Karsten Heeger, Yale University Yale, September 30, 2013



Reactor Neutrinos

2012 - Measurement of 0,
with Reactor Neutrinos

2008 - Precision measurement of
Am122 . Evidence for oscillation

2003 - First observation of reactor
antineutrino disappearance

1995 - Nobel Prize to Fred
Reines at UC Irvine

1980s & 1990s - Reactor neutrino flux .
Past Reactor Experiments

measurements in U.S. and Europe Hanford
1956 - First observation Savannah River
ILL, France

of (anti)neutrinos Bugey, France

Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde

Chooz, France

55 years of liquid scintillator detectors
a story of varying baselines... 5



Reactor Antineutrinos

Source Detection

inverse beta decay
V,+tp—et+n

v_from B-decays
of n-rich fission products

From Bemporad, Gratta and Vogel

observed spectrum

Avrbitrary

)
calculaged reagtor s
spectruim

L1

pure Ve source

mean energy ofve: 3.6 MeV

. N~ |
> 99.9% of ve are produced by fissions in 235U, only disappearance
238\ 239py. 241pPy _ _

’ ’ experiments possible

Karsten Heeger, Yale University Yale, September 30, 2013



Observation of Reactor v, Disappearance

KamLAND 2003

1kt liquid
scintillator
detector
Kamioka Reactor Neutrino Physics 1956-2003
solar ®
S5 reactors predicted
KamLAND,
® PRL 90:021802 (2003)

mean, flux-weighted reactor distance
~ 180km

Karsten Heeger, Yale University Yale, September 30, 2013



Reactor Antineutrinos at KamLAND

KamLAND 2007-2010
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KamLAND — Am?2;»

SNO — 81 KamLAND 2010

Lo=180km

Evidence for spectral distortion =~ KamLAND has measured Direct evidence for oscillation
Ami22 to ~2.8%

Karsten Heeger, Yale University Yale, September 30, 2013 S



Neutrino Oscillation Measurements

Recent Observations

e atmospheric vy and v, disappear most likely to vi (SK, MINOS)

e accelerator vy and vy disappear at L~250, 700 km (K2K, T2K, MINOS)
e some accelerator v, appear as vy at L~250, 700 km (T2K, MINOS)

e solar ve convert to vpy/v: (Cl, Ga, SK, SNO, Borexino)

e reactor Ve disappear at L~200 km (KamLAND)

e reactor Ve disappear at L~1 km (DC, Daya Bay RENO)

KamLAND 2010
SK MINOS

Experiments have demonstrated vacuum oscillation L/E pattern
. . L
P_ =sin°20d n2(1.27Am2 E)

Karsten Heeger, Yale University Yale, September 30, 2013 6



Neutrino Oscillation

Neutrino Oscillation Imply Neutrino Mass
mass eigenstates # flavor eigenstates

b = 3 Uz

flavor composmon of neutrinos changes as
they propagate

2-neutrino case energy and baseline dependent

P = sin®26sinl 1.27Am? —= | osc frequency depends on Am?
amplitude depends on 6

Karsten Heeger, Yale University Yale, September 30, 2013



Measurement of Fundamental Parameters

Mass Splittings KamLAND 2010

\ MINOS Nu2012

normal inverted

Karsten Heeger, Yale University Yale, September 30, 2013



Neutrino Oscillation - Before 2011 O

Mixing Angles
U, U, Ug,) (08 05
U=lU, U, U,|=|04 06 Upynse Matrix

Maki, Nakagawa, Sakata, Pontecorvo

U, U, U, |lo4 06 07

1 0 0 cosf, O cosf, sné, O (1 O O

=|0 cosf,, sind,, |x 0 1 0 x|-sinf, cosf, O|x|0 €*? 0
0 -sinf, cosh,,) |-€°rsnf, O  cosO, 0 o 1) \o0 0o ev=v
“ ~ _ . ~ - A\ ~ /) AN ~

atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp

small? zero?

maximal? large, but not maximal!

Karsten Heeger, Yale University Yale, September 30, 2013 9



Reactor Neutrino Oscillation Experiments

Measure (non)-1/r2 behavior of ve interaction rate

Ve Ve,x Ve,x

far
2

P, ~1-sin’ zelgsfnz(ATél L) - Cos' 6, Sin* 26, Sin’

1%

AleZL)

for 3 active v, two L/E #Am2 amplitude of oscillation — 6
different oscillation length

scales: Am212, Am2;3

Am?212~7.6 X 105 eV?2

Am?2y3 ~2.4 x 103 eV?

Karsten Heeger, Yale University Yale, September 30, 2013 10



Measuring 013 with Reactor Experiments

Absolute Reactor Flux
Largest uncertainty in
previous measurements

IN

0SC  NO_0sc

N

Relative Measurement
Removes absolute
uncertainties!

First proposed by L. A.
Mikaelyan and V.V. Sinev,
Phys. Atomic Nucl. 63 1002
(2000)

far/near v, ratio

Karsten Heeger, Yale University

Near-Far Concept

far

Ve x

Ve x
distance L ~ 1.5 km
near
11 — -
1 L ) ]
el ~ -
0.9 | | I :
0.8 [ | : \\
- I
0.7 _ ____________________ —!
0.6 [ Am?,5™ Am? 1\
Tr I '
05 | ' ' \ |
- detector 1 detector 2 \ /
0.4 f ) -
03l N L V
0.1 1 10 100
Baseline (km)
2
_ N, p,f ( & ) (
Nle Lf €n

target mass

distances

Yale, September 30, 2013

efficiency

€f > {Psur(E: Lf) ]
Psur(E: Ln)

oscillation deficit

11



Daya Bay Nuclear Power Plant

Daya Bay
A Powerful Neutrino Source
Among the top 5 most powerful reactor complexes
in the world, producing 17.4 GW,, (6 x 2.95 GW,,) Hong Kong

All 6 reactors are in commercial operation

Adjacent to mountains; convenient to
construct tunnels and underground labs with
sufficient overburden to suppress cosmic rays

Reactors produce ~2x1020 antineutrinos/sec/GW

Karsten Heeger, Yale University Yale, September 30, 2013 12



An International Effort

Asia (21) 230 Collaborators

Beijing Normal Univ., CGNPG, CIAE, Dongguan Polytechnic, from 40 Institutions

ECUST, IHEP, Nanjing Univ., Nankai Univ., NCEPU, Shandong ]
Univ., Shanghai Jiao Tong Univ., Shenzhen Univ., Tsinghua Univ., North America (17)

USTC, Xian Jiaotong Univ., Zhongshan Univ., Brookhaven Natl Lab, CalTech, lllinois Institute of Technology,

. Ch|r_1ese univ. Of. Hong _Kong, U_n|v. of H_ong K(_)ng, . lowa State, Lawrence Berkeley Natl Lab, Princeton, Rensselaer
National Chiao Tung Univ., National Taiwan Univ., National United Polytechnic, Siena College, UC Berkeley, UCLA, Univ. of

Univ. Cincinnati, Univ. of Houston,
EU ro pe (2) UIUC, Univ. of Wisconsin, Virginia Tech, William & Mary, Yale

Charles University, JINR Dubna

Karsten Heeger, Yale University Yale, September 30, 2013 13



Daya Bay Experiment Layout

automated calibration units (ACU)

i RPCs AD Gd-LS target
outer and inner

water shields

(IWS and OWS)\

concrete /

antineutrino detectors (AD)

Karsten Heeger, Yale University

6 reactor cores
3 experimental halls
6 (8) detectors

Yale, September 30, 2013

14



Daya Bay Experiment Layout

Hall 3: began 3 AD operation on
Dec. 24, 2011

Karsten Heeger, Yale University

Yale, September 30, 2013

Hall 2: began 1 AD operation on Nov.
5, 2011

Hall 1: began 2 AD operation on Sep.
23, 2011

15



Daya Bay Detectors

6 “functionally identical” detectors
Gd-LS defines target volume, no position cut

mineral oil

Gd-doped
liquid scintillator
Ve +p—=et+n
liquid
scintillator
y-catcher

<
<

\ 4

SoSm
target mass: 20 ton per AD

photosensors: 192 8"-PMTs
energy resolution: (7.5/VE + 0.9)%

Karsten Heeger, Yale University

Yale, September 30, 2013

Dual tagging systems: 2.5 meter water
shield and RPCs

Two-zone ultrapure water Cherenkov detector

multiple detectors allow comparison
and cross-checks

16



Antineutrino Detector Assembly

detector assembly in pairs

Karsten Heeger, Yale University Yale, September 30, 2013

17



Liquid Scintillator Hall



Detector Filling and Target Mass Measurement

LS Gd-LS MO

|

Target mass determination error

+ 3kg out of 20,000 _
Detectors are filled from

<0.03% during data taking period ~ S&me reservoirs “in-pairs”
within < 2 weeks.

Karsten Heeger, Yale University Yale, September 30, 2013 19



Antineutrino Detector Installation - Near Hall






Automated Calibration System

3 Automatic calibration ‘robots’ (ACUs) on each detector

R=1.7725m R=0 R=135m TOp view

3 sources in each robot, including:

* 10 Hz %8Ge (0 KE e* = 2x0.511 MeV y’s)

* 0.75 Hz 241Am-13C neutron source (3.5 MeV n without y)

+ 100 Hz 6°Co gamma source (1.173+1.332 MeV Y)

* LED diffuser ball (500 Hz) for time calibration
Temporary special calibration sources:

Y: 137Cs (0.662 MeV), >4Mn (0.835 MeV), 40K (1.461 MeV)
Three axes: center, edge of target, n: 241Am-9Be, 239Py-13C
middle of gamma catcher

Karsten Heeger, Yale University Yale, September 30, 2013



Antineutrino Candidates (Inverse Beta Decay)

Prompt + Delayed Select

o
T

"L
“aw

e

IBD
candidates

- = N
(=2

14F

Prompt energy (MeV)

P

Illl;- I-ll. IIIIll.lIIll.l
10 12 14 16 18 20

Delayed energy (MeV)

Karsten Heeger, Yale University

ion

vo+p—et+n

10°
10°
10
10 Uncertainty in relative E efficiency (0.12%)
between detectors is largest systematic.
1
Prompt Energy Signal Delaye& Energy Signal
T " r—_T T T T T T T >3000,“‘\“‘\“‘\“‘\“‘\“‘,
% 20000 = g B > - D DYB-AD1
= — Data, DYB-ADL = [ PEabYE E
& 1500~ ] S MC E
o —Mc S
2 1000 . — E
L L
500~ .
i 1 E
N R S S R TR 4 6 8 10 12
Prompt energy (MeV) Delayed energy (MeV)
Yale, September 30, 2013 23



Antineutrino Candidates Selection

Antineutrino interactions cleanly separated from backgrounds

(1) Reject spontaneous PMT light emission
(“flashers")
(2) Prompt positron:
0.7 MeV <Ep <12 MeV
(3) Delayed neutron:
6.0 MeV < Ed < 12 MeV
(4) Neutron capture time:
1 s <t<200 ps
(5) Muon veto:
Water pool muon (>12 hit PMTs):
Reject [-2us; 600us]
AD muon (>3000 photoelectrons):
Reject [-2 us; 1400us]
AD shower muon (>3x105 p.e.):
Reject [-2 us; 0.4s]
(6) MultlpI|C|ty

No additional prompt-like signal
400ps before delayed neutron

* No additional delayed-like signal
200us after delayed neutron

Karsten Heeger, Yale University Yale, September 30, 2013



Analyzed Data Sets

Two detector comparison
[1202.6181]

* 90 days of data, Daya Bay near only
« NIMAG85 (2012), 78-97

First oscillation analysis
[1203:1669]

» 55 days of data, 6 ADs near+far
e PRL 108 (2012), 171803

Improved oscillation analysis
[1210.6327]

e 139 days of data, 6 ADs near+far
« CPC 37 (2013), 011001

Spectral Analysis

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

Karsten Heeger, Yale University

Data Taking Fraction

1.0
0.8
0.6
0.4
0.2

1.0
0.8
0.6
0.4
0.2

0
1.0

0.8
0.6
0.4
0.2

0
0

Yale, September 30, 2013

Daya Bay Near Hall

Far Hall

0
Ling Ao Near Hall

200

Installation of AD 7438,
Special Calibration Runs

400

600
Days since August 11 2011

[ This Analysis

25



Side-by-Side Comparison in Near Hall

Feb 2012

ratio of neutrino events in AD1 and AD2
expected: 0.981
measured: 0.987x 0.008 (stat) £ 0.003

ratio is not 1 because of
baseline difference

Daya Bay Collab. arXiv:1202:6181 (2012)

Karsten Heeger, Yale University Yale, September 30, 2013 26



Daya Bay Initial Results

March 2012 Based on 55 days of data with 6 ADs, discovered disappearance of
reactorT/e at short baseline. [PRL 108, 171803]

sin226,5, >0

Ndetected/ N expected

June 2012 optained the most precise value of 8 ;:

sin?26,, =0.089 £ 0.010 £ 0.005 [CPC 37, 011001]

Karsten Heeger, Yale University Yale, September 30, 2013



A Top-10 Breakthrough of 2012

Science 338, 1527

Karsten Heeger, Yale University Yale, September 30, 2013



Spectral Information

Rate-only Analysis: Previously reported

Advantages: Fewer systematic uncertainties
Disadvantages: Less sensitive, Unable to constrain Am?2,

Rate + Spectrum Analysis: Latest result

Advantages: Each energy bin is an independent oscillation measurement, AmZ2,
Disadvantages: Requires detailed understanding of detector energy response.

Karsten Heeger, Yale University Yale, September 30, 2013



Calibration Performance

Stable and Consistent Energy Response

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. Relative energy peaks in all
time (after all calibration) detectors (after calibration)
2 r —+— EH1AD1
£ S AU ——EHLAD2 |
s B A —— EH2 AD1
g o2~ AI i A$ ‘ —— EH3 AD1
2 [ #; K ; —}— EH3 AD2
é or " AP —— EH3AD3
é :_ o\ | # A GdLS Spallation é$
§(‘ 0'2: ia %‘ 2¢> A GdLS Alphas
|-|J§—0.4: """"""""""""""" ® GdLS Singles |-ttt
r O ACUA Center
06—
Covv v b v by by b e b e b by by
0 1 2 3 4 5 6 7

Karsten Heeger, Yale University Yale, September 30, 2013



Calibration: Detector Uniformity

Measure uniformity with sources placed along three axes and spallation nGd events

Energy response varies across
detector...

Example: 60Co ...but still consistent between
detectors

/

l 3 sources along 3 axes
After first-order
correction, energy /
) _ o : i i
is more uniform. % level residual non-uniformities

Karsten Heeger, Yale University Yale, September 30, 2013



Energy Response Model

Model maps true energy E,, . to reconstructed kinetic energy E .

true

* Minimal impact on oscillation measurement
* Crucial for measurement of reactor spectra

Karsten Heeger, Yale University Yale, September 30, 2013



Detector Response: Acrylic Vessels

Energy loss in acrylic causes small distortion of energy spectrum

If ant_lneutrlno mtera(?ts in or near True versus visible MC e* energy
acrylic vessel, a portion of the kinetic

: ) ) e* traversed
energy of inverse beta positrons will i
not be detected acrylic

Annihilation gammas yvith Ionggr e+ stopped
range can also deposit energy in the in acrylic
vessels
Simulation
IBD in target

Generated 2D distortion matrix from MC to
correct predicted positron energy spectrum

IBD in acrylic

(~1.3%) Uncertainties from varying acrylic vessel

thicknesses and MC statistics incorporated
into analysis.

Karsten Heeger, Yale University Yale, September 30, 2013



Scintillator Response Model

Electron response

2 parameterizations to model quenching effects and Cherenkov radiation:

1) 3-parameter purely empirical model: E.is 1+ p3 - Etrue
Etrue 1 + p1 - e_p2‘Etrue

2) Semi-emp. model based on Birks' law: Eyis
Etrue

= fq(Etrue; kB) + kC ’ fc(Etrue)

kg: Birks' constant
kc: Cherenkov contribution

Gammas + positrons

Simulation of individual e-, e* energies
due to gamma interaction in scintillator.

e Gammas connected to electron model
through MC:

% Compton scattering
— — dN — — E @ Photoelectric effect
vy e ¢ e e 3l , ,
Evis — /Evis (Etrue> ’ E(Etrue\) dEtrue Ii]JwE Pair production
' = [
* Positrons connected to electron model T4 O 4 capture
through MC: g onH n capture
r on C
e + a . 10'5§
—_— Y =
EViS —_ EViS + 2 * EVIS(0.511 MeV) 0*‘ L :‘l‘ L ‘2‘ L ‘é‘ L ‘)l-‘ L ‘5

Energy of primary et /e= [MeV]

Karsten Heeger, Yale University Yale, September 30, 2013



Electronics Non-Linearity Model

PMT readout electronics introduces additional biases

—_

Electronics does not fully capture = 1p :

. T w - Single Channel
late secondary hits > 5 08[ MC Simulation
 Slow scintillation component 28 0

missed at high energies &S o

. .. [ 4_

* Charge collection efficiency 5

decreases with visible light © 02
%050 100 150 200 250

Time Since First Hit [ns]

PMT readout electronics introduces additional biases

» Effective model as a function of total visible energy
* 2 empirical parameterizations: exponential and quadratic
* Total effective non-linearity f from both scintillation and electronics
effects: E.c Eec Ey
"= Eme  En B

Electronics non-linearity _ 1 T

Scintillator non-linearity

Karsten Heeger, Yale University Yale, September 30, 2013



Energy Resolution Model

Functional form:

Calibrated primarily using monoenergetic gamma sources

* Radioactive calibration sources placed at the detector center
* Additional data from IBD and spallation neutrons, uniformly distributed in LS
* Alpha source data used to cross-check result

» Larger uncertainties due to different response from electronics

Karsten Heeger, Yale University Yale, September 30, 2013



Constraining the Non-Linearity Parameters

104

1.02

O
e} =

Reconstructed / Predicted Energy

o
©
=)

Gamma Ray Energy Peaks

Gamma Sources

L ¢ Special Calibration Source
B ¢ Regular Calibration Source
- $ Singles Spectrum
| 54
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» 40 H 12
od K 3 im ol o Jyned
L Q
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o8
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Reconstructed Energy [MeV]

Full detector calibration data

1. Monoenergetic gamma lines from various sources

» Radioactive calibration sources, employed regularly: 8Ge, ¢60Co, 241Am-13C
and during special calibration periods: 137Cs, 54Mn, 40K, 241Am-9Be, Pu-13C
» Singles and correlated spectra in regular physics runs (40K, 208T|, n capture on H)

2. Continuous spectrum from 12B produced by muon spallation inside the scintillator

Standalone measurements
Scintillator quenching measurements using neutron beams and Compton e-
Calibration of readout electronics with flash ADC

Karsten Heeger, Yale University

Events / 0.25 MeV

1000

500

12B Beta-Decay Spectrum

Boron Spectrum

¢ Data

1 Prediction

— 12 component
12N component

e e et i s e S et

L LY

6 8 10 12 14 16
Reconstructed Energy [MeV]

Yale, September 30, 2013



Energy Response Model

Constraints

Use calibration gamma sources and continuous 12B spectrum to constrain energy model

parameters _
Positron Energy Response Model

p—

— Nominal Model + 68% CL

=
o
al

Positron Energy Response

—_

multiple models are constructed
with different data and parameter

. 0.95
constraints

Reconstructed / True Energy

conservatively combine 5 minimal i L
09 1 v A A o

0 1 2 3 4 5 6 7 8 9 10
correlated energy models True Positron Energy [MeV]

Karsten Heeger, Yale University Yale, September 30, 2013



Uncertainty Summary

Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98%  0.01% 0.01%
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%
Gd capture ratio  83.8% 0.8% <0.1% €—
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

Energy/fission 0.2% Power 0.5%

v/fission 3% Fission fraction 0.6%
Spent fuel 0.3% ]
Combined 3% Combined 0.8% <

Karsten Heeger, Yale University

Yale, September 30, 2013

For near/far oscillation, only
uncorrelated uncertainties
are used.

0.01% \ Largest systematics are smaller

than far site statistics (~0.5%)

Influence of uncorrelated
reactor systematics reduced by
far vs. near measurement.

cle)



Accidental Background

Two uncorrelated signals can accidentally mimic an antineutrino signal.

Signals >6 MeV:
12B from cosmic spallation
241Am-13C calib. source

l

Accidental B/S is 4% (1.5%) of far (near) signal.

Accidental background be accurately modeled
using uncorrelated signals in data.
= Negligible uncertainty in background rate or spectra.

Karsten Heeger, Yale University Yale, September 30, 2013



Background: B-n decay

oLi: 1,=178 ms, Q = 13. 6 MeV
8He: 1,,=119 ms, Q = 10.6 MeV

- Generated by cosmic rays
- Long-lived
- Mimic antineutrino signal

Karsten Heeger, Yale University

This background is directly measured by fitting the
distribution of IBD candidates vs. time since last muon.

9Li/8He

uncorrelated

/

Analysis muon veto cuts control B/S to
~0.3+0.1%.

Yale, September 30, 2013



Background: B-n decay (Shape)

Shape for °Li and 8He is predicted from a
simulation benchmarked with external data
and which accounts for all daughter particles.

Uncertainty in shape is conservatively
accounted for by varying the °Li/(°Li+8He)
ratio, as well as the parameters of the
detector response model.

Karsten Heeger, Yale University Yale, September 30, 2013

Neutrons from SLi decay
(simulation)

Neutrons from SLi decay
(data)



Background: Fast neutrons

Constrain fast-n rate using
IBD-like signals in 10-50 MeV

Fast Neutrons:
Energetic neutrons produced by cosmic rays
(inside and outside of muon veto system)

Mimics antineutrino (IBD) signal:
- Prompt: Neutron collides/stops in target
- Delayed: Neutron captures on Gd

Validate with fast-n events

tagged by muon veto.
Analysis muon veto cuts control B/S to 0.06% (0.1%) of far

(near) signal.

Karsten Heeger, Yale University Yale, September 30, 2013



Signal and Background Summary

Collected more than 300k antineutrino interactions

* Consistent rates for side-by-side detectors
* Uncertainties still dominated by statistics

Karsten Heeger, Yale University Yale, September 30, 2013



Antineutrino Rate vs Time

—— Data
==== No Oscillation
— Best Fit

—— |
Ling Ao Near Hall

IBD Rate (/day/AD)

110
100
90
80
70
60
50
40

——

Dec Jan Feb Mar
2011 2012 2012 2012 2012 2012 2012

Run Time

1 1 1 1 I 1 1 1 1 1
Apr May Jun

2012

Detected rate strongly correlated with reactor flux expectations

* Predicted rate assumes no oscillation

e Absolute normalization determined by fit to data
* Normalization within a few percent of expectations

Karsten Heeger, Yale University

Yale, September 30, 2013



Prompt IBD Spectra

Karsten Heeger, Yale University Yale, September 30, 2013



Towards a Precision Reactor Spectrum

Reines 1959 Goesgen 1986

KamLAND 2010 Daya Bay (> 300,000 events)

Karsten Heeger, Yale University Yale, September 30, 2013
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Rate+Spectra Oscillation Analysis

Strong confirmation of oscillation-interpretation of observed Ve deficit

A. Radovic,
DPF2013

Karsten Heeger, Yale University Yale, September 30, 2013



Pure Spectral Analysis

8,5 = 0 can be excluded at > 3o from spectral information alone

Karsten Heeger, Yale University Yale, September 30, 2013



A Comment on Am?2

Short-baseline reactor experiments insensitive to neutrino mass hierarchy.

Cannot discriminate two frequencies contributing to oscillation: :

One effective oscillation frequency is measured:

L> sin2(Amie&) = cos b sin2(Am§1 =)
L

+ sin” 012 sin”(Am3, £ )

Result can be easily related to actual mass splitting, based on true hierarchy:

+: Normal Hierarchy
- . Inverted Hierarchy

Hierarchy discrimination requires ~2% precision on both and

Karsten Heeger, Yale University Yale, September 30, 2013



L/E Oscillation

Energy and Baseline Dependence of Oscillation Effect

Karsten Heeger, Yale University Yale, September 30, 2013

now

51



L/E Oscillation

Energy and Baseline Dependence of Oscillation Effect

- in FY17

—— EH1

—¥— EH2
—e— EH3

—— Best fit

P(V,—V,)

0.95
0.9—
| | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8
L/ E, [km/MeV]

Karsten Heeger, Yale University Yale, September 30, 2013 52



Global Comparison of 813 Measurements

O

Karsten Heeger, Yale University Yale, September 30, 2013



Daya Bay Fall 2012

Installation of Final Antineutrino Detectors

Karsten Heeger, Yale University Yale, September 30, 2013

Full Volume Calibration

54



Daya Bay Future

Improved precision on oscillation parameters

1(7_) 0.02 L T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T _ N/\ 0.25 | I I I I I T I T T T I T T T ]
D C ] > B _
&N 0.018 —— Rate Only = o2 e Rate+Spectra -

= - — v | -
0016\ e Rate+Spectra 3 © ook o O This Analysis ]
G L . ~ - .
© o014 Installation ® PRL 108 171803 | NE$ B B i
o - - L .
< = of AD 7+8 O CPC37011001 | C 7
gy 0-012F O The Anaive . f 0.15 .
0.01F l s Anase 3 ° - ]
o - 7 o = K, —
0.008 E b OGS o on Ame, T L
0006 :_ _: : .................. :
0.004 - - 0.05 [— -
0.002 - 3 B Now i
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Time [days] Time [days]

- Statistics contribute 73% (65%) to total uncertainty in sin2 26, (|JAm2_| )

 Major systematics:
- 0, Relative + absolute energy, and relative efficiencies

- |Am2_|: Relative energy model, relative efficiencies, and backgrounds
* Precision of mass splitting measurement closing in on results from p flavor sector

Measure absolute reactor neutrino flux and spectrum
Cosmogenic Backgrounds
Supernova Neutrinos

Karsten Heeger, Yale University Yale, September 30, 2013



Neutrino Anomalies

LSND MiniBoone Ga Source Reactor

Anomalies in 3-v interpretation of global oscillation data

LSND (ve appearance)

MiniBoone (ve appearance)
Ga anomaly

Reactor anomaly (Ve disappearance)

Cosmology suggests higher radiation density
Neft > 3

new oscillation signal requires Am2 ~ O(1eV?2) and sin226 > 103
systematics or experimental effect? = need to test effects

Karsten Heeger, Yale University Yale, September 30, 2013

Cosmology (WMAP)

Amznew "‘1 eVZ

56



Reactor Fluxes and “Anomaly”

Reactor 613 experiments cannot directly search for short-baseline oscillations

10 m 100 m 1 km
new flux prediction
3+1 neutrino oscillation
near detector far detector
Average = 0.943 + 0.023 (x2=19.6/19) ~0.3km 1-2km

adapted from Schwetz, Neutrino2012

at ~1km reactor 013
experiments probe
overall suppression

Precision measurement of
spectral shape can reveal
new physics independent of
normalization
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Summary

For > 60 years reactor experiments have played an important role in neutrino
physics, in both discoveries and precision measurements.

Reactors are flavor pure sources of ve.

Current reactor experiments (L~1-2km) provide precision data on 013, and reactor
antineutrino spectra.

The Daya Bay Experiment has reported the first direct measurement of the
short-distance electron antineutrino oscillation frequency:

The measurement has also produced the most precise estimate of the mixing
angle:

There is more to come... stay tuned!
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