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The Standard Model

® Describes all particles THE STANDARD MODEL
and how they interact Fermions

® Some are familiar:
® Photons
® Electrons

® Up and down quarks (a.k.a nuclei)
® What are their properties?

® Don'’t forget antiparticles!

Source: AS
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H' Periodic Table of the Elements
3 N hydrogen B poor metals
Li Be alkali metals 0 nonmetals
alkali earth metals ¥ noble gases
1" 12 transition metals rare earth metals
Na | Mg

19 20 21 22 23| 24 25 26 27 28 29
K |Ca|Sc|Ti |V |Cr|Mn|Fe |Co|Ni | Cu

37| 38| 39| 40| 41| 42| 43| 44| 45| 46| 47
Ro|Sr|Y |Zr [Nb [Mo| Tc | Ru|Rh [Pd | Ag

55| 58| 57| 72| 73| 74 75 76| T4 78| 79
Cs|Ba|lLa|Hf | Ta|W | Re|Os| Ir | Pt | Au

87 88 89| 104 105| 106 107 108 109 110
Fr | Ra| Ac|Unq|Unp|Unh|Uns |Uno|Une Unnl

58] 50| 60| 61| 62| 63| 64 65 66| 67] 68 69] 70| 71
Ce| Pr|Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm[Yb | Lu

90| 91| 92| ©a| o4 95| 98| 97| 98| 99| 100| 101 102] 103|
Th|{Pa| U |[Np|Pu[Am|Cm |Bk [ Cf |Es | Fm| Md| No| Lr

® Assembled: 1869

From Los Alamos Science 25
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H' Periodic Table of the Elements
3 N hydrogen B poor metals
Li Be alkali metals 0 nonmetals
alkali earth metals ¥ noble gases
1" 12 transition metals rare earth metals
Na | Mg

19 20 21 22 23| 24 25 26 27 28 29
K |Ca|Sc|Ti |V |Cr|Mn|Fe |Co|Ni | Cu

40| 41| 42| 43| 44| 45| 48| 47
Zr [Nb (Mo | Tc | Ru|Rh [Pd | Ag

72 73| 74 75| 76 771 78 79
Hf | Ta |W | Re| Os| Ir | Pt | Au

104| 105| 106 107, 108 108 110
Unq|Unp|Unh|Uns |Uno|Une Unnl

58] 50| 60| 61| 62| 63| 64 65 66| 67] 68 69] 70| 71
Ce| Pr|Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm[Yb | Lu

90| 91| 92| ©a| o4 95| 98| 97| 98| 99| 100| 101 102] 103|
Th|{Pa| U |[Np|Pu[Am|Cm |Bk [ Cf |Es | Fm| Md| No| Lr

® Assembled: 1869
® Understood: 1900s-1930s

From Los Alamos Science 25
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H' Periodic Table of the Elements
3 N hydrogen B poor metals
Li Be alkali metals 0 nonmetals
alkali earth metals ¥ noble gases
1" 12 transition metals rare earth metals
Na | Mg

19| 20| 21| 22| 23] 24 25 28| 27| 28] 29
K |Ca|Sc|Ti |V |Cr|Mn|Fe |Co|Ni | Cu

40| 41| 42| 43| 44| 45| 48| 47
Zr |[Nb |[Mo | Tc [ Ru|Rh [Pd | Ag

72| 73| 74 75| 76 771 78| 79
Hf | Ta|W | Re|Os| Ir | Pt | Au

104| 105| 106 107, 108 108 110
Unq|Unp|Unh|Uns |Uno|Une Unnl

58] 50| 60| 61| 62| 63| 64 65 66| 67] 68 69] 70| 71
Ce| Pr|Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm[Yb | Lu

90| 91| 92| ©a| o4 95| 98| 97| 98| 99| 100| 101 102] 103|
Th|{Pa| U |[Np|Pu[Am|Cm |Bk [ Cf |Es | Fm| Md| No| Lr

® Assembled: 1869
® Understood: 1900s-1930s

COLLECTOR

® Technology: 1950s and beyond

BASE

® Nearly a century of development and discovery! SPLEN
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The Standard Model

® Fundamental particles: elements that make up the elements!

® We're about 50 years into the discovery process.

THE STANDARD MODEL

Fermions Bosons

SyJenp

sJalled aslo

suojdaT

Source: ASS
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L3

Neutrinos!

® Chargeless, spin /2

THE STANDARD MODEL

® Made anywhere radioactive
decays, nuclear interactions
are taiqng place

® Weakly interacting: harmless!
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Sun
Nuclear reactors
The big bang

Supernovae

4Co "N+ e + Ve

n—pte+Ve

Fermions
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Neutrino Oscillations

® Neutrinos are not massless:

® Flavor and mass eigenstates are different:

[ve)

)

® | eads to neutrino flavor transformation
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® Parameters governing oscillation:

Thursday, April 18, 13

Neutrino mass differences

Mixing angles
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Neutrino Oscillations
13

Two neutrino case:

cosf) sinf 1
—sinf cos6 V9

1
S S B
— N TN LTS
Sl / A NN N \
Vb PSS A NS N
Purle VaV1 Pure Vv, Pure Vv,
V| (I) / Time. 1 From Los Alamos Science 25
I T Tik
P(vy — 1) = sin® 2¢sin’ [1 27'4'_17_@_ G Vz)E__i{(G?‘)/)
® |mportant quantities:
® 0: Oscillation amplitude
® Am? Oscillation frequency
® | /E: Experimental parameter
o

1.24F,
Oscillation maximum when L(km) = < 2((?/62‘)/)
m=(e
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An Exciting Time for Oscillations

® Most oscillation parameters measured in last decade
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Reactor Oscillation Experiments

® Reactors: a pure, strong, isotropic source of MeV energy Ve

® Measure this source with detectors at one or two distances

Antineutrinos per fission

Clean measurement, only 2 parameters present

P.~1-sin’ 2|§

neutrinos/MeV/fission

10012345678910

Energy (MeV)
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From KamLAND Collab. Phys. Rev. Lett. 90 (2003)
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Accelerator Oscillation Experiments

® Accelerators: an unpure beam of either GeV energy vy, V.

® Created by decaying pions created in a proton beam dump

® Measure this source at near and far distances to look for oscillation

® |ots of parameters here being measured at the same time...

P, —7U,) = A4c,bi,ls335in°|As;

+  8c2,i513/823C23512C12 Sin Asz;[cos A;;% cos

AL B B L B B B
150 i1, . . -
Soudan ~ 71 Disappearing vy
Duluth IE * Far detector data >
% 100l- - ---- No oscillations i 8
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2 i S
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50_-: T
I;ermilab i
o P R | ] |
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The Savannah River Detector:
First Unambiguous Neutrino Discovery!

N L I A T e .  rr
AR T L T b G R0 Sats 7 <
. ] .t‘y _«-,_tyg,\;(\;_;;,:-.,- ;t; 3 ~
=) : ! o
s S
L S - 3

Kamiokande and Super-Kamiokande:
atmospheric neutrino oscillations and more!

| |
' 1950s ! 1960s

1970s S

KamLAND: First Reactor
Neutrino Oscillations!

S _st

Davis’s Homestake Experiment
Inception of Solar Neutrino Problem

Thursday, April 18, 13

Short-baseline reactor experiments, like
CHOOQOZ, search for oscillation signatures

201

F_____

0

SNO: Solves solar neutrino problem,
evidence of solar oscillations

S—

Precision Era:
Daya Bay, RENO,

Double Chooz,

MINOS, T2K...

13
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Measuring 03 at Daya Bay
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O3 Discovery

Daya Bay provided the first definitive measurement of 03
and demonstrated for first time 50 exclusion of 6,3=0

KamLAND + SOLAR

O - ‘ —4@— Original Flux o
' Reevaluated Flux * E —_— Daya Bay
. —e—— T2K = RENO
“N’ ~ Double Chooz
555 RS .....MINOS e oz T MINOS
------- Inverted Hierarchy g L T2K
& Double Chooz g P
—— Combine
e Daya Bay (2012-03)
e RENO (2012-04)
.................... >
o Double Chooz (2012-07)
B Double Chooz nH (2013-01) .0 1. : ,\Lo_'i -, TR .02 s
: ] : .25
- T2K Update (2013-04) sin“20,
Extremely high combined significance:
® - RENO (Prelim. 2013-03) .
. >70: Machado, et al., arXiv: 1 1 11.3330

a Daya Bay (2012-10)
| 1 1 | 1 | T 0 B L 1 |

0 0.05 0.1 0.15 0.2 0.25 0.3
sin’20,,
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Why 03!

® |t was the last unknown mixing angle

® Helps in measuring Ocp

® Complex phase behaves differently
for neutrino, antineutrino oscillation

® |[f difference is large, neutrinos could
play a big role in matter-antimatter
asymmetry in the universe

® A large, well-measured 0,3 makes
these future measurements easier

P, —v.)

Thursday, April 18, 13
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The Daya Bay Reactor Ve Experiment

Nlnxal‘.\updtk World, juac 1999 Eumpe (3)
R -G T 5 S - - JINR, Dubna, Russia
SR & - R Kurchatov Institute, Russia
£ = e G _',‘?‘;; ";é;gt Charles ty, Czech Repubhc
. s ’ g s ':&'%—‘ e - '—-_':?: :
S5 ' e e ,
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Siena Coll. UC-Berkeley, UCLA, U- Normal Univ; Chengdu UST,
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Shando Umv ﬁlm%im Jiaotong | “eiue
= Univ., Tsing th shan |
Umv,Hong Kon U hinese Hong |
'\ Kong Univ. Taiwan Uni’v Chiao Tung ‘ :
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~ 250 collaborators —
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Shenzhen, China e

Daa Bay CoIIbortio, courtesy of Roy Kaltschmidt
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Daya Bay: A Relative Measurement
13

® Near-far sites allow relative measurement:

# Protons , _ Near Sites Far Site
Interaction cross-section
Np 08
Ndet — 2 GO-PSUTSdE
47TL i Reactor spectrum, power
Baseline Efficiency P P 06 | -
— 13
/ — di
9 = 04
& - Np,f (b) (ﬁ) {Psur(E:Lf):l o
Nn Np,n Lf €n psur(Ea Ln) E o]
® (Correlated uncertainties cancel: : |
® |nteraction cross-section 013 Oscillation 012 Oscillation
H2 | |
® Reactor shape, thermal power = ‘ g 100
Am?23; = 2.5 x 103 eV2 Baseline (km)
® Largest detector systematics $in2613 =0.|

® Detector cancellation is maximized if all detectors are functionally identical

® Baseline optimized for a 813 measurement
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L3
@
| e 14
Mountains shield detectors Ling Ao || NPP AD3 Ling Ao-11 NPP
from cosmic ray backgrounds EH2 o L
EH3 ® .2
AD6 g4 Ling Ao NPP
°%
ADS
AD1 AD2
EHI
Daya Bay NPP Ling Ao NPP e DI
2.9GW x 2 2.9GW x 2 200 m ® D2
— Daya Bay NPP

® Three reactor sites with 2 cores, | 7.5 GWq total

® Top 5 most powerful nuclear power complexes

® 6 detectors at three experimental halls (EHs)

® Extensive overburden and muon veto system

® Two near sites to sample flux from each reactor group
® 3 detectors (60 T) at far site to increase statistics

e  Multiple detectors in EHI to cross-check detector performance of functionally identical detectors
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Detection Method: Inverse Beta Decay

® 0.1% Gd-doped liquid scintillator (GdLS) as an inverse-beta target

T/ -+ p %e-'- + N Ezow NIM A685, 78 (2012)
€ S ‘ <E, ;> =8.063 MeV
Y S 1500 f '- = =-¢.és MeV
5 (Gd g ? | <E,.>=8.039 MeV
Y i T Tppp = 429 MeV
/[ / Y I
» ! 500
/\ ~ 8MeV delayed by 30us;
g Some 2.2MeV H capture

o™

o/ p \ Y ~iai
Ve 5 : -‘“"Q —— ADI1
) o . - :
= P V% % —— AD2
y € N
= S000 =« 8
E.=E_-129MeV iR
’ e 1 . 0’
Ob=1_. - : I
0 5 10
Prompt Energy (MeV)
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The Daya Bay Antineutrino Detectors

Automated
Calibration

A - Units (ACUs)

A"\ ” ﬁ sel pr Hg gt t
Target Mass: 20 tons

Energy Resolution: ~8%\+/E
Light Yield: ~165 photoelectrons/MeV
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Installlng F|IIed Detector in Pool
!1 o a \\ “‘
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/2 .
Daya Bay Experimental Halls

. Hall | began taking data &=
onAugust 15,2011 =

‘o
! 5

- f d

¥
N
!

| -

® [wo more ADs installed
in Summer 2012

e All published results use
6-AD dataset

Thursday, April 18, 13

Hall 2 began taking data

on November 5, 201 |
~

23



Signal Extraction

Interaction’s positrons,

neutron captures create light Light travels/absorbs in liquid Photons make photoelectrons
| on PMT photocathode
GdLS Emission Spectrum 1000 TARmaraEA
Acrylic Trans. Spectrum PHOTOCATHODE
PMT Acceptance RADIANT
el SENSITIVITY
w— Total
100
10
Y e 1
500 550 600 QUANTUM
Wavelength (nm) EFFICIENCY
~  wf
S '
< - \
:’ 30':— 0.1 \‘
® ;
‘0 20— \
T r ; K .
Q10 0.01
= i 200 300 400 500 600 700 800
(a1 od -
- - dynode
A0~
o 0 48 600 800 1900 1200 1400 1600 - , ,
Time (ns) = Electron signal is
Ime (NS N
: : : Ny multiplied in PMT dynodes
PMT signal is amplified, shaped, digitized ';jn P Y
to give total charge. If sum in all channels — Fictocshode
is high enough, trigger readout of data g tocoming lght photon

)
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Detector Calibration
13

® Weekly calibration unit (ACU) runs:
® Gamma (Co-60, Ge-68) and neutron (AmC) sources

® |ow-intensity LED light source

® Muon-produced spallation neutrons
® Uniformly distributed in AD, like IBD delayed signal

® Neutron capture energy peaks, like IBD delayed signal

® Will calibrate delayed energy cut with low uncertainty

oo Spallation Neutron Energy Spectrum

g = AD1
2 « AD2

Entries/20keV

Energy (MeV)

Thursday, April 18, 13

ACuC ACUA ACuB

25



Calibration: PMTs and Electronics

® PMT calibration: removes time drift from PMTs and electronics

® C(Calibrate voltage per photoelecton (gain): fitting PMT’s single-photoelectron peak

ag | Gain for each PMT AD1 o - [ ' .
e Mean: 19.01 2! Average gain drift per AD Ehs =
i —— e e —
é o RMS: 1.48 B ™ =
B 18.8}
€ 15 y - .
E 10 § 186 4+ AD1 2
5 < 184— + AD2 ]
% 10 15 20 25 30 35 40 e = - ™ 3
3 AD2 . E : o
g 25 Mean: 18.16 & 004 &=
: . = :
£ 20 RMS: 1.37 8 0-0:: =
€ 15F 3 .
& . f £ 002 3
a 10F ® 0,04 0 . " 1
sE & 2011/09/28 2011/10/28 2011/11/27 2011/12/27 2012/01/26
of end oA Date
0 10 15 20 25 30 35, 40
ADC
ADC, (& pre-ADC) |_Y Hit Charge, | 2
# : (] ﬁ .
TDC, Hit Time, Nominal Charge (Q)
Raw PMT Hits Calibrated PMT Hits Total AD Charge
(For each PMT hit i) (photoelectrons, (Units: photoelectrons)
nanoseconds)
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e Energy Scale Calibration

® Provides consistent measure of energy based on the 8MeV spallation n-Gd peak
® Removes position, time variations in light collection

® Allows for constant monitoring of energy scale during physics runs

Position-variation of spallation n-H peak

— energy constant time drift from spallation n-Gd peak 1250
70 - - — - 5 -
S : .‘ - . _ P £ (o e AD1ACUA = AD1ACUB » AD1ACUC
| 168 | | 4 8 u
& el = u
. 156:_ \ = 5 115 © AD2ACUA 0 AD2ACUB A AD2 ACUC
S 164} Flasher ,‘ 4 < - . .
: - — C o == —4= e
O = test : ¢ 11 - § -
162 : N "
< - ; - g -
0 | —+— AD1 i C -
s 160} LA | 1 & =
E ! ~~ AD2 \ e 1_05__ o == . -
D 158 — — £ - =
o) } Ll L
O 156}~ 4 o - -~ - =
S, ansaaiaed . . . - 1 = e) N —_
b0 2011/09/28 2011/10/28 2011/11/27 201171227 2012/01/26 iz - - ==
o Date > 0.95— =&
LLl -
_I 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
\ 0.9 -1.5 / -0.5 0 0.5 1 1.5
: Z-Position (m
Apply Time Apply Position (m)
Correction Correction

Raw Visible Energy » | Reconstructed Energy
(Evis) (Erec)

Units: Photoelectrons Units: ~MeV Units: MeV

Nominal Charge (Q) | —®
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Anti-Neutrino (IBD) Selection
13 \

® Use time coincidence between IBD prompt and delayed signals
to select neutrino candidates

® Selection Cuts:

® Reject Flashers

® Remaining Backgrounds:
® Prompt Energy: 0.7<E,<|2 MeV

® Uncorrelated Accidentals: two

® Delayed Energy: 6<E;<|2 MeV uncorrelated events ‘accidentally’
passing selection cuts

® (Capture time: | < At <200 s
® (Correlated:

® MuonVeto
® Muon Spallation: ®He/"Li
® Pool Muon: Reject 0.6 ms

, ® Muon Spallation: Fast Neutrons
e AD Muon (>20MeV): Reject Ims

e Shower Muon (>2.5 GeV): Reject Is ° gf’:{ﬁl%&egsagrzzls from

® Multiplicity ® Rn decay chains - negligible

® No other signal >0.7 MeV
within 200 us of IBD signals

® Spill-in/out Correction
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Anti-Neutrino (IBD) Analysis

® After calibration, we start an analysis with the following spectra:

All triggers, after preselection: >80 Hz After muon veto: ~65 Hz (5.6 M daily triggers!)
> >
0 @ 109 | ™
= 10° e ADI = 10y e ADI
; ' c\n 108 . .\_\\ -
g r» 2 & AD2 @ r A T - AD2
5 107 ' & F e
40 6| K o n Gd-capture
K 10 - ‘.\ |
. 2 g . TR
10° f p ",
‘ 5 104 e
3 muon 2 :
L Er?ergy (MeV) Energy (Mee'?

Our task: pull IBD candidates out of this!
(~800/day at Near, ~80/day at Far!)
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/- - .
Major Factor: Energy Cuts

= [
> 3 i X EH3 AD1
\%i 10* E 10° W IEH3AD2
5’ :EJ - ,"l '. —+ EH3 AD3
c BT
5 10° -
|4 h e M
T 107 s
= C
10 106
2 . ‘.':F.-‘."‘ 1.0 ::1I2I.I I1I4I | I‘.IIGI | I1“8 1 __
Prompt Energy (MeV) 1 =
I E— 6 g 10 12
® Clear separation of antineutrino ety BB
1 —— EH3 AD1
events from most other signals iyl “.u’ S
. . . Y —— EH3 AD3
® Relative efficiency uncertainty i l

between detectors contributes
largest systematic: 0.12%

<
I I ' |.l.,,.
P, |-JL'>' -+

PR PNENR
IR o)

ln

® A byproduct of 0.5% relative
energy scale uncertainty
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Summary of Inverse Beta Analysis

> 200k antineutrino interactions!

Antineutrino candidates 69121 69714 66473 9788 9669 9452
DAQ live time (day) 127.5470 127.3763 126.2646

Efficiency 0.8015 0.7986 0.8364 0.9555 0.9552 0.9547
Accidentals (/day) 9.73£0.10  9.61+0.10 7.55+0.08 3.05+0.04 3.04+0.04 2.93+0.03
Fast neutron (/day) 0.77£0.24  0.77+0.24 0.58+0.33 0.05+0.02 0.05+0.02 0.05+0.02
SHe/°Li (/day) 2.9%1.5 2.0+1.1 0.22+0.12

Am-C corr. (/day) 0.24+0.2

B3C(a, n)'°0 (/day) 0.08+0.04  0.07+0.04 0.05+0.03 0.04+0.02 0.04+0.02 0.04+0.02

Antineutrino rate (/day)

662.47 670.87
+3.00 +3.01

613.53
+2.69

Consistent rates for side-by-side detectors

Thursday, April 18, 13
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Uncertainties
13

® Dominated by statistical uncertainty at the far site: 1%

Detector

Efficiency Correlated Uncorrelated Background
Target Protons 0.47% Uncertainty (%)
Flasher cut 99.98% 0.01%
Delayed energy cut 90.9%  0.6% Accidentals 0.1
Prompt energy cut 99.88%  0.10% 8He/oLi 0.2
Multiplicity cut 0.02%
Capture time cut ~ 98.6%  0.12% Fast Neutron 0.1
Gd capture ratio  83.8% 0.8% 241 Am!2C Source 0.3
Spill-in 105.0% 1.5% 3C(on) 60 0.04
Livetime 100.0% 0.002% ’ '
Combined ___78.8% _19%,_ o Py Pockgrounds s coreed b deecors

FP.An et al, PRL 108 171803 (2012) Can see the benefit of

a relative measurement here

® Reactor uncertainty contribution, near-far measurement: < 0.1%

® Baseline uncertainties: 0.02%
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Rate Analysis

Estimate 0,, using measured rates in each detector.

5 1.15
g B
=3 E
Z 11
g i Use standard chisquare fit method,
3 B utilizing nuisance parameters
Z 1051~ to account for systematic uncs.
1

EH1 EH2

0.95 Overall normalization is a

free parameter, not utilized in fit

IIIIIIIIIII

0.9

llllllllllllllllllllllllllllllllllllll
O 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]

sin2(2013) = 0.089 * 0.010(stat) + 0.005(sys)

The most precise measurement of sin?2013 to date
CPC 37,011001 (2013), arXiv:1210.6327
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Spectral Measurement

o (]

ear hints of a spectral distortion in far hall

® Working on shape-based oscillation analysis; coming soon!

® Will provide further confidence in 0|3 measurement

Thursday, April 18, 13

Also will provide |Am3si| measurement close to current best precision limits

> [ —
Q — —— —4 EH1, Scaled
X ’
S 800[— == +_§_:3:$ —- EH2, Scaled
% 600: == —#—f —— Far Site
o - —— $$
S ook +

400— — $=F

200 |- —em =<3

OB, L ———

g E
S 0.15—
& 0.05E + + + + | L
i SRR R R —
2005 T+, T + + + T
g -0.1E +
Lt Y
rc-0.10F A

-0.2E

R N D
1 2 3 4 5 6

7 8
prompt E (MeV)
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/
Future Improvements
13

® Experiment is currently statistics-limited, so precision will
improve greatly in following years

® Extra precision helps future experiments’ abilities to see CP-violation

® Absolute reactor spectrum shape and flux measurement will
also be done; useful to nuclear physicists

I 68% C. L.
- 6 AD
0.015[ * PRL 108 171803
e Installation
I 8 AD
. = 139 days update
0.01 B @® Today
0.005F
0 500 1000 1500

Time (Days)
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Thursday, April 18, 13

More Neutrinos!
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Some Unanswered Questions

Beam Excess

® | SND:Pure Vy source, but detect V. in detector even though
L/E is not rlght for oscillation...

MiniBooNE: Same, but also with v, to Ve!

Mass-splittings around |eV? suggested

® Collider experiments: can’t just be another normal neutrino

® Would have to be sterile: can’t interact with other SM particles

LSND anomaly

[
[ o
|

» other
[

[

o

PRD 64 (2001) 112007, etc.
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-.-f.-J'.'J-:‘:'E'T'E-J'C')!4"."‘.‘5':-:-‘."'.‘:':-7':mﬁ-ﬂﬂmﬁf%ﬂ’:}ﬂ'ﬂ.ﬁ s
y
T VN T PUUY T S D e Ve CEBE| [ty U ey | R o -

0.4

06 08 1 1.2 1.4
L/E, (meters/MeV)

Thursday, April 18, 13

3
MiniBooNE anomaly | . paa

25| PRL 102 (2009) 101802, etc. | v, from u
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= - n° misid
] A— Ny
1.5 + B dirt
I other
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Critical Mass: The Reactor Anomaly

® Also a deficit between expected and detected reactor fluxes!

® Could happen if an additional eV-scale neutrino existed

Need
More
Experiments
Here!

Ratio of Observed To Predicted Reactor-Vv’s

0.4

I

| 1 I 11

I

| | 1111

|

|

| 1111

T TTTTI

| | [ [1lL]]
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US Reactors: Sites

® Good candidate reactor sites in US

® Needs:

® Small core size: research reactors

® High power for more statistics

® Close proximity to core

1.15

Krasnoyarsk-1il

Goosgon -

0.85 G5 .
e existing data | §g_
0.8/ | — 3 neutrino oscillation illustration | b 228
—— 4 neutrino oscillation illustration | R
0.75 ™ -t w4 ] i
10° Nucifer (2012)/ 10’ 10° ¢ : RN L
Distance to Reactor (m) NBS at NIST
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Very Short Baseline Osc Signal

® Small Daya Bay-like scintillator detector

® Multiple-m? sized with long baseline spread

® 30% detection efficiency, 0% energy resolution

® Optically segmented target for position resolution, background reduction

® | ook for reactor oscillation distortions with position, energy

/ .....
. P 4
,/-/ Unoscillated —— — : )
1600 Am2=25eV2 | e s y
-:!400% sin220,3 = 0.15 J
32003 .
'50003 /
8 VY
:)80()*3 _ ok
= I 22
sy !
200} SRIZ ST
Y- =
0 _ == ';‘161~III.‘I1JT .
Energy (MeV) 5
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US Reactors: Sensitivity

® | ooking at a 2-detector
deployment at NIST

® Can rule out most suggested
sterile neutrino space

[nummm! — T
< F |
o [ :
[ |
< | I
A — L |
& |
< T |
|
I
1= I
[ 1
_ I
- |
|
— |
|
L N
e
- |
I —
I ,,ﬁxm%
1L I N
10 H ——— NIST, 1a, 3 years livetime, 50 CL I
] ——— NIST, la + 2b (4x), 3 years livetime, 50 CL | |
[ e NIST, 1a + 2b (10x), 3 years livetime, S0 CL :
|| —— STEREO Proposal, 900 days, 50 CL :
——————— Goal LBL Flux Measurement, 50 CL :
| [ ] Reactor Anomaly, 95% CL |
5 [ ] Allv,Disappearance Exps, 95% CL :
- I I I I I I I I I I
10 | | | | L1 1
107 10" 250 1
S1n ee
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MicroBooNE
13

® Another way to address anomaly: repeat MiniBooNE with a
better detector -- liquid argon TPC

,

® Shoot neutrino beam through 83 m3 active volume liquid argon

® Drifted ionization electrons give
a track on side sense wires

® Additional scintillation light

® Beautiful particle tracks,
excellent, position, energy
resolution

® Maybe signal was background, .

mis-identified?
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Summary

® Huge advances have been made in neutrino physics, even in the
past year!

® The Daya Bay exFeriment has measured 0,3 with incredible
precision, and will improve its measurement in next few years

sin2(2013) = 0.089 * 0.010(stat) * 0.005(sys)

® Hints at new neutrino types can be decisively investigated with
very-short-baseline reactor experiments

® Stay tuned!

Thursday, April 18, 13
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Backup

Thursday, April 18, 13
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Impacts of Large 0,3

Flavor
Symmetries

Theoretical p

ossibilities are greatly red

uced: simple tri-bimaximal mixing is out.

o I l 1 10 ey — g
I 1 L 1
: - T ' T ' i
I L ' - E, ],
8- == S0(3) I 8} —_—_raE B . -
< R e 1 = 7 Seq. RH Neu. Dom. . ~
- P . 34 ' %l SO(10) lopsided . ]
E ; e = s SO(10) sym/antisym 1
5 s K s 5| : GUTs
E e 2 -3 symmetry 1 g - 1
E * 8538 Texture Zeros £ af- L, .
= 1 = -
Z3\y o 7 Z 3 -
2 .......... p—— 2; .......... :.
o g o e
lm Z Z e l.... . O Lo ‘ A Ak et B NN ) -
0 -> 000001 0.0001 0.001 0.1 0. 0.00001 0.0001 0.001 001 0.1
s & s 2
s sin 031 C. Albright, arXiv:0911.2437v1 (2009)
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O
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o o
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(V)

0.0

10

http://www.fnal.gov/directorate/plan for discovery/
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10°

Fraction of actual &

Actual sin’29,,

10°

10

Prospects for mass hierarchy and O, greatly improved at future neutrino exps.

& 1.0

10
Actual sin26,,
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SM Neutrino Interactions
13

® | eptons with no charge, so no strong, EM interactions

® |nteract via left-handed weak force:

Neutral Current Charged Current Current

V,

JWOC = (Py,(1 — 5)¥)

2

JE”NC = Z(E’}’#(g’vz s gAg’Yi'))d})

2

udu Ve
o
® We particularly care about
W inverse beta decay:
udd
n

March 12,2012 Bryce Littlejohn 46
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See-Saw Mechanism
13

. . _ D _ 210 ; :
® Start with a nu mass Legrangian: ~“m =mpvavp e DracTerms
—2772{ = n%(l/%)cl/% + h.c. Majorana Terms
® Write in matrix formulation:
1 vy m; mf
—‘Zn —— (VO)C Z/Q M,, +h.C. M =
o 2 i R (VO )C v
R mp Mg

® Diagonalize mass matrix to get mass eigenstates:

2
1 ol mp/m 0 v

—gm,,, T 5 (D N) D/ 5
0 Mg N

® |f mpis the quark mass scale,and mr is some heavy mass scale,
we get sets of light (~eV) and heavy (~10') neutrinos

® Neutrinos must be Majorana particles!

March 12,2012 Bryce Littlejohn 47
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The Reactor 0,3 Gateway

® Sensitive, ‘clean’ measurements of 0,3 can be done at reactors

® Independent of CP-violation, mass hierarchy

® With reactor 0,3 precisely measured, accelerators can probe

Ocp, Mass hierarchy

sin® 26,5 discovery potential (NH, 90% CL)

| GLOBES 2009
. Dates may vary

"

-

1072

N o=

(&)

g

= _

[4}) ’

: 4

2 .

S : w Double Chooz
< 107 ‘ | RES
NE """ RENO

i Daya Bay

- NOvVA: v+v
| CHOOZ+ = = = NOvVA: v only
10° [ Solar excluded ‘
2010 2012 2014 2016 2018
Year

05

o
»

Fraction of (true) dcp
O
N

o
B

0L

CPV discovery, NH

o
w

GLOBES 2009
Combined
Combined (no reactors)
—_— T2K
—_— NOvVA
0 002 004 006 008 0.1

Huber et. al, arXiv:0907.1896 (2009)
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True value of sin® 26,5
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Accelerator Oscillation

L(km) =

Py, — v.)

Thursday, April 18, 13

1.24F,(GeV)

Same Am? as Daya Bay

Higher Energy: ~GeV

2 2
Am=(eV?) s, higher baselines: 1000 km

4¢2,8%,55, sin? Az

8cf3813323c23312c12 sin Ag;[cos Agg cosd — sin Asg sin §] sin Ag;

824 524525Cos COS Azg sin Az sin Ag;

5 B 5 -
4C3,82,[CloCas + 899823554 — C12C23512513823 €08 8] sin® Agy

al sin A3
8C34874853(1 — 23%3)4E sin Ag; (cos Asy — i )
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Daya Bay Ve Detectors (ADs)

® Relative detector systematics: the expected dominant
experimental uncertainty

, N o Dk (L_)2 {PSME,LQ]
w Nn Np,n Lf })sur(E: Ln)

an Delayed n-cap ;
spectrum ‘ ‘ /
250
i TR ’ A product of relative
150 : .

: h ey | energy scale differences
100(" : . Cut ‘ . 5 (o)
o | l Design Estimate: 0.3%

it \“,._. A For Comparison, Chooz: |1.5%

0 2 4 6 8 10 12
Energy (MeV)

® To achieve or surpass this systematic:
® Must precisely understand relative energy scale differences between detectors

® Minimize differences by making detectors as physically identical as possible
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A Ready-to-install OAV!

® Played a major role in AV design, construction,
assembly and characterization

® Much laboratory and on-site hardware work

Thursday, April 18, 13

. _ ‘. \
AV Cleaning at Daya Bay
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AV Geometric Design/Characterization

® Design led by engineering and physics requirements:

° Wide cylindrical AVs give largest target volume while allowing easier transport

* -Ingmn\wlef?flc;f\lllsl %ir\:]emhic%l:.eﬁbt\\;jetection efficiency _ An Example: th|n |AV waIIs glve hlgh detectlon efﬁaency
R 90.8F g e =
° Conical tops ensure a completely filled target E 88 46@_ _______ Chosen.T.hl_c.kn.es.s ............................................................................. ____________
(070 10| NS IS S T S —— —
® Great care taken to produce, N0 E———— ...................................................... —
Characterize Similar geometries 8 89.8;_ ........................................................... ........... TSRO USROS ............
%) 896;_ ........................................................... ................................................................................ ............
e H.R.Band, et al, accepted to JINST 2 28'3 - IiiiiiﬁiiiiiifﬁiiiiﬁfffifffiIffﬁfﬁﬁfﬁfEiiiIIiiiIIiiiiiIiiiiﬁiiiiiiiiifﬁiiiiffﬁiifi.iiiﬁfﬁfﬁiiIffffﬁﬁfﬁéﬁfﬁffff

g | 0

R e R e e

0 12 14 16 18 20

= 130F |AV Thickness (mm)
g = : _
E 125 AV Thickness 2 30F _
g 120F I I B st HA
g ISE T I I 7 AV
E10E * i n " ? B 20F . J
2 j05E - Diameter
|

3 IOOE L 1.5 AR
Q — L
= F I L n
o 9.5;— ? A 10— HA
g 90 f— |£|Tolerance T 0 55 |:|Tolerance B
Z - | A 1AVI STUA 1AV

8.5E| W 1av2 -

8 0 : 11 1 l 1 1 1 l L1 1 | l 1 1 1 l L1 1 | l 1 1 1 l L1 1 | l 1 1 1 l 1 O O__ . IAV2 | L1 [ | |A 1 | - | L1 1 L1

’ 0 50 100 150 200 250 300 350 3110 3112 3114 3116 3118 3120 3122 3124 3126 3128 3130
Angle Around IAV (deg) Measured Outer Diameter (mm)

Thursday, April 18, 13 52



AV Optical Design/Characterization

® Acrylic optical properties required to match light output of scintillator
® Great care taken to produce, characterize similar AV optical properties

e H.R.Band, et al,accepted to JINST: excellent agreement between ADs

e Littlejohn,et. al, JINST 4:T09001,2009: Degradation from UV exposure is
minimal and identical for all AVs

Measured range of acrylic attenuation Scintillator light output matches PMTs and acrylic!
104 §_ ................................................... l 0:_ '
g E —_ o) % | GdLS Emission Spectrum
::/ 103 _ o T % 0.8 ‘ Acrylic Trans, Spectrum
*éb E S I PMT Acceptance
) B B GdLS Trans. Spectrum
- 10 e 0.6 —— Total
S - ———— Reynolds ACP-10 (OAV) 8 i |
= - D
4
% 10 §_ ............ Polycast (OAV) 2 0 B \
< - PoSiang (IAV) 0 ,2; \\\
g i1 | | | | | | | ) -
200 250 300 350 400 450 500 550 600 ooL—— s bt /) - e -
Wavelength (nm) 350 400 450 500 Waveslz?lgth (m6r(l))0
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Detector Design and Characterization

® | did simulations verifying that produced AD should be ‘functionally identical’

® ADs will have identical neutron detection efficiency to <0.1%

® Small compared to expected 0.3%

® [|ight yield differences between ADs

will be less than 1% M -

SV Vs T

® Resolution between ADs will vary
negligibly

P U S A S S WO

Efficiency (%)
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e L T s e [ TN R T Tolerance |
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2
o)
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/

______ " 2 MC Result

________ Tolerance

. . . . s U . . .
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. . . . . a e . .
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3 :
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(e
Target Mass

® Target mass measured to <0.02% for each AD

® | evel sensors in overflow tanks measure changes in target mass

® Target mass is currently blinded

® Near site masses will be unblinded for AD|/AD2 comparison

I CCD liquid Level (2)
W Capacitance (3)
Ultrasonic (2)
Inclinometer (3)
Temperature (2)

Electrical
feedthroughs

Load Cell
Measures Filling
Tank Mass

January 3,2012 Bryce Littlejohn: UW-Mad.su.
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® Scintillator is completely
produced and stable:

® Gd (0.1%) + linear alkyl benzene + Fluors
® |85 tons produced in 4-ton batches

® 3 years R&D, | year prototype monitoring

0.0019 0.104
HR ; ; ; | 1 All ADs agrees within 0.16%
0oo1g | Scintillator is optically stable on year timescales! ,
—~ 0.0017 ]
€ 0.0016+0.0001 % ] i
£ 00016 | 0.1031+0.0002 %
g, N R e e e e ey S I X O 103 _______ ot I G
@ 0.0015 - 30103 - }
E ooe 3
S 00014 - =
} .
(@] .
8 00013 -
< | |
0-0012 I 1 T ] 1 1 L] T 0 102 T
Jan-11 Feb-11 Mar-11 Apr-11 May-11 Jun-11 Jul-11 Aug-11 Sep-11 Oct-11 Nov-11 ' ' ' I ' ' '
o _ . 1 2 3 4 5 6
Monitoring Date (since production) AD
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Filling and Mass Measurement
13

2
® GdLS mass measured with load cells Ng 2 ( ) (ﬂ) (3) [PS‘"(E’ Lf)]
to 0.03%, flowmeters to 0.1% Nn Lg én/ | Psur(E, Ln)

® Detectors filled equally from common batches of liquid to ensure identical ADs

View with monitoring camera inside AD during filling

A
Liquid Filling,
Measurement

Provided by M. McFarlane
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?ayaiay " * " " I
ldenticalness: Liquid Properties

® Many controls on properties of MO, LS, GdLS between AD:s:

Possible source of Non-ldenticalness

Batch-to-batch production variations

Method of Control

Storage tanks mix and hold 8 batches

Tank-to-tank variations

Fill each AD evenly from all 5 storage tanks

Storage tank vertical stratification

Recirculate storage tanks

Time-dependent optical properties

Cross-Check:

No evidence for this, but fill detectors in pairs anyway

Take samples before and after filling for property testing

® This should ensure identical properties between ADs:

® H/C ratio
® H/Gd ratio

® Optical properties

Thursday, April 18, 13
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Scintillator Non-Linearity

Non-linear relationship between . /E L
total energy and scintillation light: ™ Jo 1+k%E

KamLAND non-linearity

vvvvvvvvvvvvvvvvv v v 4 v v v T

: 5 =
w £ | e ‘—--—e-’gﬁ —
~ o —{
- Daya Bay gamma non-linearity wg 1 =
D 0ec 1 I ndf 6.877e-09 / sl E
w E N -0.1644 + 0.0118 e ]
@ 103 A -2,055 + 0.154 2 =
D 102k B 1.013 + 0.00113 0.8f Gammas —]
= AmC - .

e N o 3 B W I
&= Ne” *+B Real Energy [MeV]

0.99F- D. Dwyer, Ph.D.Thesis
ogei— - s =~ S T N R B~
- w : :
097 o - .
= ; 0.09|— -
096E°"Ge uj - .
0.95f— 0.08|— —
094:; PR T B P | - TR R e o T T : :
05 1 15 2 25 3 = " =
el T Alphas -
E (MeV) iy s : A : . . =
5 6 7 g 9

Real Enerég [MeV]
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Daya Bay Muon Veto System

® A three-part muon detector:

® Optically separated inner and outer water pool
® Passive gamma and neutron shielding

® Active muon ID for rejecting cosmogenic backgrounds: 288 (near) and 384 (far) PMTs

® RPC: Resistive plate chambers
o inner water shield
® Independent muon tagging RPCs — ~ outer water shield
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A e \
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concrete /

AD support stand
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Reactor Antineutrino Flux Predictions

| =
. ¥/
"

%/

Reactor flux uncertainty ALMOST completely cancels.  »; . =
Must estimate antineutrino flux from each reactor. ©

® |nputs:

® Reactor operators provide:

° Thermal power:Wu,

° Fission fractions f;

® Energy per fission: e;
° V. Kopekin et al., Phys. Atom. Nucl. 67, 1892 (2004)

® Antineutrino spectra per fission: Si(Enu)

° Many varied models have negligible effect on
near-far relative measurement

ion Fruction (%)

I35

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%

TABLE III. Summary of systematic uncertainties.

Thursday, April 18, 13

Isotope fission rates vs. reactor burnup

1235
R . PUZ3Y
| « 1238
o : . PU241

T—— « U236

. S . s am S S S e e S e - = U e e S

l' Lk o - - "
5000 1 0000 | 5000 200 08

Burn-up (MWD/TU)

Uncorrelated uncertainties are further

62

N
g / EUPS"L@H'E
s

— reduced by ~1/20 for near/far measurement
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Relative Energy Scale Calibration

® Consistent energy scale = Consistent energy cut efficiency

® Just need to know that cut

2
all detectors 10

Thursday, April 18, 13

Don’t need to know absolute
energy scale, efficiencies

T
-

10°

Entries/50keV

energy is the same between

So what we should look for
is relative differences in AD 10
energy scales

Note: will eventually need
full absolute energy scale

—

o TTTT]

—+ EH3 AD1
-+ EH3 AD2
-+ EH3 AD3

calibration for shape analysis

Different time-dependences
Different position-dependence

Different energy- and particle type-dependences

10

12

Energy (MeV)

® Compare energy peaks between ADs to look for differences:
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Relative Energy Scale Calibration

(60s

C

¢ Relative time variation so2f- " B varitn e e
very small (<0.1%) TR ;& i Bt b sl b
= o Vﬁfwmfw MW&W WM@MWM@,
=t Preliminary
. . 0204060 80 100 720 740 160 180
e Examine per-AD deviation Davs since Dec. 24 2011
from mean e-scale B 00—
No clear d ; AD aé 0.008F ° wge ‘ 21411:0a # IBD n-Gd
¢ No clear dependence on AD, £ 0006F |, ° . soSeun
energy, or position distribution ~ Z j,f ¢ AmCn-Gd + TPoc Span-Gd
0.002F N
O Tl
e Conservatively estimate . ¥
relative energy scale B T A a—
uncertainty as 0.5% CPC 37,011001 (2012) S e
2 0006 F
e Lleadsto 0.12% delayed energy g 0004¢
cut efficiency §,°~°°(2)§:,_ﬁ _______ Rt g ___________
_ < 0002 4
® Previously expected to be largest -0.004 £
relative detector systematic at 0.3%!! -0-006E : y - : -
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Reconstructed Energy (MeV)
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Relative Energy Scale Calibration

® Position-dependence differences:
® |ookatADI/AD?2 difference in n-Gd energy peak versus location

® (Can sample entire target volume, rather than only ACU z-axes!

. 20><1O'3
X F
Q 15;—
5 -
HGL_D 10:—
) 5:_
Q E —_— — —r
> - o
9 _5__ e ]
((b) L
- —
Eesetmaaat W 10
ERAIHE P
l E | | | | | | |
2T T T 6 8 10 12 14 16
Pixel Number

® All regions of target have identical energy scale with an RMS of 0.25%

65
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Pre-selection: Trigger
® Trigger thresholds:

. . . g = o .W""—“‘J
® Discriminator: 1/4 PE 3 THwmr o
s oa-_-‘;—"Ge.ADl _é’ E
. & [ +4LED.AD2
e AD: go.e:—i"Ge'AM ,H
e  NHit trigger: >45 PMTs T |
04— . i
®  ESum trigger: >0.4 MeV ’i-k E
02[—-- - :
H H §Em'n'305
® |nner Water Veto: >6 PMTs b aﬂ‘*: o b v sl s g
% : 0.4 06 o [m:rjz
ergy [Me
® Outer Water Veto: >7PMTs
g 1—
. . . $ | 4LED.AD1 .ﬂp" :
® Trigger Efficiency: £ [ lvoems [ |
& | 41Ep.AD2 |,
® Absolute efficiency cross-checked § of o cen02 [
between 2 independent AD triggers 27 i
. . SO e lf;l -
® No measurable inefficiency >0.7 MeV : ,=ﬂ S
01: ) 4 EE"‘-" 30e
E - i
%*“‘J'*'Uf&"ﬁ'é'o.'a' B X S ¥ S E—
Energy [MeV]
66
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Pre-selection: Flasher Removal

- L)
Flashing PMTs: S N
- Instrumental background from ~5% of PMTS W - ::;‘ S A |
- ‘Shines’ light to opposite side of detector o ! A “ﬁ
- Easily discriminated from normal signals 10°2 \DS }1 Y
| 3 |
107 ! ' | :
AD1R5C20 | 10°* \ l
- Entries 1.66667
& -5 aaaal, B RS
€ oF W2 <18 "1 BB 0 68 A 18 2
: a FID of delayed candidates
= 10
6 = -
E Juadrant _. Max(
i | o (Rt (M@
N 1 1. 0.45
I
2 Quadrant = Q3/(Q2+Q4)
A 10" MaxQ = maxQ/sumQ
0 ":- P FRT TR [ B A | T T T VG LI i) VS d
0 5 . 10 18 L 20 25
T | | Cotmn Inefficiency to antineutrinos signal:
Quadrant4 Quadrant3 Quadrant?2 Quadrant 1, where the 0.024% + 0.006%(stat) .
hottest PMT locates Contamination: < 0.01%

67
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Efficiency: Multiplicity

Ensure exactly one prompt-delayed coincidence

L
I

! 200us

2 B

lus< Ae*-n<200us

200us

ORE———.

< >
I I

® |f we have an extra trigger near IBD, which triggers are which!?

® Reject all IBD with extra triggers above 0.7 MeV within 200 Ps of a coincidence

® |[ntroduces 2.5% inefficiency, negligible uncertainty since singles are well-measured

68
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Neutron Efficiency: Identical Tail Shape

® This estimate assumes identical tail shapes for each AD; need to
test this assumption:

< 12 " B
g E.!-L !- 104 g | — ~|—EH1 AD1
~ . g S 10°k —  —__ +feHape
> i . A\ P =
g _‘ 3 § E . = ~|~ EH2 AD1
- N 2 10 E [ == o - EH3
©
2 10°E =Rl —+
E 2 P —|—:|:+$__ _it 4+t T+
a 10 L -
ST + T+ 4+ +
10 10 % mE _
> 4 6 8 10 12 14 16 18 | L
= ] ] ] ] ] ]

PromptEnergy(MeV) '4""5""6""7""8""9""10

Energy (MeV)

® Select a high-purity IBD sample by requiring Eprompt > 4MeV
® Compare IBD neutron tail size to rest of distribution
® Results consistent with identical tail shapes between detectors

® Demonstrates why having identical detectors is so important: our relative
efficiency uncertainty estimates aren’t valid otherwise!
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Spill-In/Out

® We know target mass, total IBD interactions, are the same to 0.03% for all ADs

® Are IBD contributions from other regions the same for all ADs?

1800 —— Gd captures
" — H captures
§ 51600 ---TAV Radius
>
L

1400

1200

1000

800

600

400

200

0

1| | I | | | I 11 | |II III4L|IIII
0.5 1.0 1.5 20 2.5 30 3.5 4.0

Radius Squared (m?)
® Physical detector differences can cause differing number of SI-SO events:

'O_III|III|IIIIII|III|II|III|III|III|

® From characterization, only relevant physical differences are in IAV dimensions and thickness (~1mm)

® Simulated these variations:
® |mm IAV thickness variation changes spill-in IBD 0.02%

® cm-level changes in AV height, diameter change spill in much less than 0.01%.
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Capture Time Cut Efficiency

Consistent IBD capture time measured in all detectors

n 10* 3
:
g [, ~e- ADI
£ 10°k “ees, o :
5§ *egy e e Contributors:
102;_ ' '""‘:';:..'_w ® Relative timing uncertainty:
: . .9',,*».,,, W, estimated to be 10 ns
,.
10 Expected accidental background ] e Difference in tail shape:arises
: from difference in spill-in effect,
2 o4k — E which we know is very small.
- | ]
E 02 | l | II' 1 "t :
£ sttt b LI LT @ Leads to very small refative
. : 3 ‘l . -l lele Y § z _ ol ® . °
os e T time cut uncertainty: 0.01%
-0.4 T % 1
0 50 100 150 200

Neutron capture time (us)
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_/13

Backgrounds: Accidentals

® Two uncorrelated singles can accidentally mimic an IBD event

® A well-understood

g 5 I | 1 1 :
background, since 8 12p ! : :
singles can be counted : 10?; wm-»*,,g; ” d,, o ¥ %,,wm,wﬁ,:f
with high statistics W gf LR SR

© » —e— EH1-AD1 AR S § :

® Can estimate B/S T Pl el -

. c = v % =

Wltl‘l less than g 4C e TN e agiten

0.1% uncertainty 8 2 Eman —

2:9(;9/11 23/110l11 22/111/11 22/112111 21/011112 .

Date

EH1-AD1 EHl-AD2 EH2-AD1 EH3-AD1 'EH3-AD2 | EH3-AD3

Accidental | 9.82£0.06 | 9.88£0.06 | 7.67:0.05 | 3.29:0.03 | 3.33£0.03 | 3.12+0.03
‘rate(/day) | | | | | |

'B/S 1.37% 138%  |144% | 458%  |4.77% | 4.43%
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13

Backgrounds: 8He/’Li

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

e

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

® Muon veto cuts control
B/S to 0.4% £ 0.2%

Thursday, April 18, 13

® (Generated by cosmic rays
® | ong-lived

® Mimic antineutrino signals

°Li/He Fit
Ty = -85 +/-13 s
n N9Li+N e = 294 +/- 26
S N,,= 10249 +/- 103
g
1
[
2 10
I'u i
||'|; 1 | [ | [

: "' il | n||'l';|||
| E, >4 c;evﬂ

'l 'l 'l 'l 'l 'l 'l 'l 'l 'l I 'l 'l 'l I 'l 'l 'l I 'l 'l 'l I 'l 'l 'l I 'l 'l 'l 'l 'l 'l
2 4 6 8 10 12 14 16 18 20
x (s)
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Backgrounds: Fast Neutron
13

. S— ® Hard-to-shield cosmogenic products

® Produce proton recoils (prompt)
and n-Gd capture (delayed)

® Muon-tagged fast neutrons:

wioggedy | continuous prompt spectrum
' u tagged by muon system ehi_ad1_hist
Entries 38256
> Mean 3.587
g RMS 2.47
q x2 / ndf 17.66 /17
@ p0 8.685 = 0.695
G - npt energy of fast neutron candidate prompt_fn_hist
o Entries 6191
E T Mean 25.93
RMS 14.06
. 2 / ndf 60.24 / 34
_ i PO 128.7 + 1.9
o %fﬂhrﬁﬁghﬂhh\ﬁdt
] 102 [T
oy ey by by b b b b b

0 5 10 15 20 25 30 35 40 45 50
Prompt energy (MeV)

® Statistical subtraction of

continuous spectrum controls L. ... ... . ...|]
B/Sto 0.1% £ 0.1% 5 prompt energy (MeV)
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L3

Backgrounds: 2*' Am'2C Source

Weak (0.5Hz) neutron source in ACU
can mimic IBD via inelastic scattering
and capture on iron.

All Three ACU Capture Position 2 vs! (reck » § MeV) i _hCep |
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N /J | .‘
.‘ ”//

0

-
.., §
Prompt [’ Delayed
NeutronInelastic neutron Capture

Constrain far site B/S to 0.3 + 0.3%:

- Measure uncorrelated gamma rays from ACU in data
- Estimate ratio of correlated/uncorrelated rate using simulation
- Assume 100% uncertainty from simulation
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More Neutrinos?
13

* D. Dwyer, K. Heeger, B. Littlejohn, P. Vogel; arXiv:1109.6036
* 18 PBq '*4Ce source at the Daya Bay far site

* Look for very short baseline oscillation from large Ampew?
* 35 cm thick Tungsten source shield, water pool reduce gamma backgrounds
* Many possible source locations

W

W

Position A and C: Source and Support Structure
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* Backgrounds:
~0.5 m thick shielding, water pool, shield gammas

utri ux well- W )
Reactor neutrino fl ell-known to <1% from near halls

* Detector systematics:

* Well-understood from Daya Bay 613 measurement
* Sensitivity:

With 1 year of running, 30k-40k IBD detections

* Shape+rate analysis can rule out large majority of reactor
anomaly, 3+1 global fits to 95% CL with one year of data.

3500| Oscillations with energy
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—— Am?®=1 eV, sin’(20)=0.1
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Same, No Reactor Background, 95% CL
[ ] Reactor Anomaly, 95% CL
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