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Neutrino oscillation
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Reactor: a powerful v, source

* Pure and powerful v, source < Major detection method

* Averaged 6 v, per fission « Inverse Beta Decay: Vv, +p > e* +n
« 6*10%°V, /sec/3GW,, - Distinctive coincidence signature
fission process in a nuclear reactor
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How to measure O,,

 Look for reactor v, disappearance  '4f
at short baselines (~ 1 to 2 km) 2l 4 | res
e Clean in physics L #ﬂ"“‘ : T
» Only related to 6,. e Yram %“ A
* No relation with 3. and matter s T @ e ‘~ '.
effect compared to accelerator i - = \ ,’
experiments 21 = Choor @ KamLAND \J
 Relative measurement e = 0 o o
« Compare v, flux and spectrum at Distance to Reactor (m)

near and far locations

« Cancel most of the detector and L
reactor related systematics ~cos* 0, sin’ 26, sin” (Am;, L / 4E )

P, ~1-sin’20,sin’ (Am; L /4E)



The collaboration
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Experimental site
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DeteCtOr Eight functionally identical detectors

« Study the near/far ratio and Ve _ ( N agerpar )(lwear ) (Sryp it (B Ly, ) ]
SpeCtrum diStortion NNear Ntarget,Near LFar ENear Jl:;ur'uival (E? LNear)
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Far Hall




Energy reconstruction 43

. . . (a) © Neutron from muon spallation 4 Alpha from natural ra@ioactivity
« PMT gain calibration 5 Neutron fom Am-C source # Gamma from natural radioacty
* Single p.e. from PMT dark 2} E o2
. 1 N +
noise e e SR Oty T 2.z
1 ¢ r
» Weekly deployment of LED 2f ¥ -
wmm#ywwmgmyw
y p y 5 AD3 r ADS8
* Energy reconstruction 5 Edlte oo L J _A’* _________________ ;
« Calibration sources 4 of Y RN 5
« Spallation neutrons 3 of 4 AD4 L ADS
Vo A A ¢ - o
I 1 I QO D R *""__";Dt""i"""" R 3’ I
* Relative energy scale w4 oY ‘
20 C M
° 68Ge’ GOCO, 241Am_13C 2-_““II“II”IIIMAIIZ;EIEHII/ /.|....|....__....|....|....|..$A|D.7.’..|./ T P 2
° 1 - = A ¢ -
Spallation neutrons ?ff%"’“? _______ #,‘ ___________ f-"jﬁ% _________________ 1 =
 Natural radioactivity 2f o 9
L T

Reconstructed energy (MeV)

The relative energy scale uncertainty is less than 0.2%.
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Energy model

S T - 1.04—
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« Energy model:
« The relationship between true energy and its reconstructed energy
 Built based on various y peaks and continuous ?B p spectrum
 Validated with

« Michel electron; p+y continuous spectra from 212214Bj and 29T
» Bench tests of Compton scattering electrons in LS
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Prompt energy (MeV)

v, selection

Inverse Beta Deca&’/y Y Reject PMT flashers

Muon veto

Prompt and delayed energy cuts
Neutron capture time cut
Multiplicity cut

5L
(]

e Detection efficiencies

14 Efficiency Correlated Uncorrelated
v Target protons - 0.92% 0.03%
12 : Flasher cut 99.98% 0.01% 0.01%
- S Delayed energy cut 92.7% 0.97% 0.08%
Prompt energy cut 99.8% 0.10% 0.01%
8l Multiplicity cut 0.02% 0.01%
- Capture time cut 98.7% 0.12% 0.01%
s} Gd capture fraction 84.2% 0.95% 0.10%
I Spill-in 104.9% 1.00% 0.02%
£ o Livetime - 0.002% 0.01%
2:_ Combined 80.6% 1.93% 0.13%
T e Previous 80.6%  2.1% 0.2%

OOF 1141116“18111101111211114'l' 11
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Backgrounds

« Accidentals: A0 1 —— e
* Uncertainty less than 0.02% o} =0 17
e Fast neutron
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Side by side comparison

« Multiple detectors in the same hall
 Allow examination of the 0.13% uncorrelated uncertainty
» The observed ratios of IBD rates are consistent with expectations

1.
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Uncertainty dominated by statistics and the 0.13% uncorrelated error.
Most of the background uncertainty has been cancelled. 13




Daya Bay,

_”13

Over 2.5M (300K) IBD candidates in total (the far site)!

e Relative measurement
o Standard v oscillation, sterile v search, etc.

« Compare the rate and spectrum between near and
far detectors

Two types of measurements

 Cancellation of detector and reactor systematics




Daya Bay,

Oscillation results
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Phys. Rev. D 95, 072006 (2017)
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Experiment

Latest results e

Value

0084140003 | 613: reaCtor experlments
0.086£0.007 give the mOSt preCise
0.119+0.016 measu rement

0.099-5037 ° Key |nput to the 8CP

ouost | determination in current

generation accelerator

| experiments
« Am,,% consistent results

2 5407008 between

 MeV scale reactor
2 50701 experiments
2562515 » GeV scale accelerator and
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D-CHOOZ nGd+nH ———
RENO nH — 0.0864+0.019
bayessian
T2K NH 010550027
IH
D-CHOOZ nH 0.09550 038
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IceCube 2.5010:24

23 24 25 26 27
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28 atmospheric ones
* Beauty of nature 16

Plots from M. Gonchar



Entries / 0.3 MeV

Far / Near (weighted)

sin%20,, through n-H
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« Rate analysis: sin“20,, = 0.071x£0.011 #%NDF =6.3/6

« Consistent results with those of the n-Gd analysis

 Spectrum distortion consistent with the oscillation hypothesis
Phys. Rev. D 93, 072011 (2016) .



Light sterile v search

=
&

e Results from LSND and
MiniBooNE suggest the
existence of a eV scale sterile
neutrino

« Daya Bay could set stringent
limit to sub-eV region by
relative comparison between
experimental halls
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Light sterile v search

» Sterile neutrino(3+1)

Phys. Rev. Lett. 117, 151802(2016)
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* No hint for light sterile neutrino
observed

* Most stringent limit for [Am,;?| <
0.2 eV?

DayaBay + MINOS + Bugey-3
Phys. Rev. Lett. 117, 151801 (2016)
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« Exclude parameter space allowed
by LSND and MiniBooNE for
Am,,?> < 0.8 eV?
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Daya Bay,

Two types of measurements 3

 Absolute measurement

 Reactor v flux and spectrum, fuel evolution
« Compare the measurement to model predictions

« Understanding the reactor and detector systematic
uncertainties

20



Reactor neutrino predictions

« Summation method: 10%
uncertainty

* Sum over the fission products’ v,
spectra from the nuclear databasé

o 235, 239Py, %41Pu: conversion
method, ~2.7% uncertainty
* Convert ILL’s measured beta spectra
to v, ones with virtual beta-decay
branches
 |LL + Vogel model since 1980s

 Predicted flux was consistent with
Bugey-3 and other short baseline
experiments

 Huber + Mueller Model

* In 2011, two conversion re-analyses
increased the predicted flux by ~5%

 Reactor Antineutrino Anomaly

13
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Example: Fit virtual beta branches
W E T T T T T T T LI

Schreckenbach, et al, l
Phys Lfen l§160l (19§5) .
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ILL inversion
simple §-shape

T:B;?;;P'Huber PRC84 (2011) 024617 201
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0.00F
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Absolute reactor v, flux

IBD Yield

° Daya BaY’S blind analysis Y ( cm2/GW/day) (1.53+0.03) x 10— 15
of reactor neutrino flux o1 (om? fsion) L (691:£0.12)x 107
- - ata redictlion
ag Fees Wlth preVIOus R (Huber+Mueller) 0.946 £ 0.020 (exp.)
experiments i (ILL+Vogel) 0.992 = 0.021 (exp.)
2351y . BRY L BWIpy ; Hlpy | 0.561 @ 0.076 : 0.307 : 0.056

 Discrepancies to the
Huber+Mueller model

c 12—
Indicate: g [
. o »

« QOver estimated flux and/or £ 10 ST —]4
underestimated flux s T iﬂ 11 5
UnCe rtai nty o 0.8 —_ l : ;Zvalo;:ydata

* Or the existence of a sterile i ] 1 Exp. U,
neutrino - e

0.6
10 102 10°

Distance (m)

Chin. Phys. C 41(1) (2017) 22



Absolute v, spectrum

« Compare the prompt
energy spectrum to the
Huber+Mueller model

« 2.9 o discrepancy at the full

energy range

* 4.4 ¢ local significance at 4 to

6 MeV

* Excess events have all
characteristics of IBD
 Correlated to reactor power

« Could not be explained by
detector response

Chin. Phys. C 41(1) (2017)
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Fuel evolution analysis
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« With the nuclear fuel burning, the fission fraction of 23U is
decreasing while 3%Pu is increasing

 Clear linear evolution between the neutrino yield and the
239pPy fission fraction

« However, the slopes of data and model prediction disagree
Phys. Rev. Lett. 118, 251801
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235U and %°Pu vyield

« Combined fit to the major fission
Isotopes #°U and %3°Pu

* Assume ¥ie|ds of the minor fission
isotopes 238U and 24'Pu from model
with an enlarged uncertainty 10%

» Results suggest >*°U being the 5.5
main contributor to the Reactor

A Daya Bay
—+— Huber model w/ 68% C.L.

I _ 5 5.0
Antineutrino Anomaly (RAA) ki
» 25 s 7.8% lower than H-M model ~  ** ., ~
(2.7% meas. uncertainty) < 4.0
« 239Py js consistent with H-M model = ciL
(6% meas. uncertainty) 235 oo

Tage = (10.1£1.0) x 10~ 99.7%

° Sterile neUtrinO as the SOIe 3.0 l720=(6.040.60) x 107

52 56 60 64 68 7.2

cause of RAA Is disfavored s 110~ cm? / fission]
by 2.86
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Spectrum evolution

13

* The evolution slopes are different at different energy ranges

 Neutrino spectrum do change with 23°Pu fission fraction, in agreement
with most models’ predictions

» No strange behavior at 4 to 6 MeV region
« Larger statistics and better detection efficiency estimates would improve
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the fuel evolution results
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Recent progresses

 To further reduce the systematics
* A Flash ADC readout system was installed in Dec. 2015
« Special calibration campaigns in Dec. 2016

 Technical studies:

e GdLS replacement with JUNO LS in AD1 in Feb. 2017
 Light yield, natural radio-purity studies for JUNO LS
 Build a validated LS optical model




- Summary

« Daya Bay gives the most precise measurements to
sin%20,;and [Am?,| .
 Together with the updated measurement to reactor neutrino flux and
spectrum, new limit on the light sterile neutrino
A reactor fuel evolution analysis iIs performed.
 Suggesting the Reactor Antineutrino Anomaly is mainly contributed
by the overestimated 23U flux in H-M model

* Plan to run till 2020: uncertainties of sin?20,;and |Am?_|
below 3%. - | |
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