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Reactor antineutrino oscillation

Reactor as v, source
— Free and pure
— No dependence on CP phase or
matter effect at short baseline
Precision measurement of
0,; at Daya Bay

— Large thermal power (6x2.9
GW,, ) and target mass (8x20 kt)

— Near/far relative measurement
to reduce reactor related errors

— ldentically designed multiple
detectors to verify and reduce
detector related errors

— Good shielding and enough
overburden to reduce
backgrounds
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Far sit

The Daya Bay experiment

e

350m overburden

Daya Bay Cores
2x2.9GW,,,

Ling Ao near site

: 112m overburden s

o Daya Bay near Slt
II 98m overburden

Ling Ao Cores
2x2.9GW,,,

Multi-detectors
2-1-3 configuration
Cuntil July 28, 2012)
2-2-4 configuration
(from Oct 19, 2012)




Antineutrino detector

* Three zones structure:
— Target: 20t 0.1% Gd-loaded scintillator

— y-catcher: 20 t scintillator \\
— Buffer shielding: mineral oil ~— ‘

* Top and bottom optical reflectors
double the photon coverage.

e 192 8” PMTs collect ~160 p.e./MeV

8 identically designed detectors to
reduce systematic uncertainties
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Muon veto system

e \Water CherenkOV — i B inner water shield

~ = outer water shield

detector TS < e

— Two layers:inner (>1.5m) w7 . 4 Ve
and outer (1m) layers | P T s T T

— Also for shielding

— 288 8” PMTs in each near
hall

— 384 8” PMTs in Far Hall
* 4-layer RPC modules |y AR
above pool LR
— 54 modules in each near hall
— 81 modules in Far hall AD

— 2 telescope modules/hall AD support stand concrete
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Timeline of detector installation

8-AD Data Taking
2012/10 - now




E.c Asymmetry w.r.t. Mean Peak Energy (%)

Relative energy scale

6AD 6+8AD
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Gamma: 40K, 208T|
Alpha:  212Pg, 214po, 216pg
* <0.2% variation in reconstructed energy between ADs
[

Improved from 0.35% in 2013 which was between 6 detectors.



Scintillator non-linearity

Meas./ fit

Energy non-linearity calibration

1.1

Gamma calibration data
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 Two major sources of non-linearity
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— Scintillator response: modeled with Birks’ law and Cherenkov fraction
— Electronics response: modeled with MC and single channel FADC measurement

* Combined fit to mono-energetic gamma lines and !?B beta-decay spectrum
* Validation with 2%8Th, 214Bi beta-decay spectrum, Michel electron spectrum,

and scintillator quenching measurement using neutron beams and Compton
scattering electrons.
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Analysis data set

6AD period (217 days)

2011/12/24 - 2012/07/28

8AD period (404 days)

2012/10/19 - 2013/11/27

Past oscillation results

0,,, PRL. 108, 171803 (2012) [55 days]
6,,, CPC 37, 011001 (2013) [139 days]

— 08, & Am?2,, PRL. 112, 061801 (2014)

[217 days]

Latest analysis :

6+8 AD combined nGd 6,5 analysis [621
days]

6AD absolute reactor flux and spectrum
measurement [217 days]

6AD nH O, rate analysis, PRD 90,
071101(R) (2014) [217 days]

6AD light sterile neutrino search, PRL
113, 141802 (2014) [217 days]

Data taking fraction Data taking fraction
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Antineutrino candidates selection (IBD)

* Reject PMT flashers

* Muon veto

— Water pool muon: reject 0.6 ms
— AD muon (>20 MeV): reject 1 ms
— AD shower muon (>20 GeV): reject 1 s

* Prompt positron: 0.7 MeV <E <12.0 MeV
* Delayed neutron: 6.0 MeV < E;<12.0 MeV
* Neutron capture time: 1 ps < Atp_d <200 ps

* Multiplicity: isolated candidate pairs

Efficiency Uncertainty

Correlated |Uncorrelated
Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction| 104.9% 1.50% 0.02%
Cotvrbiriéd 80.6% 2.1% 0.2%

Prompt energy (MeV)

[~
o

— —
[=2] = 1]
N AL R

———————————————————————

-
[l
IIIIII| | IIIIIII| | IIIIIII| -

LR R
||||||||||| ||| ||| IIT-ﬂ-I |-.|||||||I|I|||-|
2 4 6 8 10 12 14 16 18 20

10%

10

100

N TN N N T |
50

Delayed energy (MeV)

— Data
— MC

Rl

L I S EE - I Y B S|
100 150 200 250 300

AT, [us]

—
o
s

—
=]
(2]

—
=]
]

-
o

1



IBD rate versus time

Over 1 million antineutrino interactions detected!
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Background budget

Method

Statistically calculated from
uncorrelated singles

Measured with after-muon events

Measured from RPC/OWS tagged
muon events

MC benchmarked with single
gamma and strong AmC source

Calculated from measured
radioactivity

Background | Near Far | Uncertainty
Accidentals | 1.4% | 2.3% @ Negligible
9Li/8He 0.4% | 0.4% @ ~50%
Fast neutron 0.1% | 0.1% @ ~30%
AmC source | 0.03% ' 0.2% @ ~50%
Alpha-n 0.01% 0.1% @ ~50%
[En1]
RP:gj-onI\f}agged © OWS tagged g 5i-
—::’ L e Em =
H ’ RPC Array . g -
——————— 0k -
<5 |OWS g ) g
Son IWS B
“: 105_?
AD
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— Data
—— OWS-tagged

—— RPC-only-tagged

Fast neutron background
with uncertainty

IGOI . .m. IBOI
Prompt signal energy (MeV)

Comment

Same as before

Same as before

Model independent
measurement

Two sources are taken
out in Far site ADs

Same as before

AmC source taken out
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Data summary

= 6AD perlod AD1 AD2 AD3 AD4 AD5S ADE
IED candidates 1019908 103137 03742 13830 13814 13645
DAQ live time(day) 100.980 180.623 180.766
Ep 0.8234 0.8207 0.8576 0.9811 0.9811 0.9808
Em 0.9741 0.9745 0.9757 0.0744 0.9742 0.974
Accidentals( /day) 053+0.10 0.20 +0.10 7.40 =0.08 2.031+0.03 2.87+0.03 2.81x0.03
Fast neutron(/day) 0.78 £0.12 0.54 £0.19 0.05+0.01
OLi/8He( /day) 28+15 1.7+0.0 0.27 +0.14
AmC correlated( /day) 0.27 =0.12 0.25+0.11 0.27 = 0.12 0.22 +0.10 0.21+0.10 0.21 =0.00
B C(a, n)®O(/day) 0.08 +0.04 0.07 + 0.04 0.05 + 0.03 0.05+0.03 0.05+0.03  0.05+0.03
IBD rate(/day) 652384+ 258 66202250 | 58084214 | 73.04 067 7271067 71.88L£0.67
side-by-side ibd rate ratio 0.985 = 0.005
— 8AD period
AD1 AD2 AD3 ADs AD4 ADSs ADad ADT
IED candidates 202461 206217 103356 100046 27067 27380 27032 27419
DAQ live time(day) 374.447 378.407 372.685
24 0.8255 0.8223 0.8574 0.8577 0.9811 0.9811 0.9808 0.9811
Em 0.9746 0.9749 0.9759 0.9756 0.9762 0.976 0.9757 0.9758
Accidentals( /day) 8.62 + 0.09 8.76 &+ 0.09 6.43 £ 0.07 6.86 % 0.07 1.07+£0.01 0944+0.01 0944001 1.26%+0.01
Fast neutron(/day) 0.78+0.12 0.54 +0.19 0.05 £0.01
oLi/8He( /day) 28415 1.7+ 009 0.27 £0.14
AmC correlated( /day) 0.20 + 0.09 0.21 +0.10 0.18 + 0.08 0.22 4+ 0.10 0064003 0044002 0044002 0.07+0.03
BC(a, n)**O(/day) 0.08 &+ 0.04 0.07 & 0.04 0.05 4 0.03 0.07 £ 0.04 0.054+0.03 0054003 0.054+0.03 0.05+0.03
IBD rate(/day) 65058 £ 212 67436+214 | 601.77 £1.67 50081+ 166 | 7433 X048 7540+040 74441048 7515+0.49
side-by-side ibd rate ratio 0.978 + 0.004 1.019 + 0.004

Consistent rate for side-by-side detectors

2015/3/3
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Consistent spectrum for side-by-side detectors

AD1/AD2 (6+8AD data)
Expected: 0.982
Measured: 0.981 +0.004

AD3/ADS (8AD data)
Expected: 1.012
Measured: 1.019+0.004
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Rate deficit and spectrum distortion
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Oscillation results

s 2 _ +0.005 e , , <
2 +0.10 3, 2 S \—f E
|Am’ |=2.447 " x107 (eV") 5 e e e
e 0.11 . 99.7% C.L. i
2 : B 95.5% C.L. |
x I/ NDF =134.7/146 RN S NN R .
:::‘ B ) - - - T =1
o Best fit - —
. o - - ,,/"’ T2K
* Most precise measurement o, Lo 17 ;
of sin?20,; (6%) = 0 : N
. o B i MINOS
« Most precise measurement 5 s - “'““*\\ﬂ
of Am?_,in the electron i 1
neutrino disappearance " Daya Bay: 621 days 1o
Channel (4%) 1_% 1 1 1 ID.DEI 1 1 1 {]1 1 1 1 ID.15I 1 | 1 Il5lll1dllj15l
sin?(26..,) Ay?

— Consistent with the muon
neutrino disappearance
experiments

— Comparable precision

MINOS: PRL, 112, 191801 (2014)
T2K: PRL, 112, 181801 (2014)

Publication in preparation



Absolute reactor flux measurement

e Measured reactor flux
(Y and o) consistent

between 6 ADs

 Data/Prediction is

consistent with
previous short baseline
experiments (reactor

flux anomaly)

235U . 238U . QSQPU . 241Pu

0.586: 0.076 : 0.288 : 0.050

IBD

Yield

Y ( cm®*/GW/day)
afr (cn12fﬁss'10r1)

(1.55 4 0.04) x 1073
(5.9340.14) x 10~**

N VI « «
-+ DayaBay(stat) 14 g
B o Daya Bay w/ corr. (stat ) 5 i
— Data Combined {syst ) | . E
- I Huber+Mueller —62..°
N ILL+Vogel i %’E
— 1 =
- ; —60 ©
- i H 1
. B 3 Hx H -
- —{58
B [ [ [ [ [ [ [ ]
ADA AD2 AD3 AD4 ADS ADG Model
81-2 T T T
Pt |
= n
= 10 II 2 {
§ I ﬂ | i
i Ft l 1 II
L —— Previous data
08— —s— Daya Bay
B — World Average
u =] 1-9Exp. Unc.
5 2] 1-oFux Unc.
ol sst ) PR PR |

Data / Prediction

R (Huber+Mueller)
R (ILL+Vogel)

0.946 + 0.022
0.991 + 0.023
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Publication in preparation
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Entries / 250 keV

Data/Prediction

Absolute spectral shape measurement

Absolute spectral shape is NOT
consistent with the prediction. A
bump is observed in 4-6 MeV.
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Unfolding

Another way to precisely measure
antineutrino spectrum

10™ em’” / fission / MeV

Daya Bay / Huber+Mueller

0.5

1.2
1.1

0.9f

0.8
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0.5

IBD prompt spectrum =>»
antineutrino spectrum

Beta decay spectrum =2 antineutrino
spectrum (Huber, Mueller, ILL)

+ Daya Bay Spectrum
—— Huber + Mueller

T

Antineutrino Energy (MeV)

Publication in preparation



Independent 6,; measurement through nH

e Key feature LI A
, . . [+H > D+y 2.2 MeV 200 us
— High statistics (additional 20 ton G5 Cd SCadiy7 s MV 3075

LS target per AD)

5 10 T
— Different systematic 2 = o L@
uncertainties from nGd analysis “ 7=
6E
5ES
e Challenges o]
3E
— High accidental background s {m
* Longer capture time 2 2 ';
=
* Lower delayed energy 6 EL
5 ;
* Strategy 3 e e
2 jes e I
— Raise prompt energy cut 3 gg— {:’h
S E00E background-subtracted
(>1.5MeV) i ;%g— delayed energy distribution
— Require prompt to delay £ 300
distance cut (<0.5m) 335_ o
2015/3/3 e e e e S NN S S



nH analysis result

Full 6AD data (217 days) s

Rate analysis measures %
sin?2015= 0.083 +- 0.018 £

An independent and

consistent result with nGd

analysis

Another precise measurement
of sin%20,,

Spectrum distortion is
consistent with oscillation
explanation.

— Spectral shape analysis in
progress
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Search for light sterile neutrino

P(Pe — D) =1 — cos® 814 sin” 20,3 sin” (AmiEL)
. . Ve) =1 — 14 S1 13 S1 e —
* An uniqgue opportunity for e 4E,
sterile neutrino searches G 2opyin’ ( )
— Sterile neutrino would introduce v
additional oscillation mode. Expected Sensitivity
— Relative measurement at multiple ke S
baselines of Daya Bay: EH1 (~350 2 rate deficit &
m), EH2 (NSOO m), EH3 (~1600 m) NE: * KARMEN+LSND 95% CL
— Region of 103 eV?2<Am?,,<0.1 Lok Bugey so% L omrsm)
eV? explored :
- From relative :
- spectrum — \
L 2|  distortion Excluded
N 107}
—— EH1 -
- —— EH2 - Sensitivity
—e— EH3
| ,%m S T 3 v best fit i Daya Bay 95% CLs
B 3v + sterile (illustratio EH1 "
>" 0'95__ 107 e EH1+EH2
o i e EH1+EH3
- [ —— 3 EMs (5% flux uncertainty)
0.9‘_ ----- - === 3 EMs (spectra only)
0_ |0I2 L L L I4 L L L I6 L L L 0|8 L 10‘4 3 | | 11‘12 L L L;JI 1 1



e Full 6AD data (217 days)
* No significant signal

(Measured) / (Expected from EH1)

observed, consistent with 3-

flavor neutrino oscillation.

e Set most stringent limit at
103eV?2<Am?,, < 0.1 eV?
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PRL 113, 141802 (2014)
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Summary

High precision measurement with 621 days of data
sin” 26,, = 0.084" 0.

| Am’, |=2.4471) x107 (eV?)

The precision of both sin?20,; and Am?_, is expected to be
further improved to 3% by the end of 2017

Many other analysis carried out [ " { o Publishedpaper < TK
— Precision measurement of reactor :32;.102 i ’ Confereme:talk +§§EV .
flux and spectrum c F - Double Chocz.
— An independent oscillation ”g A \ .
analysis using nH captures s 0 5
— Search for light sterile neutrino ii;
Stay tuned for future results! : IOE ]
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