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Antineutrino Detectors (AD)

Gd-loaded

) * v, are detected via Inverse Beta Decays (IBDs) :
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Experiment Installation and Operation History
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Latest Results

O 3-v Oscillation Measurements:
O nGd analysis (1230 days)
O nH analysis (621 days)

1 Search for a sterile neutrino (621 days)

] Reactor antineutrino :

0 Absolute rate & shape measurement(621
days)
[ Evolution of the Rate and shape (1230 days)

1 Search for neutrino decoherence

] Search for a seasonal variation of cosmic
muon flux (621 days)

0 Cosmogenic neutron production
measurement (621 days)

6AD(217days) : 2011Dec-2012Jul

8AD(404days): 20120ct-2013Nov
8AD(1013 days): 20120ct-2015Jul
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Energy reconstruction

(a) © Neutron from muon spallation & Alpha from natural radioactivity 1_1__
® Neutron from IBD = Gamma from calibration source = —
¢ Neutron from Am-C source 4 Gamma from natural radioactivity g :
oL AD1 s‘; r AD2 §1.05}
1 j C
Af > =
] o -
Lol o - Gamma ray data
oF w - Mn ¢ Single gamma source
NS 2095 frgg ¢ Multiple gamma source
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of i ¢ s F
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Reconstructed energy (MeV) e C
. ) = 1.00
e AD-by-AD differences: SR
. . . 2 0.98
* various calibration references gt
(deployed/naturally occurring) g 096 i )
. . o ot = ——— Energy Model + 68.3% C.L.
* Relative Energy scale uncertainty < 0.2% 2 oo ¥
& c Cross-validation
. . Q -
e Absolute antineutrino energy 8 0%2p
H H H C 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
e Obtained via energy model which maps 0-905 2 6 8 10

reconstructed energy to true energy IBD Positron Energy

* Calibrated with mono-energy gamma sources  Absolute energy scale uncertainty ~1%
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Oscillation Analyses —nGd

e More than 2.5 million IBDs (300K in the far hall) with
background contamination < 2%

 Major improvement is the relative detection efficiency
uncertainty : reduced from 0.2% to 0.13%:
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Oscillation Analyses Result- nGd

2 1.267Am3.L

N 4 . o . 2 1.267Am3,L . 2 :
* P55, ®1—cos®6;3sin® 20;; sin® =——*= — sin® 26,3 sin —
Am2, = c0s%0,, |Am2,| + sin? 0;,|Am3,|, |Am3,| = |Am2,| F 5.2 x 107°eV? for NH (-) /IH(+)
* A relative Rate+Shape measurement provides the world’s most precise measurement of 8,3 and Am2,

Experiment Value

Daya Bay nGd e 0.084140.0033
RENO nGd ——i 0.086+0.007
Daya Bay unH —— 0.07140.011
D-CHOOZ nGd+nH —— 0.11940.016
RENO nH —_— 0.086+£0.019
I)ily(fh‘h‘iﬂll . U”DULHB]‘;
@ T2K NH ———— 0.105%003
=
— 11 ——————  0.1165)3%
NX D-CHOOZ nH 0.0950 0%
- 0.06 008 0.1 012 0.14
:’é sin® 263
S
4 )
Experiment Value (1072 eV?)
51 i i i i i i | Daya Bay —_— 2.4540.08
005 006 007 008 009 010 011 012 L0081
sin® 20,3 T2K ' * ! 254057050
MINOS — 2.4240.09
sin? 20,3 = 0.0841 4 0.0027(stat.) + 0.0019(syst.) NOvA —_— 2674011
|Am2Z,| = (2.50 + 0.06(stat.) + 0.06(syst.)) X 1073eV?  Super-K 250043
2 Fa40.17
X RENO 256718
ndf = 234.7/263 IceCube 250705

23 24 25 26 27 28
Phys. Rev. D 95, 072006 (2017) |Am2,| (NH, 10-%eV?) 9



Entries / 0.3 MeV

Far / Near (weighted)

S
=
3

Oscillation Analyses: nH

Independent measurement using relative rate difference between far and near
Challenging:

* much higher accidental contamination
* Control the detection efficiency uncertainties

2
nH: sin?2 6,5 = 0.071 + 0.011, rfo =6.3/6
Combined nH+nGd: sin” 26,5 = 0.082 + 0.004
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- et o —4— Far hall B P I
8000 [— et —+— Near halls (weighted) 2 C
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6000 [ = = 098
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r g Q -
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1 S s 094~ 4 nGddata  ~~_p
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) R S M N 0.92 - nH+nGd result
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Prompt Energy [MeV] Phys. Rev. D 93, 072011 (2016)
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(Measured) / (Expected from EH1)

Search for Light Sterile Neutrino Mixing
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1
.2
sin 291 4

spectrum at the three sites

Search for sterile mixing by a relative comparison of energy

Obtain the most stringent limits on sin? 26, in the |AmZ, |

region from 2 X 10™%eV?2t0 0.2 eV? PRL 117, 151802 (2016)

Including Bugey-3 v, disappearance data, Dayabay & MINOS

combined analysis exclude parameter space allowed by
MiniBoone and LSND for Am2, < 0.8 eV? PRL 117, 151801

(2016)
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Reactor Antineutrino Flux and Spectrum

Y (x 107 em? GW ' day™)

Data / Prediction

Measurement of IBD yield is Comparison between the measured spectrum
consistent with other short Shape with Huber+Mueller shows a 2.9 o
baseline reactor experiments discrepancy overall(4.4 o in the 4-6 MeV)
1-7_8-AD
L] Daya Bay (stat.) -
Daya Bay w/ corr. (stat.
[ ’ Da;a Ba§ Combinidt(;g)fst.) [ | 80000—(A) e —Data
Huber + Muyeler &~ =T g :
16| ILL + Vogel E s0000l— == 4—@ .Full uncertainty
- == Reactor uncertainty
PR= S Yl L TR T b § T = =
:_lu (=) *[:] g T E 40000 mE
L R R S E L= T
gl E. 2. % 2. 95 ‘D.‘ % g i 20000/— E S Integrateri
- - o~ I (] ) ™ ™ B e
T - — iy S
R (Huber+Mueller) 0.94640.020 (exp.) TE,E 128 :
- _ _g 1-1 **_.__._-.- se.
R (ILL+Vogel) 0.9924+0.021 (exp.) EE 1 e
[« ™
o8 09
12— . . §£ e ‘2
c aF - 1 .
1-0 1 % 2__ A 10 2(_:;
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B B L : ol i 10°2
L —s— Previous data “8 —2:— L 104§
08— I :Svayzl?:y = a4 1 MeV window 3 10_24
i 3 -0 Exp. Uno. 2 3 ' 3 10
B [[] 1-6 Flux Unc. Prompt Energy (MeV)
| . , Chin. Phys. C 41, 13002(2017)
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Evolution of Reactor v, Flux and Spectrum

Fuel evolution are measured in
effective fission fraction of F,

0.36 ~
0.32 *;
20.28 A y
/
EH2
0.20
2012 2013 2014 2015
Year
1.0
=@ [y =@ Fiy
0.8 =@ Fig =@ oy
._ o -
.ﬁ0.6 -~ .‘-l'.-....__._-.-_.
0.4 o
0.2 O---—-o---'--'."".".".-
0.0 §=:-=-= === =9==0=9=-9
0.24 0.26 0.28 0.30 0.32 0.34 0.36
Fisg
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Fo3s
0.63 0.60 0.57 0.54 0.51
— 6.05 — . . : .
c -~
2 6.00 $.
)]
2 5.95 |
o 590 pecccmcccaThb eeeaaaaa
E 5.85 }
7 5380} N
= —— Best fit = =+ Model (Rescaled) A
= 575 F__. Average ¢ Daya Bay
b 5.70 L ] ] ] ] 1
0.24 0.26 0.28 0.30 0.32 0.34 0.36

F239

- Clear correlation between v, yield and

fuel evolution

- inconsistent with Huber+Muller
model at 3 o, indicating non-equal
fractional deficit of the 4 isotopes,
that resulting to the overall
measured flux deficit compared
with theory prediction

Phys. Rev. Lett. 118, 251801(2017)
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Evolution of Reactor v, Flux and Spectrum

e Extracted the individual

yield for the two 9
dominant isotopes(?3°U, )
239Py) using constraints . X
from two minor ones L4 o

(238U,241Pu) 5 5

. e A Daya Bay

- Identified 2*>U as the T | —— Huber model w/ 68% C.L.
primary source for the a >-0
reactor anomaly .

- Disfavored equal deficit of & Ny
all isotopes at 2.8 o s 4.0

- Evolution of spectrumisin = e
good agreement with g3 5%
Huber-Mueller model and s (0L LO 10 T 99.7%

L 30
Zhg\IQ//IS r\]/O abnormalltles at 52 56 60 64 68 7.2
- € o935 [107% cm? / fission]

Phys. Rev. Lett. 118, 251801(2017)
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Search for Neutrino Decoherence

* Neutrino planewave approximation:

* Flavor state is the coherence
supposition of the mass states

* Not self-consistant, even though
successful in explaining most
experimental results

* In the wave package treatment
frame work, where neutrino
momentum is described by a
Gaussian wave-packet, the
oscillation probability depends on
one additional parameter: relative
intrinsic momentum dispersion o,

e Provide the first experimental
constraints on o,

107 < 6 < 0.23

2018/2/18-24 Lake Louise Winter Institute
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Modulation of Cosmic Muon Flux

e Precise Measurement of the cosmic muon at different overburdens (i.e. average muon energies)

e Observed a clear correlation with the effective atmospheric temperature
* Less dense atmosphere under higher temperature, lower the mesons’ probability of interaction

-

©

©
s

The measured correlation coefficients is
consistent with the model prediction
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B Q . ;
% I points: D1,
- O 08— D2 and D3 BK
299 No Muon Data s [ )
g |
_ 4 1} 2 06—
200 P& Jath. S
: : “'ﬁ . x a-“""ﬁ‘ :?‘ 1 (1 © :
: w . &R R 04~
218 ' ?5 14 ¥ 3 ) “:-"u‘% -
-t i S I %tj i - Models
T 1 Y T - — oK)
216~ L " i 32;‘[1‘ ' 0.2/~ - - afm)
L ,2 o 7\
| ?v._ [ X C
i F .: —l 1 1 1 L1 | || 1 1 1 1 111 || 1 1 1
214 ¥ . %% 100 1000
- ; (E_..c0s6) [GeV]
B | | \ l I
212 O1Jan12 01Jul12 31 Dec12 02Jul13 31 Dec13 JCAP01(2018)001

Time 16


https://doi.org/10.1088/1475-7516/2018/01/001

Neutron Yield Measurement

* Neutrons produced by cosmic rays are important background in
underground experiments

e Measured Neutron ]yields in the three experimental halls with different

overburdens (l.e. di

ferent average muon energies)

e Comparison between measurement and MC (Geant4 and Fluka) shows
some discrepancies of the MC models

EH1 EH2 EH3
EY,, (GeV) 63.9 £3.8  64.7 £3.9  143.0 £86
Measured Values (><10_5_u_l g ! em?)
Y, 10.26 £0.86 10.22 £0.87  17.03 £1.22
MC Predictions (x10™°p~! g1 c.1112)
Y. (GEANT4) 7.53 £0.01 7.47 £ 0.05 13.35 £+ 0.03
Y. (FLUKA) 8.34 +0.02 8.70 £0.03 17.15 +0.04
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Summary & Outlook

e Updated many results :
* the most precise measurement of sin® 26,3:3.9 %
* the most precise measurement of |Am32,|: 3.4%

* Independent nH oscillation analysis, high-statistic absolute
reactor antineutrino flux and shape measurement, fuel
evolution, searchers for a sterile neutrino...

e Continue to run till 2020

e Efforts to further reduce the systematics :
* A FADC readout system in EH1-AD1
» Special calibration campaign, 4°K calibration

e Goal is to reduce uncertainties in sin® 20,3 and |AmZ2,|< 3%
e Updated results will coming soon, stay tuned!
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Energy Model

JaF Data MC 4500
- o e Calibration sources 4000 25 g
- — ecays
1ol O = |IBD neutrons ~ 3500~ L] Datay
—_ - 2} = —_ 0
3 - A A Naturglalphas < 3000E- %est_Fn Model
= 10 —— —— Bestfitto all peaks 10 = === B signal
S - & "ge e Naked gammas P D A W N backg.
=R &, 2000
2 °F 2
o _ S 1500
=5 [ L =
& 6f 1000
s F =
T 500
B = = |- —J]—" leale ol
= - 12_ """"" | I
w
2 __ 8 1: ++¢'=‘..'_..'-'-- Sytegtse '.‘::‘¢¢¢¢++++ T! 7 1 L )
_ o} = . [ ]
0 -l L1 I L L 1 l L1l I Ll L 1 I L L 1 I Ll L 1 I L L 1 I L L 1 l L L 1 g 0_8: ) ) ) I ) I'"I""]" L . J T ) I ) ) ) I ) ) ) I I" L I J“ O l ) . 'I ="
0 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10 12 14 16 18
Reconstructed energy (MeV) Reconstructed energy (MeV)
OF 5 , b? | c? 1
== /a + "l + oz = 0.016,b = 0.081 MeVz, and c=0.026 MeV
rec

Scintillator quenching is described by Berk’s constant and Cherenkov radiation fraction
Electronics nonlinearity is model using two parameters for amplitude and energy dependency.

Parameters were obtained by various calibration data and 1?B beta-decay spectrum,validated with the 53MeV
endFoint of the Michel electron spectrum of muon decay, the continuous +y spectra from natural bismuth and
thallium decays.
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