE/MeV
2 [ H-capt :
6F (spallation) Target: 20t, 1.6m

v-catcher: 20t, 45cm

Co
; Buffer: 40t, 45cm
oF n Gd-capture .
o (AT IBD Soelaien) G BB = D
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Neutrino Detection: Gd-loaded Liquid Scintillator
V.+p—o>e +n
\ T~ 28 ps(0.1% Gd)
n+p =2>d +vy(2.2MeV)
N+ Gd-> Gd*+y(8 MeV)

Neutrino Event: coincidence in time,
space and energy

From Bemporad, Gratta and Vogel

Observable V Spectrum

Arbitrary

Neutrino energy:

EV+IL+£Mn—VhAp)tme+

10-40 keV 1.8 MeV: Threshold

”2 I3”“-i|l””|5”lﬁ I'}II”!I !I”Illl
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Gd-loaded Liquid Scintillator

¢ Liquid production, QA, storage
and filling at Hall 5
= 185t Gd-LS, ~180t LS, ~320toll
LAB+Gd (TMHA)3+PPO+BisMSB
¢ Stable over time

= Lightyield: ~163 PE/MeV

¢

> [ £ g i = - T 2\
o 185
= - Stable Liquid - AD1 Liquid hall: LS production and filling
g 180
175F - AD2 = UV-vis of 4-ton Dry Run Gd-L5
: £ 0.005
170 o 0.0043
C = 0.004
165 oo g gggg @ o003 =
N mw E 0.003 o = " e
160 S 0.0025 © B
r =]
- 0.002
155 'I_ L L 1 L L | L L 1 L L | L L 1 E 00015
Sep 22 Oct 22 Nov 21 Dec 21 Jan 20 Feb 19 ﬂ 0.001
Date (UTC) 0 100 200 300 400 5300
Dayvs
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Automatic Calibration System

¢ Three Z axis:
= One at the center

v For time evolution, energy scale, non-
linearity...

= One at the edge

v For efficiency, space response
= One in the y-catcher

v For efficiency, space response

¢ 3sources for each z axis:
= LED
v for T,, gainand relative QE
= 8Ge (2x0.511 MeV y’s)
v for positron threshold & non-linearity...
= 24 AmM-13C + 0Co (1.17+1.33 MeV y’s)
v For neutron capture time, ...
v For energy scale, response function, ...

¢ Once every week:

= 3 axis, 5 pointsin Z, 3 sources
2012/3/20 Automated Calibration 12
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Muon Veto Detector

— < = inner water shield
S _ ~—_-—~—_ . outer water shield

- % e, TVVK = 4 layers/module
T

=Ny T yaTss = 54 modules/near hall, 81
W=y 2 modules/far hall

= 2 telescope modules/hall
| . Water Cerenkov detector
e = Two layers, separated by
. > Tyvek/PE/Tyvek film

Ll < = 288 8” PMTs for near halls; 384

& AD PP 8” PMTs for the far hall

AD t stand t .
support stan concrete Water proceSSIng

Two active cosmic-muon veto’s = High purity de-l_onlz_ed water In
poolsalso for shielding

Water Cerenkov: Eff.>97% = Firststage water productionin
RPC Muon tracker: Eff. > 88% hall 4

= Local water re-circulation &
purification

55 /

| | .
72! )
s
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Hall 1(two ADs) Started the Operatlon on Auq 15, 2011




One AD insalled in Hall 2
sics Data Taking Started on Nov.5, 2011




Three ADs insalled in Hall 3
Physics Data Taking Started on Dec.24, 2011




Trigger Performance

Threshold for a hit:

=

AD & pool: v PE

Trigger thresholds:

=
=
=
=

AD: ~ N =45, E;,=~ 0.4 MeV
Inner pool: N,=6

Outer pool: Ny,+=7 (8 for far hall)
RPC: 3/4 layers in each module

Trigger rate(EH1)

=

=
=
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AD singles rate:
v >0.4MeV, ~ 280Hz
v >0.7MeV, ~ 60Hz

Inner pool rate: ~170 Hz
Outer pool rate: ~ 230 Hz

KHIT trigger efficiency

ESUM trigger efliciency
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=

=
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Data Set ,JIiFi(ij" (W
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Data taking fracti
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Dec. 24,2011- Feb. 17, ¢ i
2012, 55 da.yS 1: [OpAQ [DForosc liation anglysis

Data volume: 15TB 1 J[( WWW |
DAQ eff. ~97% i

Eff. for physics: ~89%
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Flashers: Imperfect PMTs

_ m-ﬁ“miﬁf Neutrinos Flashers
niriges .
EHUE h ! ﬁ
® g 2 H
= ‘E’ 1 —ADI l /
== — “woF — .
- = 10 - AD2 I
= = 4 —AD3 i
gs u e — AD4 ' |
£ ] F ans . [ 1
: ] 102k —ADS : I [P‘ |
3 : VT
- — 1 " I | 1
A 5 10° [ ' ‘
32_ ] _ - .
2
- -1 .5 P "
LS l l l L i S R N D
= : : I

P FID of delayed candidates

. |
25
‘T Column

=

T 5 . 10 15 20

Quadrant4 Quadrant3 Quadrant 2 Quadrant 1, where the
hottest PMT locates logy, ((

Quafrant)g N (Ma,xQ)2) -0

0.45
Spontaneous light emission by PMT Quadrant = Q3/(Q2+Q4)
~ 5% of PMT, 5% of event MaxQ = maxQ/sumQ
Rejection: pattern of fired PMTs Inefficiency to neutrinos:

=  Topology: a hot PMT + near-by PMTs

and opposite PMT 0.024%3 0.006%(stat)

oo o
2012/3/20 Contamination:< 0.01% 4




Single Rate: Understood

Design: ~50Hz above
1 MeV

Data: ~60Hz above
0.7 MeV, ~40Hz
above 1 MeV

Fromsample purity
and MC simulation,
each of the following
component

contribute to singles
= ~5Hz from SSV
= ~10Hz from LS
= ~25Hz from PMT
= ~5Hz from rock

All numbers are
consistent

2012/3/20

Entries /! MeV

Asymmetry

10°
10°

10®

104

102
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Asymmetry =
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Event Reconstruction: PMT Calibration

PMT gains from low-intensity LED:
= PMT HV is set for a gain of 1x10’
= Galin stability depends on environments

such as temperature =» All three hallsare  sw

kept in a temperature within £1°C

30 F SPE peaks AD1
. 25E for AD1/AD2 Mean: 19.01
2 _F RMS: 1.48
E 20
= | -
€ 15F
E 10F
05 "0 15 30 35 40
30 AD2
5 25 Mean: 18.16
£ 20 RMS: 1.37
2 15
5
= 10
5
e R | %0
2012/3/20
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SPE distribution
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Event Reconstruction: Energy Calibration

a

- . . . w10
PMT gain calibration=» No.of PEsinan AD g - "
- 2 1601
%0Co at the center =» raw energies, = 1w center
=  time dependence corrected S120F
= different for different ADs 1:2;
50Co at differentR & Z to obtainthe 6o
correctionfunction, f(R,z) =f,(R) * f,(Z) “f
= space dependence corrected ”n %11 U AT. YRR
= same for all the ADs ' | " Energy (MeV)
1.06 -
: * AD1 ACU-A ® AD1 ACU-B 4 AD1ACU-C
1.04 [ o AD2 ACU-A 0 AD2 ACU-B 4 AD2 ACU-C
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e A
el e bt T e lnaadiao
0.8] D 008l
3000 I B =
?20010000 i
f%,), 0 5550 3000 -
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'30000500 I-IIIIIIJIIlIJII|IIII|IIII|IIII|
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Event Reconstruction: Energy Calibration

Correct for energy non-linearity:
normalize to neutron capture peak
Energy uncertainty among 6 ADs

(uncorrelated):

= Relative difference between ADs is
better than 0.5%

= Uncertainties from time-variation,
non-linearity, non-uniformity... ar
also within 0.5%

Uniformity at different location

E’ 0'085 pixel numbering i
E :_ E1.5F : : :
EO0O7TE S 11711819 i 20
> o L I R S R
<008 113114 115 16
R e S S
S A0 AR L A e
0.045— 0.5 5 6 7 : 8 '
003:_ 7| SECELEEE ,.... ........ -&- Spallation neutron
E L 1:2:i3:4
0.02F oS T is Tz Zs
E R? (m?)
0.01 -O-
Loe Teo® e
of e e e
-0.01
P T I NI I I T ST BT R

2012/3/20 0.02 2 4 6 8 10 12 14 16 18 20

Pixel

Asymmtry w.r.t. AD1

0.01
0.008
0.006
0.004
0.002

-0.002
-0.004
-0.006
-0.008

-0.01=

1500
1000

500f

<E, 5> = 8.064 MeV
O, = 0.29 MeV
<E, > = 8.042 MeV

Tpns = 0.20 MeV

——AD1

—= AD2

B

9 10

12

IBD n-capture on Gd Energy (MeV)

Peak energy of different sources

e Po215 alpha
m Po212 alpha
4 Po214 alpha

© IBD n-Gd

O Spa n-Gd

4 5
AD number
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An Alternative Method

Uniformity of energy response
1.25

Using spallation neutrons in each g 2
space grid to calibrate the energy "
response

Neutrons from neutrinos can then be
reconstructed correctly o

Consistent with methods within 0.5% o

Residual non-uniformities

1.20
1.15
1.10
1.05
1.00

r (m)
[ _5231232_ Energy of spallation neutron
: ﬁ 8 o . [l AD2ACUB 300:_
- 53 - u ~ADI
_______ R o 3 iﬁ*ﬁﬁ
r —~AD2
S #
Z 200E ﬁi -H.
2150 {i
¢ & 9
N Y 2 0o b #ﬁ.{.
; $ $ i ’ $ 50 T m## ++ﬁi'
pped T LK AR b,
o T4 T
P I T B B A F adpo Stmme
. o . . . . . . 80 6.|5 7.|0 7?5 s.lo S.IS 9?0 95 10.0
2 15 1 05 0 05 1 15 2 25 Energy (MeV)

Reconstructed Z Position (m)
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Signature: V,+p—>e +n

= Prompt: e*, 1-10 MeV,

= Delayed:n, 2.2 MeV@H, 8 MeV @ Gd
= Capturetime: 28 usin 0.1% Gd-LS

Backgrounds

Event Signature and Backgrounds

= Uncorrelated: random coincidence of yy,ynor nn
v v from U/Th/K/Rn/Co...in LS, SS, PMT, Rock,...

v

n from a-n, u-capture, pu-spallationin LS, water & rock

= Correlated:

2012/3/20

v

DN NEERN

Fast neutrons: prompt—n scattering, delayed—n capture
8He/°Li: prompt— decay, delayed—n capture

Am-C source: prompt—y rays, delayed—n capture

o-n: 13C(a,n)t0

27
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Neutrino Event Selection

Pre-selection
= Reject Flashers
= Reject Triggers within (-2 ns, 200 ps) to a tagged water pool muon

Neutrino event selection
=  Multiplicity cut
v Prompt-delayed pairs within a time interval of 200 us

v No triggers(E > 0.7MeV) before the prompt signal and after the
delayed signal by 200 ps

= Muon veto
v 1s after an AD shower muon
v~ 1ms after an AD muon .
v 0.6ms after an WP muon ob e | g
> 0.7MeV < Eppompr < 12.0MeV 0o
6.0MeV < E gjayeq < 12.0MeV o O
= 1ps<At,.,<200ps e e J

2III4III6I | IEIII10III12III14I | I1B‘III1BIII20
Delayed energy (MeV) 28

(=l
TT

_"._'!1 L 4
6L . "% < I =10
Fie § . . E

x ]

Y = B3
=
I

—=10°

Prompt energy (MeV)
]

=107

4
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Selected Signal Events: Good Agreement with MC

o 2000 K . % 15001 N
= ; —~ Data, DYB-ADI | pS [ — Data, DYB-AD1  _
& 1500 4 &8 [ ]
S - —MC 1 S 1000F —MC s
~— — — —_— | .
i - - ) i -
& 1000 = = [ |
fl>) i ] QO i _
i l = B |
9 i i 500
SOOj ] m i ]
S S RS TR S S A s
6 7 8 9 10 1l 12
Prompt energy (MeV) Delayed energy (MeV)
« 10— Time between prompt-delayed _ . .
=S U F - = - Distance between prompt-delayed
Q ~+ Data, DYB-AD1+AD2 _ S . .
n | o 4000~ —— Data, DYB-AD1
L 10 E > i ]
T 7 L -
= ] = 3000F — MC 1
= 2 | E i ]
- K 5000f .
- + - )
f i : 1
1057.‘w‘.‘|H‘\...\Hw..w”m..ww.h‘é 1000: ..'. _:
0 20 40 60 80 100 120 140 160 180 200 “ ]
Time interval (us e (A SR e s



Accidental Backgrounds

""':h'" L [ _]
3 12i— ; -
8 ‘ *ﬁﬁ |
c 10 +
2 5 ﬁ%@% ;P*m;qa ;WMaM@?{
< 8 ¢¢¢¢ ¢ % ¢¢¢<¢> R & o
% - —e— EH1-AD1 v oy oo
= 6— —5— EH1-AD2 g
= 4 - —= EH2-AD1 B
§ - —&— EH3-AD1 %W%&K%W% 2B 0W
3 2 —— EH3-AD2 _—
< C —+— EH3-AD3 7

m | | | | ]

2£09;’11 23/10/11 22111/11 22/12/11 21/01/12
Date

Simple calculation:

: ~R', . «200us
N _ NE o 1_ e e’ —like triggers
accBkg n-like singles \/Z
i

EH1-AD1 EH1-AD2 EH2-AD1 EH3-AD1 EH3-AD2 EH3-AD3
Rate(/day) 9.82+0.06 9.88+0.06 7.67%x0.05 3.29£0.03 3.33+0.03 3.12%+0.03

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

n-like singles



Cross Check: QOutside the space and time window

Prompt-delayed distance
distribution. Check the fraction
of prompt-delayed pair with
distance>2m

Off-window coincidence 2
‘measure’ the accidental
background

Results in agreement within 1%o.

] H.ii- i

oo ﬁﬁﬁﬁ ﬁLliL%(:) WL{H#M |+J|>|1LWL| | . Hﬁ% %JLTLSL%'WLIT%& uWL %%Mﬁ :
350 # %% %\L% f— % % ﬁ %ﬂ%ﬁ% ]kﬁ ]L
5019/2/20 Uncertainty: <1%

4 5
prompt-delayed distantce (m)

EH3-AD1

%21 ndf 59.99 /44
p0 149.1+ 1.82
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Fast Neutrons

Look at the prompt energy spectrum above 12 MeV, to
estimate backgrounds in the region of [0.7MeV, 12MeV]:

= A fit to the spectrumin the region of [12MeV, 80 MeV] =
extrapolateto [0.7MeV, 12 MeV]

= Difference of the fitting function, 0t-order or 15t-order
polynomial, gives systematic uncertainties

> >
= 10 EH1: AD1+AD2 X%/ ndf 34.07/33 = 10 —e EH1: AD1+AD2 2 | ndf 20.45 | 32
5 ~+ EH1:ADI ) 10.18+ 0.55 & % 14341146
® 2 10 p1 -0.0906 + 0.0275
= =
w w
> >
[8a] [aa)

M L M | | e 15 1 L P I | | PRI 1 1 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Prompt energy (MeV) Prompt energy (MeV)
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Cross Check: sum up all the sources

Fast neutrons from water pools i —MC
= QObtainthe rate and energy spectrum of : ~ data
fast neutrons by tagged muons in water
pool. Consistent with MC simulation. M H
= Estimate the untagged fast neutron by : \ ”
using water pool inefficiency f

Fast neutrons from nearby rock | - ‘ o m ‘" [L

= Estimated based on MC simulation 0 10 20 30 40 50 070 80 eri

Fast neutron (event/day) | Crosschecks(event/day)
AD1 0.84+0.28 0.6+0.4

AD2 0.84+0.28 0.6+0.4

AD3 0.74+0.44 0.6+0.4

AD4 0.04+0.04 0.0440.04

AD5 0.04+0.04 0.04+0.04

ADG6 0.04+0.04 0.04+0.04

2012/3/20 Results are consistent 33



Backgrounds —8He/ Li

x10°®

Cosmic p produced °Li/®He in LS

= B-decay + neutron emitter

= t(®He/lPLi) = 171.7ms/257.2ms

= 8He/°Li, Br(n) = 12%/48%, °Li dominan
= Production rate follow E " power law

6_

E 2

Fitted °Li events / muon
I
T

Measurement: T 'I(Jéd\'/)
. . . muon energy (Ge
= Time-since-last-muon fit ‘e
ft)=B/\-e X+ §/T . e t/T e 9L i yield

= Improve the precision by reducing the
muon rate: 100

v Select only muons with an energy deposit
>1.8MeV within a [10us, 200us] window

v Issue: possible inefficiency of °Li
= Results w/ and w/o the reduction is Error follows

. L :
studied 7y = 5 L+ TR, —

50

4 5 6
time since last muon (s)

2012/3/20 NIM A564 (2006)471 34



Measurement in EH1+EH2 & Prediction in EH3

Measurementin EH1/EH2 with
good precision, but EH3 suffers
from poor statistics

Results w/ and w/o the muon
reduction consistentwithin 10%

Correlated °Li production (E ™
power law) allow us to further
constraint®Li yield in EH3

Cross check: Energy spectrum
consistent with expectation

w 160
‘g C - bkg. subtracted "Li spectrum
5 140 .
C — 'Li beta spectrum prediction
120—
100~ — | |
: palll .
80
60 —— |
40 _+_
20
C L
ot s e
0 2 4 6 8 10 12
Energy (MeV)

Fitted °Li events

Fitted °Li events

Fitted °Li events

5=
=
=

Lrd
=
=

[
=
=

100

[ -# After muon reduction EH1 9L|y|eld

J

:— =&~ NO muon reduction Unce rtainty : 509

-

T e

Ln
]
T T

: —& After muon reduction EH2 9L| y|e|d
: ==~ NO muon reduction Uncertainty . 600/(

- —@ After muon reduction !

- ==~ NO muon reduction EH3 9L| yleld
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241 Am-13C Backgrounds

Uncorrelated backgrounds: i S —— X
R =50 Hz x 200 ps x R, ;. (events/day/AD)
= R, ike Measured to be ~230/day/AD, in
consistent with MC Simulation o L
= Ris nota negligible amount, particularly at the =
far Site (B/ S -~ 317%) 150056 3000-1506-1000 500 -0~ 500 1060 7500 2000 2500

Elem]

= Measured precisely together with all the other
uncorrelated backgrounds

Correlated backgrounds:

= Neutron inelastic scattering with >6Fe + neutron
captureon °’Fe

= Simulation shows that correlated background is
0.2 events/day/AD, correspondingto a B/S
ratio of 0.03% at near site, 0.3% at far site

H aon
i 513-» 0 0Y3
T
' -

U

!
-]
o

FL_J

2

K
s

‘.j: |
f

Uncertainty: 100%
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Identify a sources:

238, 232Th, 227A¢, 210Py,...
Determine o rate from cascade
decays
Calculate backgrounds from
o rate + (a,n) cross sections

wyy ..A‘ N
Tl

..'JI.'
'.1. J

i

5 18 2

Prompt energy
Components Total o rate | BG rate

Region A Acc. Coincidence of 21°Po & ?1°Po 210pPg:

Region B Acc. Coincidence of 21°Pg & “K 10Hz at EH1 0.02/dayat EH1
RegionC Acc. Coincidence of K & 2%Po 8Hz at EH2 0.015/day at EH2
RegionD Acc. Coincidence of 2%8T| & ?1°Po oHzatEH3 0.01/dayat EH3
RegionE Cascadedecay in ??’Ac chain 1.4Bq 0.01/day
RegionF Cascadedecay in 2%U chain 0.07Bq 0.001/day
RegionG Cascadedecayin 2*Th chain 1.2Bq 0.01/day

2012/3/20 Uncertainty: 50%

3

-
(=]
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Signhals and Backgrounds

AD1 AD2 AD3 AD4 AD5 ADG6
Neutrino 28935 28975 22466 3528 3436 3452
candidates
DAQ 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 g *ep, 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/SLi (/day) 3.1+1.6 1.8+1.1 0.16+0.11

Am-C corr. (/day) 0.2+0.2

13C(a, )60 0.04 0.04 0.035 0.03 0.03 0.03

background (/day) +0.02 +0.02 +0.02 +0.02 +0.02 +0.02
Neutrino 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



Signal+Backgound Spectrum

} L
0 L
uz': 4000~ EH1 —+— Signal
g - Accidentals
E B Lithium-9
£ 3000 414 . Be
U=J . Fast n
C =R
2000 )
i 57910 signal
i candidates
1000
C Ll o | e
Uﬂ P 4 8 10 12
= [
2 800 - EH3 —+ Signal
g i Accidentals
E - Lithium-9
E 600 2414 1 B
Lﬁ : Fast n
B E (CL, l'l)
400 ]
i 10416 signal
200 - candidates
0 [ . . o | g
0 2 4 8 10 12
Prompt energy (MeV)
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- 2000
é : EH2 — Signal
Q i B2 Accidentals
=~ 1500 - Lithium-9
E : mAm—BC
LI=J : Fast n
1000 |- B
- 22466 signal
500 - candidates
% 2 4 8 10 12
Prompt energy (MeV)
B/S @EH1/2 B/S @EHS3
Accidentals ~1.4% ~4.5%
Fast neutrons ~0.1% ~0.06%
8He/°Li ~0.4% ~0.2%
Am-C ~0.03% ~0.3%
o-Nn ~0.01% ~0.04%
Sum 1.5% 4.7%

39



Energy Cuts Efficiency and Systematics

Delayed energy cut E, > 6 MeV giso00p
= Energy scale uncertainty0.5% = 5 o
= Efficiency uncertainty ~ 0.12% Sasonf
Prompt energy cut E, > 0.7 MeV 15000
10000 E
= Energy scale uncertainty2 % =» so00
= Efficiency uncertainty ~ 0.01% LR Delayed energy (M)

The inefficiency mainly
comes from edges

15000 -

10000 -

: .'.:' i so0f
osE I )
! :. - :.l . nergy (MeV)
7]'5 . - . -
2
0 i R S R c
R 5000 -
\/ lllllllllllllllllll
2 4 6 8 10 12
Eff. Corr. Un-cor

. Prompt energy (MeV)

Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
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Spill-in effect and Systematics

Neutrons generated in acrylicand LS can spill into Gd-LS and be
captured on Gd.
Simulation shows that Gd capture is increased by 5%o.

The relative differences in acrylic vessel thickness, acrylic density and
liquid density are modeled in MC

3500
— Gd capture position
3000

—— H capture position

2500 Eff. Corr. Un-corr.

Spill-in  105.0% 1.5% 0.02%

2000

1500

f

Acrylic vessel
. Low Hldensity .
3 4 5 6

LS

1000 f

500

@

Q |
Z i
m 3
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Muon Veto and Multiplicity Cut

Muon veto

= Total veto time is the sum of all the veto time
windows

= Temporal overlapis taken into account

Multiplicity cut
= Efficiency=¢g;x &, x g4
Total efficiency

= Uncertainty coming mainly from the average
neutron capture time. It is correlated.

Corr. Un-corr.
Multiplicity cut 0.02% < 0.01%
€1 €3
200pus 200pus

1
yd
> 1
1
1

1s after an AD shower mu
Imsafteran AD mu
0.6msafteran WP mu

Prompt-delayed pairs
within 200 ps

No triggers before the
prompt and after the
delayed signal by 200 ps

Efficiency isAD
dependent, see page 38

LA

1pns<Ae*-n<200ps

S I —— A

2012/3/20
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Gd Capture Fraction: H/Gd and Systematics

reconstructed neutron (delayed) capture energy spectrum

Neutron capture time from Am-C

=
S350— | _EnergyRecon |
2 Gd capture Eariea TS
@ _ H
T 300/ i AMS 222 ™ E
. 300: Underflow 1} .3‘ F L
= Overflow 3 . -
250— -
- Hcapture 2 e
200/ _ E 10* -
1500 h

100: | -| m 1,3,25_
50 ¥ ll J - Tamy = 2870+ 0,15 ps
OM oM -, = 2860+ 015 s

éFieccm. El::rgy (MeV)1 ?
Uncertainty is large if takes simply
the ratio of area 0af i
Relative Gd content variation0.1% T p h} H‘l JPr
F
- evaluated from neutron capture :H:_ |
tl me IZI- E;II 1IZIIU 1I5EI 2;31]

1D'E_

nA4f

Asymmetry

l:l

Geo metry effect on Spl ”_lnlout Neutron capture time {us)
0.02% => relativedifferencesin
Eff. Corr. Un-corr.

acrylic thickness, acrylic density and
liquid density are modeled in MC

2012/3/20 43

Gd capture ratio 83.8% 0.8% <0.1%


https://wiki.bnl.gov/dayabay/upload/Neutron_capture_spectra.png

Time Correlation Cut: 1ps <At.., <200us

Uncertainty comes from Gd concentration difference and
possible trigger time walk effect (assuming 20ns)

@2 10*

(|

- —Data: AD1+AD2

L

g 10° —MC Eff. Corr. Un-corr.
|

Capture 98.6% 0.12% 0.01%

102 time cut

10

0 50 100 150 200 250 300 350 400
Time interval (us)
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2012/3/20

Livetime

Synchronization of 3 Halls

= Divide data taking time into one-hour slices

= Discarddatain a whole slice if notall 3 hallsare running
Uncertainty

= Comes from the case when electronics buffer is full.

= This estimated to be less than 0.0025%, by either blocked trigger
ratio or accumulating all buffer full periods.

Eff. Corr. Un-corr.
Livetime 100% 0.002% <0.01%
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Alternative Analysis

Using an alternative energy calibration algorithm based
on spallation neutron peak
Different neutrino selection criteria

= Muon cut: 0.4s after an AD shower muon (different shower muon
threshold), 1.4ms after an AD muon, 0.6ms after a WP muon

= A different multiplicity cut
Results: consistent within statistical errors

IBD Prompt Visible Energy Time Between IBD Prompt and Delayed

[

=

=]
|

— Hear

Events | s

250:_ — Far

Events | 0L 1MW

200
150

100

50

b | | I - :I 1 111 11 roa bov v Py by b w Py a baa
10 12 ] 20 40 e0 80 100 420 140 160 130 200
Eplmlpl. [“EIUI] j'Tp..u [U'E']
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Side-by-side Comparison

Expected ratio of neutrino events: R(AD1/AD2) = 0.981
= The ratio is not 1 because of target mass, baseline, etc.

Measured ratio: 0.987 + 0.008(stat) + 0.003(syst)

This final check shows that
systematicerrors are under
control

2012/3/20
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2012/3/20

Predictions

Baseline
Target mass
Reactor neutrino flux

These three predictions are blinded before we fix our
analysis cuts and procedures

They are opened on Feb. 29, 2012
The physics paper is submitted to PRL on March 7, 2012
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Baseline

Survey:

= Methods: GPS, Total Station, laser tracker, level instruments, ...
= Results are compared with design values, and NPP coordinates
= Data processed by three independent software

Results: sum of all the difference less than 28 mm

Uncertainty of the fission center from reactor simulation:
= 2 cm horizontally

= 20 cm vertically %, By Total N
The combined baseline ‘* Sta@‘ @
error is 35mm, N /
corresponding to a Mﬁ,
negligible reactor flux -

uncertainty (<0.02%)

nnnnn
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Target Mass & No. of Protons

Target mass during the fillingmeasured by bellows Overflowtank
the load cell, precision~ 3kg=» 0.015%

Checked by Coriolisflow meters, precision
~0.1%

Actually target mass:

Miarget = Miii — Moverfiow = Mbeliow
M, verfiow 8Nd Mygii0us 2 determined by

geometry
M, eriiow IS MONitored by sensors One batch LAB
Target Mass Variation @f’ Quantity Relativg/Absolute
% 004— B o o — Free protons/Kg C 0.47%
T o E Density 0.0002%
% oo;:]' f\‘v:: Total mass 0.015%  0.015%
£ op | e ncensmyoour E Bellows 0.0025% 0.0025
:_ \\p = Overflow tank  0.02%  0.02%
= SR TR Total 0.03%  0.47%
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Reactor Neutrinos

Reactor neutrino spectrum . =
. H’rﬂl istopes . E_ i 1
(B) = =i/ 2 (FITISED
Thermal power, W,, measured by KIT ‘ w |
system, calibrated by KME method e o st R
Fission fraction, f;, determined by reactor = -
core simulation R R
Neutrino spectrum of fission isotopes e
Si(E,) from measurements e GBI
Energy released per fission e,
Isotope | Ey;, MeV /fission — Sl .
_235U 50100 L 0.46 : -ouelated ‘ Uncorrelated
Energy/fission 0.2% Power 0.5%
238U 205.52 £ 0.96 Ve /fission 3% Fission fraction 0.6%
239Py 209.99 + 0.60 Spent fuel — 0.3%
‘241Pu 213.60 + 0.65 Combined 3% Combined 0.8%
Kopeikin et al, Physics of Atomic Relative measurement = independent
Nuclei, Vol. 67, No. 10, 1892 (2004) from the neutrino spectrum prediction
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Daily Rate

Three halls taking data synchronously allows near-far
cancellation of reactor related uncertainties

Rate changes reflect the reactor on/off.

? 300 :_ D2 off

g 600 E ' D2 on ] ]

2 F o NP . | Predictions are

=~ 400 9§7'i T ] ]

: T | absolute, multiplied
500k ‘ | by a normalization
2600F- EH2 factor from the fitting
& S00E-

400 -
%: -
3
o SO
= [ lg— Predicted
@ 60 |- —— Measured

&~
o

Sep28  Oct28 Nov27 Dec27 Jan26
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Complete Efficiency and Systematics

: (0.18 - 0.38) %

Detector
Efficiency Correlated Uncorrelated
Target Protons 0.47% 0.03%
Flasher cut 00.98%  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% TDR
Combined 8% C19% D (2%
Reactor
Correlated Uncorrelated
Energy/fission 0.2% Power 0.5%

7 /fission 3% Fission fraction 0.6%
Spent fuel 0.3%
Combined (3% > Combined C 0.8% D
2012/3/20
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Electron Anti-neutrino Disappearence

>
Using near to predict far: & 800
()
R Ff”‘m,?(?‘g“rﬁd J'Plnflf.:]_ + J'Plnflfj + ﬂr‘fﬁ é 600
= = - = -
Fﬁr{’.l‘pt’('?{’d 2?24({T;'(ﬂff] + .f"-ffg) +ﬁjﬂffj) = 400:
Y. pAcc _ pFNeutron _ p9Lif8He  pAmC _ po-n
M, IBD; — B2 — B! B B B 200
E;mmn E;’HEH'H TJ'P'/I{T.'!;.{;;'
2
Determination of a, B: B 12f
Set R=1if no oscillation ”
.. ; . Z
Minimizethe residual reactor S 0s
Eo.

uncertainty

Observed: 9901 neutrinosat far site,
Prediction: 10530 neutrinosif no oscillation

R =0.940 +0.011 (stat) £0.004 (syst)

2012/3/20

—¢— Far hall

—}— Near halls (weighted)

& .

----- No oscillation
.- — Best Fit

10
Prompt energy (MeV)

Spectral distortion
Consistentwith oscillation
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% Analysis

V2 = 5 SIN%20,3=0.092 £ 0.016(stat) £ 0.005(syst)
v2INDF = 4.26/4 e
€ near-
+ }5.2 ¢ for non-zero 0,5 ent.
3 115
ZA 1.1?—
ZE 1.05 f— -
_ 005 0l o3
1 ____E‘m—'E':I ________________
T N
- EH1" EH2 }
0.95 — ~—
: e ﬁ—
09—
0 Glz | I{:l_l4l | :U.Iﬁl UIS | |1_|2| | |1_I4I | Il_lfjl | I1.|SI )
2012/3/20 Weighted Baseline [km]
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Future plan

Assembly of AD7 and ADS8 Is underway now, to
be completed before summer

Current data taking will continue until the
summer

Summer activities:

= Installationof AD7 & ADS
= Detector calibration

Re-start data taking after summer
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The Daya Bay Collaboration

Political Map of the World, June 1999
Europe (2)
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of Sci. and Tech., CGNPG, CIAE, Dongguan
Polytech. Univ., Nanjing Univ., Nankai Univ.,
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North America (16)
BNL, Caltech, LBNL, lowa State Univ.,
lllinois Inst. Tech., Princeton, RPI,

UC-Berkeley, UCLA, Univ. of Cincinnati,
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National Taiwan Univ., National Chiao Tung Univ.,

~250 Collaborators
National United Univ.
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Summary

Electron anti-neutrino disappearance is observed at Daya
Bay,

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

together with a spectral distortion

2012/3/20

A new type of neutrino oscillation is thus discovered

Sin?206,,=0.092+ 0.016 (stat)+0.005(syst)
v2INDF = 4.26/4
5.2 ¢ for non-zero 0,
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