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13

* Reactoris a free and rich v, source
» [B-decays in a commercial fission reactor core produce ~ 10%° v/s

Reactor Antineutrinos

* v, are detected via Inverse Beta Decay (IBD)

Vo+p—oet+n
+H->D+y 2.2 MeV, ~200 pus
+Gd — Gd* - '}/’S ~8 M@V, ~30 LS
Prompt event: e™ deposits energy and annihilates

Delayed event: n thermalizes and captured on H or Gd
Two IBD samples: nH and nGd
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Precision Measurement of 045

Extract 8,3 from Far/Near relative measurment

2
Nn Np,n Lf €n Psur (E» Ln)

* Far/Near relative

1> 2 --""h.:: """""""""""""""""""
measurement 3 [Ame Saa by near KamLAND
= 08
suppress reactqr | 2 and far sites
related uncertainties % TN L
0.6

* Functionally identical
detectors to verify 04

Am3|
related errors . 10 10 Baseline [km]
Py,»v. =1— sin” 2613 sin? (Amge é) — sin® 26015 cos” 013 sin® (Amgl é)
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Daya Bay,

s Daya Bay Experiment

Three sites
 Two near and one far Antineutrnio detector (AD)

Mineral
Oil Buffer
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NnH IBD Candidate Selection

Challenges relative to nGd:

* Low delayed energy 2.2 MeV
* Longer capture time 200 us

* Larger accidental background
* Larger energy leakage in LS

o

Delayed Energy [MeV]
2w = o O 0 O

2 3 4 5 6 7 8 9 10

The essential differences in IBD selection: Prompt Energy [MeV]
IBD selection nGd nH
Prompt energy E; (0.7, 12) MeV (1.5, 12) MeV
Delayed energy E (6, 12) MeV | (nH peak*30) for each AD
Coincidence time T, (1, 200) ps (1, 400) ps
Coincidence distance D_ N/A <50 cm
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‘13 Accidental Background Subtraction

Accidental background spectrum:
1. Pair singles (>10 h separation) =
2. Apply IBD selections

Accidental background rate:

Rycc = R - e Rs'e - Ry Te™Rsle

R;: singles rate

Delayed Energy [MeV

Far hall Fraction of IBD rate (%)
nGd nH
Accidental bkg. 2.1 116 —

S
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> 50 times larger than nGd



Accidental Subtraction Validation
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Daya Bay,

3 After Accidental Subtraction

Delayed spectrum
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Daya Bay,

3 Other Backgrounds

: determined from their time-
correlation with cosmic-ray muons
(especially shower muons).

Fast neutron: prompt energy below
12 MeV is extrapolated from higher
energy and validated by MC and
enriched fast neutron samples.

Am-C background: from calibration
source is studied with a strong Am-C
source and extrapolated to normal
source intensities.

Entries/0.3 MeV

The delayed signals of all the three bkgs
are induced by neutron capture
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Far hall Fraction of IBD rate (%)
nGd nH
Accidental 2.1 116
0.36 0.39
Fast neutron 0.068 0.32
Am-C 0.24 0.06

Far hall

—— IBD candidates

Accidentals
Li/ *He

EZE Fast neutrons

= Am-C
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Prompt Energy [MeV]




Efficiency and Identicalness

* Expected number of IBDs in an AD from GdLS, LS, and acrylic volumes

GdLS,LS,acry

v

» @®: number of IBDs per target proton (cross section ® reactor v,
flux ® oscillation)

» g,(muon veto), &, (multiplicity cut), and Ny, (number of protons):
Well measured
> EE,: prompt energy cut efficiency
» &r: time cut efficiency _
» & . delayed energy cut efficiency Dominant part (89%)
Ea: to the overall AD-uncorrelated
» ¢&p: distance cut efficiency

uncertainty
&g Er€g, are 14%, 50% and 5% in the GdLS, LS and acrylic volumes
P d

Ep IS 75%
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a
Delayed Energy &)

x10°

e The mean and width of 30 cut are
determined for each AD F | | Nokg (3062415107

Sigma 0.14 MeV

+30’ A | Nsig (4822£12)x10°

 Uncertainty is estimated with
spallation neutron nH/nGd event
ratios among near-site ADs

Entries / 0.03 MeV

1 1.5 2 2.5 3 3.5 4 4.5
Energy [MeV]

 Uncertainty is also estimated by Difference of nH/nGd events
nH-1BDs delayed spectra, + =00
. 4 r=0.22
consistent result observed

 0.35% AD-uncorrelated uncertainty

Difference of nH/nGd event counts [%]

1 c
p— =}
TITTTTTIT]

EHI-ADI  EHI-AD2 EH2-ADI  EH2-AD2
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13

Distance between Prompt and

Delayed Vertices

&p is determined by data

After accidental background
subtraction, the distance distribution
can be directly observed.

Uncertainty of the efficiency is
estimated by the relative

difference among ADs.

0.4% AD-uncorrelated uncertainty

Relative difference
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0.8

Efficiency

-0.005

-0.01

nH IBD sampels

~+EHI1-ADI1

EH2-AD1
| EH3-ADI
-+ EH3-AD3

- EH1-AD2
- EH2-AD2
-+ EH3-AD2
-+ EH3-AD4

-+EHI-ADI ~EHI-AD2
EH2-AD1 -+ EH2-AD2
-+ EH3 AD average

=
N
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& AD-uncorrelated uncertainty

Uncertainties | Correlation
(%) to nGd
Target protons (N, gars) 0.03 1
Target protons (N, 5) 0.13 0
Target protons (Np, aery) 0.50 -
Prompt Energy {EEP} 0.10 1
Coincidence time(&r) 0.14 1
Delayed Energy (¢ ) 0.35 0.07
Coincidence distance (&p) 0.40 0
Combined 0.57 0.07

All the uncertainties are
data-driven estimated

Largest uncertainties

» Delayed energy cut
» Distance cut

Correlation with nGd

» Distance cut, not used for nGd

» Delayed energy cut,
nH: floating 30 cut
nGd: fixed at (6, 12) MeV

A “detector related” coupling of 0.07
indicates an independent measurement
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13

nH rate analysis, y? fitting with

full pull terms gives

sin?20,3; = 0.071 + 0.011
with y?/NDF = 6.3/6

Between nH- and nGd-IBD analysis,
an overall correlation coefficient

value is estimated at 0.02

Combined with the Daya Bay nGd
rate+shape result (same period)

Measurement / Prediction

sin?260 5 Result

== nH data
- - - nH best fit
—4— nGd data

=== nGd best fit
— nH+nGd result

.......

0 0.5 1 1.5 2

Weighted baseline [km]

Strong independent
observation of reactor

(sin26,3 = 0.084 + 0.005, PRL 115, 111802)
— sin226,; = 0.082 + 0.004

2016/8/22

neutrino oscillation and
6,5, measurement
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A

nGd

nH

* Comparison of 8,5, Measurement

Experiment sin® 26,1 Value LiveTime
Daya Bay o 0.0841+0.0032 1230 days
RENO — 0.082-0.010 5 500 jays

[ Daya Bay o 0.071 + 0.011 621 days
RENO —e— 0.086 + 0.019 500 days

| D-CHOOZ e 0.095%3:033  FD 460 days

0.05 0.1 0.15 0.2

* The nH measurement is consistent with nGd at Daya Bay

* The most precise nH measurement yielding 6
and one of the most precise measurement overall

2016/8/22
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summary

An independent observation of reactor v, oscillaiton

The most precise nH measurement yielding 6,

 The precision of sin®26;3 is improved with combination

nH shape analysis is in progress, |Am2,| and better precision
in sin®260,5

 Several key methods (Accidental bkg, data-driven detector
uncertainty) have been developed and can be applied in
other experiments using nH IBDs, e.g. JUNO, RENO-50
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Daya Bay,

13

Thank youl!
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Daya Bay,

13 Three Neutrino Oscillation: PMINS Mtrix

L L
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a
Other Backgrounds

(1) 9Li/8He background (2)Fast-neutron background

B-n decay:
- Prompt: B-decay
- Delayed: neutron capture

Pl
v, N —

. u tagged by muon system

(3) Am-C calibration source background

e Studied with a strong Am-C source and extrapolated
to the normal calibration source intensities.
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The background is induced by
cosmogenic muons

3500 —+— Data (E:“’ > 1.0 GeV)

w NS Fit: °Li/*He events
. . s M 2 Fit: double-coincidence events
The time between 9Li/8He T N 7
] g 2500
events are correlated with the @ F e
2000 & %PI T
muons = e

o
=]

The background was estimated by
modeling the time correlation

S

Events / (0. 1s

LA
=

f_;J;-L .er-"l""[" n-]—;;'-T-u_._r'-T-'_I_:-F'
Sl
i F St e !
2 2. 5 3 35 4
Time since the preceding muon [s]

=

2016/8/22 CPS/HEP 2016 21



'13 Fast-neutron Background

: : E\ ¢t
Studied the prompt spectrum of ~ Fit function: N(E) = Ny (—)

Ey
fast-n from 800
. C 10° =
(1) IBD candidates beyond 12 MeV  7w- R
. . r- i c 107 F T &
(2) OWS identified events 600 [ 7 | i'*?\
> % = 10 £ — Data: IBD candidates ¢
(3) MC g’ 500 f' = - —4 Data: fast-n (normalized)
S 400 o I _—+— MC: fast-n (normalized)
é EiL e | I2
) = 300 + 1 10 10
The background was estimatedas = F * et Prompt Energy [MeV]
T 200 = + L4+ + T
the number of events within the - ettty
. . 100 s ST
prompt energy selection window N
. . . .o 20 40 60 80
in the normalized OWS-identified Prompt Encrey [MeV]

Consistent spectrum
distribution
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Prompt Energy

* &g, is estimated by MC

. . _ Efficiency correction with
* Uncertainty of the efficiency is Secaliie 1 e

estimated with energy scale 004
differences at nH gamma and .
212Bj alpha peaks among ADs

b ¢
1.002

1.001
1

%
0.999

T I\HI\I\lI\I\lI\IIlIH\
=
=2

= 48 points from
- 6 reactors and 8ADs#

 0.10% AD-uncorrelated uncertainty

0.998

Efficiency Correction Factor

0.997

* Oscillation effect is considered 099
= Shape of neutrino energy spectrum *”o
changes with baseline
=  Without correction, the sin?26,
result is about 4% larger

1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1
500 1000 1500 2000 2500

Baseline [m]

< IIH‘III\‘I\I
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Neutron Capture Time

Time efficiency from

* ¢&ris estimated by MC 214 sample

* Intrinsic uncertainty i
1 vn 0.8:—
—_ = —=7 n:o:\v Z 06
T A n l l( Tl) E L ~-EHI-ADI | EHI-AD2
i s 0.4:_ EH2-AD1 - EH2-AD2
. - EH3-AD1 +EH3-AD2
Measured n; (each isotope’s number .- - BH3-AD3 +EHI-ADS
density) different among ADs induce  o..... e
0.02% uncertainty oma £
g om el
. . . 0001 - -
* Electronics induced uncertainty SR U
estimated by 2'*Bi sample < 0.1% F e
T E | — EHI-ADI EH1-AD2
. . -0.003 |- i EH2-AD1 -+ EH2-AD2
e 1 pscutinduced uncertainty 0.1% oo E % -+ EH3 AD average
{;- . I7{IINIII | I4'.’3'.’)I | I€1IIIIOI | IEilgll]l | IIIIIIIIIOI | I12IIIIIIII | I14IOCII |

Capture time [us]

 0.14% AD-uncorrelated uncertainty in total
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