/\

Latest Results from the Daya Bay :rrr\rr| ‘ﬁ
Reactor Neutrino Experiment

—
T ’,

: J. Ped
&2 e Berkeley Lab & Catholic University
- of Chile (in transition)
on behalf of the Daya Bay
Collaboration

N

W44

Sth International Workshop on High-
Energy Physics in the LHC Era

Valparaiso, Chile — Dec. 2013




Three-Neutrino Framework: Current Status
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8,; only recently well established by Daya Bay
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The Daya Bay Reactor Neutrino Experiment

% The Daya Bay Collaboration:
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Daya Bay Experimental Layout

“ Electron anti-

. —~  Overburden: ~860 mwe
neutrinos are =S Weighted baseline: ~1650 m
produced in copious
amounts in nuclear
reactors.

We position 8 detectors : X $188
around the Daya Bay Power : Overburden: ~265 mwe
Plant in China, among the . Weighted baseline: ~500 m

most powerful in the world.

X/

% Main principle: P
Ling Ao 11

(i) sample the reactor " , reacggrs
anti-neutrino flux in | Jesy C g )
the near and far | | | LR e
locations, and AR s 2y Ling Ao
- r'eaetors' '

(ii) look for evidence of [
disappearance

Note: results shown

here use data "/l f'j g 3/ " Overburden N W
collected with 6 / 8 : | -‘ © - Weighted baseline: ~360 m

detectors — Daya Bay*
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The Detectors

% Anti-neutrinos are detected via the Calibration units deploy sources
inverse beta decay (IBD) reaction: and LEDs
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*» The detectors are ~100ton three-zone
cylindrical modules:
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Zone Mass Liquid Purpose

tiquid

Inner acrylic Gd:dop o2 Anti-neutrino .ITB | b scintill
vessel 20t el target @ 0 B & Y-catcher
scintillator "t AR | -
Gamma mineral oil

Outer acrylic 20 t Liquid

vessel scintillator ~ cateher (from

target zone)

Stainless : : Radiation
steel vessel AW il O shielding
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Muon Veto System

% The detectors are immersed in an
instrumented water pool:

> Double purpose:

v Shields against gammas from ambient
radioactivity and neutrons produced
by cosmic rays

v Serves as a Cerenkov detector to tag
cosmic ray muons (thus reducing

backgrounds) Design efficiency: 99.5%
EH1 (Daya Bay Near Hall) EH3 (Far Hall)
— - - W = - at time of

analysis -




Analyzed Datasets

Installation of AD 7438,

Daya Bay Near Ha|| rSpeC|aI Callbratlon Runs

Two detector comparison [1202.6181]

* 90 days of data, Daya Bay near only
 NIM A 685 (2012), 78-97

First oscillation analysis [1203:1669]

« 55 days of data, 6 ADs near+far

« PRL 108 (2012), 171803

« Top 10 breakthrough of 2012 by
Science Magazine

Data Taking Fraction

Improved oscillation analysis [1210.6327]

139 days of data, 6 ADs near+far
« CPC37 (2013), 011001

Spectral Analysis [1310.6732]

« 217 days complete 6 AD period
* 55% more statistics than CPC result

400 600
Days since August 11 2011

DAQ [ Physics I This Analysis
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Doing a Spectral Measurement

% With a spectral measurement can measure the mass splitting:

§ sol- Far site: large 5 [
- .. oscillation z L . .
60 = No oscillation
5 51
40_— %
20:—
e* Energy [MeV]9 CO m pa re 095
| each energy
§ Near site: small
400 oscillation 0-9r
(normalization)
200 e’ Energy [MeV]
But require good understanding of
- the detectors’ energy response!

Y/

“» Which mass splitting do we measure? Define an effective mass splitting Am?
ee

L L
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+ sin? 015 sin (Am32 AE

N | Hi h
SO that:ﬂAmQ | ~ |Am32| +5.21 x 10" %eV? +: Normal Hierarchy J

: Inverted Hierarchy




Ingredient #1: Calibration

% One key is achieving a stable and consistent energy response between
detectors:
After calibration, achieve energy response that is stable to ~0.1% in all detectors,
with a total relative uncertainty of 0.35% between detectors.
Spallation nGd capture peak vs.
time (after calibration)
B Relative energy peaks in all
il S R R E R detectors (after calibration)
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After initial reconstruction, position non-uniformity is also corrected for




Ingredient #2: Energy Response Model

< Also need to relate reconstructed kinetic energy E .. to true energy E,, .:

Particle
Energy E, . Two major sources
Energy Losses in Acrylic of non-linearity.

A Difficult to decouple !

[ Energy Deposited J l

in Scintillator Eg4,

Not discussed in this 1: Scintillator Response
talk B Quenching effects
[ Energy Converted ] B Cherenkov radiation
v to Visible Light E
Energy Resolution 2: Readout Electronics

B Charge collection efficiency

Reconstructed decreases with visible light
Energy E,..

v Minimal impact on oscillation measurement

v Crucial for measurement of reactor spectra (in progress)
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Ingredient #2: Non-Linearity Response Model

“* Model is constrained using monoenergetic gamma lines from various sources
and continuous spectrum from 2B produced by muon spallation inside the

scintillator:
Gamma Ray Energy Peaks 12B Beta-Decay Spectrum
: X
- ¢ Special Calibration Source = - ¢ ¢ Data
B @ Regular Calibration Source 9 B / 1P2rediction
L i ) B — “B t
" ¢ Singles Spectrum Cw00- K & 12 component
L, o 40 N-H 508 + 42 i
137C§+T T ‘@I Tl é [[ n-Gd L%’ i
B +<% T 60CoY n-55Fe2T _
:_ 685e n-56Fe1+ 500 _—
_||||||||||||||||||||||||||||||||||||||||||||||||| 0II||"!.I:||!|||I|||I|||!—ii-
0 2 4 6 8 10 12 14 16

Reconstructed Energy [MeV]
Positron Energy Response Model

@1.05_
Pl e
Final positron = L
energy non- = [
linearity s [
2 0.95
response o - — Nominal Model + 68% CL
0“:’ L
0_9_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 1 2 3 4 5 6 7 8 9 10
J. Pedro Ochoa, Dec 2013 True Positron Energy [MeV]
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Dataset for Oscillation Analysis

Daya Bay Near Hall Ling Ao Near Hall
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« Backgrounds represent only 5%
(2%) in far (near) sites

« Spectral Distortion is consistent
with oscillations

Data - Background

6 8 1 12
Prompt Reconstructed Energy [MeV]

This analysis uses more than 300k antineutrino
interactions 12



Antineutrino Rates vs. Time

R/

% For main analysis we simultaneously fit all detectors using reactor model,
with the absolute normalization as a free parameter:

900 : IDI Ll BI I Nl L] IHllll T I L 1 1 I 1 |l L] I 1 Ll Ll l L L 1 I :
s00 [ D2y2 Bay Near Ha -
— ¢ =

700 £ —= Note:

600 E= [ paa = - Normalization is

500 /— | ==== No Oscillation — determined by fit to
=~ 400 = | — Best Fit = data. It is within a few
9( —— — percent of expectations.
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Systematic Uncertainties

Detector . .
Efficiency Correlated Uncorrelated For near/far OSClllatlon’ Only
Target Protons 047% 0.03% uncorrelated uncertainties
Flasher cut 99.98%  0.01% 0.01% play a significant role
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 ~ 98.6%  0.12% 0.01% \Largest systematics are smaller
Gd capture ratio  83.8%  0.8% <0.1% <€ than far site statistics (~0.5%)
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0%  0.002% <0.01%
Combined 78.8% 1.9% 0.2%
Reactor -
Correlated | Uncorrelated Influence of uncorrelated reactor
Energy/fission 0.2% Power 0.5% systematics reduced by
ve/fission 3% Fission fraction 0.6% /far VS. near measurement.
Spent fuel 0.3%
Combined 3% Combined 08% | €

. Statistics contribute 73% (65%) to total uncertainty in sin? 26,5 (|Am2_.| )

* Major systematics:
- 0,5: Reactor model, relative + absolute energy, and relative efficiencies

- |Am?_|: Relative energy model, relative efficiencies, and backgrounds
J. Pedro Ochoa, Dec 2013 14



R/

% Rate + shape results are consistent with previous results:

| ! ! ! ' | ! ! ! ! |
- i +0.008
i ] S|n 2013—0090 0.009
(\'l— 3_ " p—
> [ 99.7% C.L. i
I 955% C.L. - > |Am,| —259+% 12% 10~ 3eV?
= 05l . 68.3% C.L. ]
a2 o N N
N i - 2 —
E MINOS [Am?,| X“/Npor = 162.7/153
= B
| Y S S World’s first measurement
0.05 0.1 0.15 ) .
sin?(26,,) in this channel!

Strong confirmation of oscillation-interpretation of observed v, deficit

Normal MH Am3, Inverted MH Am3,

[10~3eV?] [10~3eV?]
From Daya Bay Am2, 2. 54+% %2% —2. 64+% 12%
2 +0.09 +0.1 A. Radovic,
From MINOS Am¢, , 2.37"5 09 —2.41 009 = DPF2013

J. Pedro Ochoa, Dec 2013 15



Independent Cross-Check

Independent crosscheck with minimal reactor assumptions

Predict far spectra directly from Use covariance matrices to

measured near site spectra

- Minimizes impact of absolute flux
and spectra prediction.

—@—— Far site data

14

Weighted near site data (no oscillation)

Weighted near site data (best fit)

12

10

Events/day (bkg. subtracted)

1.15
1.1
1.05

0.95
0.9
0.85

Far / Near(weighted)

[\
.III|IIIIIIIII IIIIIIIII|||||||||_II |III|III||||||||||||||||||

Prompt energy (MeV)

. Pedro Ochoa, Dec 2013

account for systematic errors

- Alternate method finds consistent
uncertainties for neutrino parameters.

00035 T T I T T T

- —10(683%CL) .

O | . —20(955%CL) -

0,003/ s D\~ 30(097%CL) ]

I i e, Default Method | ]

&; u ---------------- Relatlve Shape Method -
L : . :

— R 1 B Default BestFit =

o 0_0025_..4,......4..,%.. ...... /1 S R"élélNé"Siiéti”é'Bé“é’t”Flt_

0.002 .............................................................................................................................................................. —

n | 1 | | n

11 11 1 | 11 1 : : : : :
0.06 0.08 0.1 0 12 0 14 0 16 0 18
sin (2913)
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Global Landscape of 6,; Measurements

Best Fit +
68% C.L.
Accelerator
Experiments*
Normal
Hierarchy
Inverted
Hierarchy

*All results assuming:

Ocp =0,

0,3 = 45°
Reactor
Experiments

® Rate only

O Rate+Shape
— n-Gd

---- n-H

S n22913

-0.05

World’s most precise measurement of 6,; to date.

original flux

2011

2012

2013

i

‘reactor on-+off data:

i

: ,/ reactou;on data ohly
< PY : . .

O
FOH:

0

0.05

sin%(26,;)

| 1 | |
01 015 0.2 0.25 03

Solar+KamLand
MINOS

T2K 6 Events

DC 101 Days
Daya Bay 55 Days
RENO 229 Days
T2K 11 Events
DC 228 Days
Daya Bay 139 Days
DC n-H Analysis
RENO 416 Days
T2K 11 Events
DC RRM Analysis
T2K 28 Events

Daya Bay 217 Days
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te Progress

i

Daya Bay Ons

Full 4m detector |
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in Sep. 2012.
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Daya Bay’s Future

....... Rate+Spectra
O This Analysis

.
‘.
"
"

MINOS 1-0 on Am?,

.....
.....
.....
...........
---------
.............

% Increased precision in oscillation parameters:
s? 0.02 | 1 I | I |l 1 T l 1 1 1 I | |l |l I T T 1 | T T | l T T T I 1 ] T _ (\IA 0,25 B
D C . > B
N 0018 ny —— Rate Only B q,m -
= 0016 —\ | e Rate+Spectra - S ook o
L‘_ | _ N -
O - — - %
6 0.014 :— Installation ® PRL 108 171803 —: NE8 B
0.01 E_ l O This Analysis _E ‘*é E
- - E o B
0.008 :— —: Llj 0.1 i
0.006 [— — -
0.004 |- = 0.05
0.002 - B
0 : L1 | 111 I 11 | I | | I | | [ | | | | L1 1 : 0 C L1 | L1
0 200 400 600 800 1000 1200 1400 1600 0 200

Time [days]

World’s most precise measurement of 043 for a long
time to come, and very precise estimate of Am?

v Constrains non-standard oscillation models
v Improves reach of next-generation experiments —»:

Y/

% Absolute reactor neutrino spectrum flux and
shape measurement:

v Probe reactor models and explore reactor
antineutrino ‘anomaly’

% Others (cosmogenic production, supernovae... etc)

Significance (o)

Now
1 I Il 1 1 I Il ] ] I 1 1 | I | | 1 I | | 1 I | 1 |
400 600 800 1000 1200 1400 1600
Time [days]
CPV Significance vs d¢p
Homestake 10kt + NOVA(6) + T2K
NH(IH considered)
7 M. Bass (CSU)
I ! I U T I =l 0, I
sin(20,)=0.002 o5
6 091;‘:6% ........... 1
0,5 Free
5F
4 +
3+ ) 3
§ 3 £
11§ 3 fe %
1 1 Il 1 \J 1 Il 1 1

0
-1 -08-06-04-02 0 02 04 06 08 1

SCP/’E
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Summary & Conclusions

* First direct measurement of the short-distance electron antineutrino
oscillation frequency:

2 +0.19 3 ys2
|Am;, |=2.597,,, x107eV
< Most precise estimate of the 6,; mixing angle:
sin*(26,5) = 0.090*9%%

% Stay tuned for more exciting results from Daya Bay!
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Thank you for
your attention!




