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Daya Bay,

" Neutrino Oscillati (3-fl )
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Near/far measurement reduces
13
systematic uncertalntles

-~ 1.1

Absolute Reactor Flux: - ]
Largest uncertainty in previous Z1.05 =
measurements 1 _g
Relative Measurement: 0.95 N

Multiple detectors removes
absolute uncertainty

Near detector(s)

constrain flux T
Far detector(s)

measure oscillation
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First proposed by L. A. Mikaelyan and V.V.

Sinev, Phys. Atomic Nucl. 63 1002 (2000) 08~ e ; E—
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Daya Bay,

s Daya Bay Experiment Site

Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

Ling Ao | + I

6 commercial reactor cores
with 17.4 GW,, total power. e o e

6 Antineutrino Detectors (ADs)
give 120 tons total target mass.

reactors

Via GPS and modern theodolites, relative
detector-core positions known to 3 cm.

n: ~250 mwe
te dba eline: ~360 m
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Detection Method

Inverse B-decay (IBD):

vV, +p— e +n
i ~30us
n+"Gd—""Gd+vy
n
Prompt positron: %tg

Carries antineutrino energy 2/ P \ Y
E.,=E,—0.8 MeV v %
-

Delayed neutron capture:
Efficiently tags antineutrino signal

Prompt + Delayed coincidence provides distinctive signature

7/24/2012 7



Antineutrino Detectors

6 ‘functionally identical’ detectors:
Reduce systematic uncertainties

w = () (@) () [FEs
3 nested cylinders:

Inner: 20 tons Gd-doped LS (d=3.1m)
Mid: 20 tons LS (d=4m) —
Outer: 40 tons mineral oil buffer (d=5m)

Each detector:

192 8-inch Photomultipliers
Reflectors at top/bottom of cylinder
Provides (7.5 / VE + 0.9)% energy resolution

7/24/2012 o
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Antineutrino detectors are transported from surface
assembly building to underground filling hall




‘b Antineutrino detectors are transported from surface
assembly building to underground filling hall
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Daya Bay

= Detector Fillin

LS Gd-LS MO

®

. -

detector in e
Lo | M) ey

scintillator hall Fesel aams.

~
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=

ISO tank on load cells ,/g.//

Mass precision: 3 kg/20T

Coriolis flow
meters

3 fluids filled simultaneously, with heights matched to
Detectors are fille ’ from Sae minimize stress on acrylic vessels
reservoirs “in-pairs” within < 2 * Gadolinium-doped Liquid Scintillator (GdLS)
weeks. * Liquid Scintillator (LS)
13 * Mineral Oil (MO)



Daya Bay,

13

Hall 1 installation

Hall 1 data taking began
6/20/2012 D. M. Webber, UW-Madison Aug 15, 2011



Muon Tagging System

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

&=, inner water shield
RPCs T I outer water shield

=

* Outer layer of water veto (on G ™ ’ W
sides and bottom) is 1m thick, =T T 4

i
inner layer >1.5m. Water extends TSI ST i y T ]
2.5m above ADs yill 1 I + 8 '_. e RS
e 288 8” PMTs in each near hall LT
- 384 8” PMTs in Far Hall R -

* 4-layer RPC modules above pool \

e 54 modules in each near hall
e 81 modulesin Far Hall

AD :
AD support stand concrete /

15



Observation of Water Shield
Background Suppression

AD reconstructed events position
during the pool filling

AD Reconstructed Position T

Enfries 65328

i e Mean x 0.08425

E o] (Meany 1.8
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in air RuSy D

- 7
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I.'I-:" ,1' .._ o o o o g
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2

=1.5 o T L. .' o i
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Hall 1: Began 2 AD operation
on Aug. 15, 2011

Hall 2: Began 1 AD operation
on Nov. 5, 2011

Hall 3: Began 3 AD operation
on Dec. 24, 2011

2 more ADs still in assembly;
installation planned for
Summer 2012




Side-by-Side Comparison

Multiple detectors allows detailed comparison and cross-checks.

Two ADs in Hall 1 have functionally . i e 20
. . 104 = 1 EH1 AD2
identical spectra and response. : §115% LA [t
o [ e nH i
E 10° _—i_-""“’m (i‘\\_% +Ai"l 10° = T q i \ - EH3 AD2
w 100 & 1 "y 1 = ] :' i_'.».:.;:—,:';} - 1: EH3 AD3
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" systematic uncertainty.
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[
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Antineutrino (IBD) Sel

Prompt + Delayed Selection
- Reject Flashers

vo+p=2et+n

- Prompt Positron: 0.7 MeV < Ep <12 MeV
- Delayed Neutron: 6.0 MeV < E, <12 MeV

- Capture time: 1 ps < At < 200 ps
- Muon Veto:

Pool Muon (12 PMTs): Reject 0.6 ms

AD Muon (>20 MeV): Reject 1 ms

AD Shower Muon (>2.5GeV): Reject 1 s

- Multiplicity:
No other signal > 0.7 MeV in -200 ps to 200 us of IBD.
200ps 200us

a "M

v)

v
-+

Uncertainty in relative E efficiency (0.12%)
between detectors is largest systematic.

19
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Daya Bay,

(3

Background: Accidentals

Accidentals: Two uncorrelated events ‘accidentally’ passing the cuts and
mimic IBD event.

> F ' ]
3 12 E
§ 105 el zwww gz
Rate and spectrum can be 2 - ¢¢¢ ¢ 3 %
accurately predicted from '%" 8 o erras e <’ #’Q S’ ST 0 o %
singles data. = 60 o Entan ]
= 42 —&— EH2-AD1 -
@ T e EMa. =
Multiple analyses/methods N R
estimate consistent rates. < 2 -+ EH3.AD3 B
2£0|9111 23I1|0I11 22/1l1!11 2211|2I11 21!0|1I12
Date
EH1-AD1 EH1-AD2 EH2-AD1 EH3-AD1 EH3-AD2 EH3-AD3
Accidental [9.73%£0.10 [9.61+0.10 |7.55+0.05 |[3.05+0.04 |3.04+0.04 |2.93+0.03
rate(/day)
B/S 1.4% 1.4% 1.4% 4.6% 4.8% 4.4%

20




Daya Bay,
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Correlated events mimic IBD events

Fast Neutrons
Energetic neutrons produced by cosmic rays
(inside and outside of muon veto system)

Mimics antineutrino (IBD) signal
Prompt: Neutron collides/stops in target
Delayed: Neutron captures on Gd

/

untagged u
M tagged by muon system

Analysis muon veto cuts control
B/S: 0.06% (0.1%) of far (near) signal.

21

Background: Fast neutrons

EH1 Prompt energy, AD#1 eh1_adi_hist
Entries 38256
> e Mean 3.587
g B RMS 247
N 10 ¥/ ndf 17.66 /17
4 5 po 8.685 = 0.6895
5 -
i,
10° . .
F Constrain fast-n rate using
o b IBD-like signals in 10-50 MeV
10 -—
: L L l i Ll il ' e A e s o b L
0 5 10 15 20 25 30 35 40 45 50
Prompt energy (MeV)
prompt energy of fast neutron candidate prompt_fn_hist
Entries 6191
_ru|r]r1|r]l1|r'||1|r'||r|r]|"']lfMean 25%
BMS 14.06
%2 ! ndf 60.24 / 34
B po 128.7 + 1.9

Validate with fast-n events
tagged by muon veto.

L,.LI.,..I.,..J.,..J....l.L..I.L..l..,.l..,.l..,.l

0 5 10

15

20

30 35 40 45 50
prompt energy (MeV)




Daya Bay,

or Background: Li/He decay

Correlated events mimic IBD events

OLi

.\ 7" neutron
- prompt: B-decay y R
- delayed: neutron capture i | 1\ ¢ !
)Li—°Be
Generated by cosmic rays, long-lived %Li”He Fit
3Li: 7, = 178 ms, Q = 13. 6 MeV Ol Example of the fit
8He: T, = 119 ms, Q = 10.6 MeV i oLi o
a "o uncorrelate
"Li/°He, Br(n) = 48% /12%, "Li dominant Rt .
- R R I"l!q'h'!I 1 i :-f|'i i ll:;iiﬁl‘-:'il.f H
fit with known decay times for 8He/°Li -
i E.>4 GeV (visible)
Analysis muon veto cuts control B/S to T T T T T T T T T
~0.3% (0.4%) of far (near) signal. ot e oWom WA

Time since last muon (s)
22
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Data Set Summary

> 200k antineutrino interactions!

Antineutrino candidates 69121 69714 66473 9788 9669 9452

DAQ live time (day) 127.5470 127.3763 126.2646

Efficiency 0.8015 0.7986 0.8364 0.9555 0.9552 0.9547

Accidentals (/day) 9.73+0.10 9.61x0.10 7.55x=0.08 3.05x=0.04 3.04x0.04 2.9310.03

Fast neutron (/day) 0.77+0.24 0.77+0.24 0.58%0.33 0.05%0.02 0.05%0.02 0.05%0.02

8He/°Li (/day) 29115 20x1.1 0.22+0.12

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

13C(a, n)10 (/day) 0.08+0.04 0.07x=0.04 0.05x0.03 0.04+0.02 0.04£0.02 0.04x0.02

Antineutrino rate (/day) 662.47 670.87 613.53 77.57 76.62 74.97
+3.00 +3.01 +2.69 +0.85 +0.85 +0.84

Consistent rates for side-by-side detectors

Uncertainty currently dominated by statistics

6/20/2012 D. M. Webber, UW-Madison 23



Daya Bay,
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Systematic Uncertainties

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 08.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 10070% 0.002% <0.01%
Combined 78.8% 1.9%
Reactor
Correlated Uncorrelated
Energy /fission 0.2% Power 0.5%
IBD /fission 3% Fission fraction 0.6%
Spent fuel 0.3%
Combined 3% Combined I

6/20/2012 D. M. Webber, UW-Madison 24



A3 Rate Analysis

Estimate 0,; using measured rates in each detector.

g 115F 70E Uses standard x? approach.
s [ 60
E 1.1 N 285 Far vs. near relative measurement.
g - ° 3ok [Absolute rate is not constrained.]
g : 20
Zz 105 10¢ Consistent results obtained by
N 0 independent analyses, different
§ ] s SRS reactor flux models.
N EH1 EH2
095+ .
N Most precise
0ok measurement of
_l o e b oo bow s bewo bes o bog o by o by Sin22613 to date.

0O 02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]

sin?20,; = 0.089 *+ 0.010 (stat) + 0.005 (syst)



EE Far vs. Near Comparison

Compare the far/near measured rates and spectra

>
%2000_ _+_ Far hall R _ Fﬂrf‘mgﬂ_q“;?d _ 4'1-‘1?4 + 4'1"1?5 + ﬂ‘fﬁ,
p - —}— Near halls (weighted) Farexpected Z?: JailMy + M) + BiM3)
£1500f M_are th d rates in each d
5 - . are the measured rates in each detector.
Yot Weights a;,3, are determined from baselines
1000: and reactor fluxes.
500F
03 . . R =0.944 £ 0.007 (stat) £ 0.003 (syst)

E - No oscillation Clear observation of far site deficit.
% 1-2_' l — Best Fit

B * . . . .
S I3 I le Rate-only | spectral distortion consistent with
g I e oscillation.*

i ® T ol
~ R | ®
= B |
v 0'80 — ;3 —_— L * Caveat: Spectral systematics not fully studied;

10 6.. value from sh lysis i
Prompt energy (MeV) 13 Value from shape analysis is not
recommended.
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Antineutrino Rate vs. Time

Detected rate strongly

Run time

C b oot o 4 correlated with reactor
n O _2 N\ «  flux expectations.

—  EH1 -eeeeee Predicted (sin’2q,, = 0) Dlo

= Predicted (sin’2q, , = 0.089) "

- —— Measured +

- EH2 y Lioff SR Y T

- ' it Ty g AN iy +

RN i A ke Predicted Rate:

[ L2on L1 on - Normalization is

— s { + determined by data fit.
E “ ﬂ + H** bt i H , { - Absolute normalization
1 bl '\ ol ' I {# i by A is within a few percent
" vl {. T {4 }H { of expectations.
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Daya Bay,

s Other Recent 0,5 Results

°14¢£ulm'q:;

—— Far Detector
—+— Near Detector

Double Chooz, Neutrino2012 RENO, Neutrino2012
i U TG i 2 S > 4{}-_ E= Fast neutron
> [ —&— Double Chooz 2012 Data = - = e ¢l Aoaidontal
3 1200 :g?:.:.::(z Bast 1 Sachgrounde ) xi:iﬁ_— Lif'He
::; ~ ot aml, - 000232 oV (id0t = 41.935) = i =
3 1000 B e :‘u:‘:o'exwm‘ (see insets) - ...; 1000 - % ZU:—
: Fast n and Stopping u ‘q.; - S E
h—;: : c M‘m_“:i-;:---;:ag-a;-- E - f-%lﬂ-_
800 | s = s
| laa i a3} : .
| §a I % 5 10
600 &j i ot ) S00— Prompt energy [MaV]

"1;‘- Preliminary:

Far / Near

0.8 +++'}‘}+ s %*Hﬁ;ﬁ

0 5

Prompt enerlg%! [MeV]
sin” 20,, = 0.113+0.013(s7at.) = 0.019(syst.)

Rate only: sin?20,, = 0.170 +0.035(stat) +£0.040(syst)
Rate+Shape: sin?20,,;= 0.109 +0.030(stat) +0.025(syst)
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“Comparison of 613 Measurements

Sc:tlar + KamLAND :
— ' : —e— original flux
I—————O—————-| —G—reeval flux
' ' Tzh;: ' '
7 e e =
i i i —e— normal hier.
I . | MINOS —0—! inverted hier.
- :— o—=——— —| i
" Double Ch | | :
I *— C:ll : OC‘;Z —I—' original result PRL:
B B I e b analysis R =0.940 + 0.011 (stat) + 0.004 (sys)
’ vE R ’ ’ sin220,, = 0.092 + 0.016 (stat) + 0.005 (sys)
| REmo
I TEK Update
Double Chocdz Update:
: . ——| —@— rate- only
== N o- — -|5 —O—' rate+shape
I—H Dayga Bay Up;rdate Updated result:
; | ; ; ; ; R =0.944 + 0.007 (stat) + 0.003 (syst)

0 0.05 0.1 0.15 20.2 0.25 0.3  sin%20,;,=0.089 £ 0.010 (stat) + 0.005 (syst)
sin 2913
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s
More Work for Daya Bay

Primary Science Goals
- Definitive precision measurement of sin?28,
- Measurement of Am?,,

Additional Science Goals
- Precise reactor flux and spectra measurements. Will have largest reactor antineutrino

data set collected.
- Measurement of cosmogenic neutrons & isotopes over a range of muon energies and

(modest) depths.
- Search for new, non-standard antineutrino interactions

Technical studies
- Demonstrate multi-year operation of “functionally identical detectors”. Track performance

versus time.
- Verify long term GdLS stability.

6/20/2012 D. M. Webber, UW-Madison 30



Daya Bay,

-

ya Bay Collaboration

An International Effort _

Asia (20)

IHEP, Beijing Normal Univ., Chengdu Univ. of Sci
and Tech, CGNPG, CIAE, Dongguan Polytech,
Nanjing Univ., Nankai Univ., NCEPU, Shandong
Univ., Shanghai Jiao Tong Univ., Shenzhen Univ.,
Tsinghua Univ., USTC, Zhongshan Univ., Univ. of
Hong Kong, Chinese Univ. of Hong Kong, National
Taiwan Univ., National Chiao Tung Univ., National
United Univ.

North America (16)

Brookhaven Natl’ Lab, Cal Tech, Cincinnati,
Houston, Illinois Institute of Technology,

lowa State, Lawrence Berkeley Natl’ Lab,
Princeton, Rensselaer Polytech, UC Berkeley,
UCLA, Wisconsin, William & Mary, Virginia Tech,
Illinois, Siena College

Europe (2)

Charles Univ., Dubna

ollaboration Me

or Neutrino Experiment C
] v 11-12,2012

RO e
K. C WO ices and VTR CURK

& 38 institutions
~230 collaborators




s Summary

- With 2.5x more data, the Daya Bay reactor neutrino experiment
measures a far/near antineutrino deficit at ~2 km:

R =0.944 + 0.007 (stat) £ 0.003 (syst)
[Previous value: R = 0.940 + 0.011 (stat) + 0.004 (syst)]

- Interpretation of disappearance as neutrino oscillation yields:

sin?20,; = 0.089 *+ 0.010 (stat) * 0.005 (syst)
[Previous value: sin*29,; = 0.092 + 0.016 (stat) £ 0.005 (syst)]

- Installation of final pair of antineutrino detectors this year

Expect more results from Daya Bay!

Il .Webber, UW-Madison . o 32
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Daya Bay,

" ino Oscillation (3-fl )
cij = cos(B); :
sij = sin(65); Uwinsp Matrix
' 172 Maki, Nakagawa, Sakata, Pontecorvo
Ve 1 13 spze” " Cl2 512 el11/2y,
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i T _
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— 4 4 4 global B 15— ]
S f N / 1< .
© or 1 o 1.2 [ ]
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= B 1 E 2 - E 5 L _
<k N - 1%t ]
- atmospheric - solar+KamL ] B ]
B L1 1 1 L1 1 1 L1 11 111 I_ 1 __TCHDDZ I __ ﬂ i 1 | 11 1 | 1 1 | | N — | | 1 1
'DG 0-25 0-5 G ?5 -.'_ 11 > 1 1 1 1 101l ” 1 1 17 02 54 ﬂ_S D_B
e 10 10 20
sin 923 sin2913 SN %5 schwetz et al

arXiv:0808.201 .
updated as of 2010
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Leak check



(- |
Data Period e

A. Two Detector Comparison: arXiv:1202:6181 l]‘

- Sep. 23,2011 - Dec. 23, 2011

- Side-by-side comparison of 2 detectors in Hall 1

- Demonstrated detector systematics _
better than requirements. FHan i e

- Soon published in Nucl. Inst. and Meth. BN e &

£

0.6

0.6

0.4

Data taking fraction

B. First Oscillation Result: arxiv:1203:1669
- Dec. 24, 2011 — Feb. 17, 2012

Data taking fraction

- All 3 halls (6 ADs) operating o2k !
- First observation of v, disappearance f"'a" 2. A P PR
- Phys. Rev. Lett. 108, 171803 (2012) I e S
C. This Update: L
- Dec. 24, 2011 — May 11, 2012 : b
- More than 2.5x the previous data set O

OEH.a". 3 1

Nov 01
2011



