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Disclaimer
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| am a member of the Daya Bay Collaboration.
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Reactor Antineutrino Experiments with

1-2 km baselines are sensitive to 0,
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Why measure 0,5?

* (was) Least-known mixing angle
* Access to v mass hierarchy

* Access to CP-violating phase 0




The Reactor Neutrino
Flux and Spectrum

o 233, 239Py, ?41Pu from 3 measurements

e 238 calculated

* Time dependence due to fuel cycle

e Other contributions: spent fuel, nonequilibrium
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Inverse beta decay has a distinctive signature

Inverse B-decay (IBD):
vV, +p— e +n

!
n+"Gd—""Gd+y

Prompt positron:
Carries antineutrino energy
E.,=E,—0.8MeV

Delayed neutron capture:
Efficiently tags antineutrino signal

Prompt + Delayed coincidence provides distinctive sighature

5/14/2013 D. M. Webber 5



The v.energy spectrum
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Detectors are optimized for inverse beta decay observation

Outer Y-Veto (OV)

V-Target (NT)

Gd-doped Liquid-Scintillator

| _y-Catcher (GC)

Liquid-Scintillator

Light Buffer

Oll (negligible scintillation)

Inner p-Veto (IV)




Daya Bay Experiment Site

A e

4k Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.
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6 commercial reactor cores
with 17.4 GW,,, total power.

Overburden: ~265 mwe
Weighted baseline: ~500 m

"~ ®Ling Aoll
reactors

6(8) Antineutrino Detectors (ADs)
give 120(160) tons total target mass.

Via GPS and modern theodolites, relative
detector positions are known to 3 cm.

verburden: ~250 mwe
eighted baseline: ~360 m
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i Far Detector
(450 m.w.e.)
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Double Chooz experiment

~ A =l /' Near Detector =i « == | Far Detector

=l | | L=400m e sags B| L =1050m
Chooz Reactors 10m® target 3 + | | 10m3 target
4.27GWy, X 2 cores 120m.w.e. | § | 300m.w.e.

| 2013 k\w_ 4 April 2011 ~



Antineutrino (IBD) Selection

v.tp2et+n g7 "
. S BTN nGd IBD
Prompt + Delayed Selection (DayaBay) 218} candidates | 3"
- Reject Flashing Photomultiplier Events S 14F i ]
- Prompt Positron: 0.7 MeV <E_ <12 MeV § 1202 =10°
- Delayed Neutron: 6.0 MeV < E, < 12 MeV nH IBD 100 gidr ]
- Capture time: 1 ps < At < 200 ps candidates\&: e 5 10°
- Muon Veto: 6; A 1
Pool Muon (12 PMTs): Reject 0.6 ms 4 L5 el 10
AD Muon (>20 MeV): Reject 1 ms Back 2 e prooe L
ground—_?. : YT
AD Shower Muon (>2.5Gev): Reject 1 s III| III|III III 111 ﬁ ﬂ | I.I 111 | 11 I | 111 1
. 6 8 10 12 14 16 18 20
- MUltIpllCltyZ Delayed energy (MeV)
No other signal > 0.7 MeV in -200 ps to 200 us of IBD. R
] —> QEJ 2500 [ — Data, DYB-ADI -
| 200us I 200ps = - .
D o S 2o e —;
5 ot Z 15000 —>
E -
D) C
> 1000[
m -

Uncertainty in relative E, efficiency (0.12%) :
between detectors is largest detector systematic. %0' B B A wa - 1_2
Delayed energy (MeV)
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Background: Accidentals

Accidentals: Two uncorrelated events ‘accidentally’ passing the cuts and

mimic IBD event.

> F | ]
& 12:— =
0]ttt it
& 10_
Rate and spectrum can be 3 - ﬂﬁ% ¢¢¢ ¢ Wﬂ#ﬁ *?Wﬁ
accurately predicted from g’ 8 o Ev1ADS e, ¢ '71“’ ¢¢¢¢¢“> ¢¢¢¢¢§¢¢¢ & 55
singles data. = 6 o Eman: ]
= 42 —s— EH2-AD1 .
@ e Ena. =
Multiple analyses/methods 8 | 7 =70 R e
estimate consistent rates. < 2 ~ .+ EH3-AD3 E
2&69[11 23I1|DI11 22/1l1l11 22/1|2I11 21!0|1I12
Date
EH1-AD1 EH1-AD2 EH2-AD1 EH3-AD1 EH3-AD2 EH3-AD3
Accidental [9.73%+0.10 (9.61%x=0.10 (7.55+0.05 |3.05%+0.04 |(3.04%+0.04 (2.93%+0.03
rate(/day)
BG/Signal 1.5% 1.4% 1.2% 3.9% 3.9% 3.9%
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Background: Fast neutrons

Correlated events mimic IBD events

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

/

untagged pu
u tagged by muon system

Analysis muon veto cuts control

BG/Signal: 0.06% (0.1%) of far (near) signal.

5/14/2013

D. M. Webber

EH1 Prompt energy, AD#1 eh1_adi_hist
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prompt energy of fast neutron candidate prompt_fn_hist
Entries 6191
e Mean 25.93
RMS 14.06
%2 ! ndf 60.24 / 34
- PO 1287+ 1.9

Validate with fast-n events
tagged by muon veto.
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Background: Li/He decay

Correlated events mimic IBD events

- prompt: B-decay
- delayed: neutron capture

)Li—°Be
Generated by cosmic rays, long-lived % He Fit
%Li: 1,= 178 ms, Q = 13. 6 MeV O Example of the fit
8He: 1, = 119 ms, Q = 10.6 MeV i SLj e
& uncorrelate
°Li/*He, Br(n) = 48% /12%, °Li dominant B LR i
I T IIIII|'-|i|IIl AR L M TR T by II T

I l ' il ”:II g I I' Il'Il | lI II""':i:l
fit with known decay times for 8He/°Li -

i E.>4 GeV (visible)
Analysis muon veto cuts control B/S to T T P T T T T T T

. 2 4 6 8 10 12 14 16 18 20
~0.3% (0.4%) of far (near) signal. Time since last muon (s)
5/14/2013 D. M. Webber

14



Antineutrino Rate vs. Time
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RENO

A% 013
Observed Daily IBD Rate
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= Solid line is predicted rate from the neutrino flux calculation.

= Observed points have very good agreement with prediction.

m |t’s the accurate flux measurement.
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observed vs expected rate. ..
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next: plot observed vs expected IBD rate per day

Anatael Cabrera @NuTel 2013 Anatael Cabrera (CNRSIN2P3 & APC)
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.
Far vs. Near Comparison s

Compare the far/near measured rates and spectra

>
%2000_ _+_ Far hall R _ Fﬂrf‘mt}ﬁ_g“;'@d _ 4'1‘1!4 + ﬁr‘fj + ﬂ‘f{j
i i —}— Near halls (weighted) Farexpected Z?: JailMy + M) + iM3)
£1500f M_are th d rates in each d
5 . . are the measured rates in each detector.
W Weights a,,B; are determined from baselines
1000: and reactor fluxes.
500F
03 . . R =0.944 1 0.007 (stat) £ 0.003 (syst)

E e No oscillation Clear observation of far site deficit.
g 1-2_' l — Best Fit
S I e i It Rate-only | gpectral distortion consistent with
g I _ AR oscillation.*

i T ol
~ L | ®
= B |
i 0'80 — é — L * Caveat: Spectral systematics not fully studied;

Prompt ene:rlgy (MeV) 043 value from shape analysis is not
recommended.
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Rate Analysis

Estimate 0,; using measured rates in each detector.

b
[ERN
o1

=
[N

detected / Nexpected

Z 1.05

0.95

0.9

0O 02 04 06 08 1 12 14 16 18 2

70F
60k
50
b 40
30E
20E
10k

EH1 EH2

Weighted Baseline [km]

Uses standard x? approach.

Far vs. near relative measurement.
[Absolute rate is not constrained.]

Consistent results obtained by
independent analyses, different
reactor flux models.

Most precise

measurement of
sin?20; to date.

sin?20,; = 0.089 + 0.010 (stat) + 0.005 (syst)



Recent 0,5 Results
RENO, NuTel2013

B —+— Far Detector
2000
—} Near Detector
>
L
=
L
|
=1
2 1000
=
=
&3
=" I I | 1
§ 12f +
Z - i o
O T N AN S
E L8 aaegeet esgttiag] H
0.8 i

0 1 2 3 4 5 6 7 8 ¢
Prompt energy [MeV|]

R = 0.929 + 0.006 (stat) + 0.009 (syst)
sin226,, = 0.100 + 0.010 (stat) + 0.015 (syst)
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. two independent measurements of 83...

P % [ T T T T L T T e o o ' ol 1400 1 T
e: L § semess=e Nooscillation
‘52 L g ———————  Best fit: sin’(28,,) = 0.109 = 1200'. + + Best fit: sin"(20,,) = 0.097

ot Ami, = 000232 eV (f'/dot. w 421/38) at Am3, = 000231 €V* (;2/dof. = 35.930)

Systematic error Systematic error

1000 ;- L

| ~8250 IBDs (with BG) b 36284 IBDs (with BG)
~227days -l ~240days

X2/dof: 42.1/35 ool : X2/dof: 389/30
H-1BD

200 ) ]

0.5 MeV
0.25 MeV

0.5 MeV
025 MeV

Data - Predicted Data / Predicted

D - Predicted Data / Predicted

S - ks | Elln‘:rgy .(Me\lfli i ik ; Elll?ergy (Me\la
T —
rate+shape analysis— clear 0,3 E/L pattern & BG constrains

[)OCl;.‘}fEE:,w DC-11(Gd): sin2(203)=0.10940.04 [0.030°%2+0,025%]

DC-II(H): sin?(2013)=0.097+0.05 [0.034%%+0.0345]

Anatael Cabrera (CNRS-IN2P3 & APC)
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Current 0,5 Landscape

KamLAND + SOLAR
& —4§— Original Flux

--{=3-- Reevaluated Flux

& MINOS —@— Normal Hierarchy

--{-3-- Inverted Hierarchy

& Double Chooz

—@— DayaBay (2012-03)

——@—— RENO (2012-04)

& Double Chooz (2012-07)

@ Double Chooz nH (2013-01)

& T2K Update (2013-04)
@ — RENO (Prelim. 2013-03)

~—&— Daya Bay (2012-10)
NI Lo o b Loy

0 0.05 0.1 0.15 0.2 0.25 0.3
sin?20
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Projected Daya Bay's Sensitivity of sm?2013

Summary of ooid| g

<= Installation

0.012 .\ = CPC 37011001

Ongoing work o \ TR

0.008
0.006 \ __—\Daya Bay

Rate + Shape

* Daya Bay 0.004 L e
* Running with 8 detectors since October 2012 0.002 Preliminary
* Working on Rate + Shape analysis for 6, ° >0 Time (Days)
* Expected precision on sin?26,; of ~0.004 (prelim.) Dyel el Frojboted A . (5 s Prbctitd
* Independent determination of Am? (~10%—>~4%) ‘%0'25;  ~10%
. . .. o 0.2F \ %C. L.
* Neutrino flux prediction & absolute measurement = IIE iR
. «20.15-
* Neutrino flux spectral shape measurement E
0.1
. Daya Ba
RENO TP Prelir::ina i
* Rate + Shape analysis of—. il it IR
_ _ _ 500 1000
* Reduce systematic uncertainty on sin?26; to < 0.01 e rew— L DR
e Goal: total uncertainty <0.011 after 3 years R e e e i s
% m:_ RENOQ Uncertainty Projection E
 Double Chooz ° g_ozsé(zzl[?;% This result _
* Near detector (systematics 2.2% = 0.6%) vof /
* Improving all analyses —  RENO ]
* Expected precision on sin?20,; of 0.01 K\ E

goopbier e b bonaalensdy AETE ANERI SRR RN SRRE
o %D 05 1.0 15 20 25 3. 35 40 45 5.0
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Thanks and
Stay Tuned!
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Daya Bay near site layout

inner water shield
outer water shield

RPCs
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RENO Detector

= 354 ID +67 OD 10" PMTs
= Target : 16.5 ton Gd-LS, R=1.4m, H=3.2m

= Gamma Catcher: 30ton LS, R=2.0m, H=4.4m
= Buffer : 65 ton mineral oil, R=2.7m, H=5.8m

= \Veto : 350 ton water, R=4.2m, H=8.8m

Seon-Hee Seo



Near/far meas

urements reduce

systematic uncertainties

Absolute Reactor Flux:
Largest uncertainty in previous
measurements

Relative Measurement:
Multiple detectors removes
absolute uncertainty

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

- 1.1

- : :

T B —

= - E

< 1.05F .

1h E

0.95/— S

09~  Near detector(s) T -

B constrain flux -

0.85— Far detector(s) E

E measure oscillation E

08_ 1 | 1 1 1 1 L1 | 1 1 1 1 1 1 1 ]
107" 1 .

Baseline [km]

Distances from

Far/Near v, Ratio

N¢ Ny s

Ny Np

Detector Target Mass
5/14/2013

reactor Oscillation deficit

Ln ’ cf —Psur(EaLf)-

Li ) \en/) | Pow(E,Ly) |

Detector efficiency
D. M. Webber
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Data Set Summary

> 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 3.04x0.04 2.931+0.03

Fast neutron (/day) 0.77+0.24 0.77x0.24 058%0.33 0.05%0.02 0.05%0.02 0.05%0.02

8He/°Li (/day) 29115 20+1.1 0.22+0.12

Am-C corr. (/day) 0.2%0.2

13C(a, n)te0 (/day) 0.08+0.04 0.07*=0.04 0.05x0.03 0.04+0.02 0.04£0.02 0.04x0.02

Antineutrino rate (/day) 662.47 670.87 613.53 77.57 76.62 74.97
+3.00 +3.01 +2.69 +0.85 +0.85 +0.84

5/14/2013

Uncertainty currently dominated by statistics

D. M. Webber

Consistent rates for side-by-side detectors
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Systematic Uncertainties

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 08.6% 0.12% 0.01%
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%
Reactor
Correlated Uncorrelated
Energy /fission 0.2% Power 0.5%
IBD /fission 3% Fission fraction 0.6%
Spent fuel 0.3%
Combined 3% Combined

5/14/2013 D. M. Webber 31



R =0.944 + 0.007 (stat) + 0.003 (syst)
sin?20,; = 0.089 + 0.010 (stat) + 0.005 (syst)

(preliminary)

2x statistics of PRL, improved BG, calib

R =0.929 + 0.006 (stat) + 0.009 (syst)
sin“20,; = 0.100 + 0.010 (stat) + 0.015 (syst)

Energy-dependent fit, including shape
sin?28,; = 0.109 + 0.04 (total)
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