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: olobal status of 03.

NUFIT 1.0 (2012)
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\ olobal impact of 813 (Lisi @ Shenzhen2012)
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Adding 2012 SK atmospheric neutrino data:

LBL + Solar + KamLAND + SBL Reactors + SK Atm
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6 the coolest reason for us...
V.) ~ | -sin? (203) sin2(Am?;,Lo/E)

[ plot: E(V)@3MeV, sin (20,,) = 0.1 & Am?, =2.2x10%eV?]
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ND — reduce correlated inter-detector systematic uncertainties

ND— only 613 (no other physics: hypothetical sterile-vs)
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Double Chooz...
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our experimental setup...
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! inverse-P decay (a cartoon)...

Prompt signal NOTE: also capture on H

e~ ~ Ec 0.8MeV (‘ala KamLAND, etc)
et |

B—>8

" O
Inverse-beta decay

Ve+P—€" +n /
SRRV PO - porcd. Gratta, Vogle. RMP. 2002

~ 8MeV 2100 [
% o0 _ {a) V. interactions in datector [ 1/{day MeVi]
. g {b) ¥, flux at detector [10%/(s McV cm”)]
.h|gh & We” |<ﬂOWI’] O-|BD [Tneutron:<88 | Si | S)S:I % 80 = () oE.) [m—lil sz-.
. . . =0k
* |V manifests via two triggers: 7\
60 - [“Jf
|t event (prompt): e+ T

29 event (delay): n-Gd capture (~8MeV)
*Energy(V) = Energy(e+) + 0.8MeV

*both events are time/space correlated

time/space coincidence—reduce BG! i e T e e e
E, (MeV)
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a generic B13-LAND. ..
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Liquid-Scintillator + 0.1% of Gd

_Y-Catcher (GQ)

Liquid-Scintillator

_—Light Bufter

Ol (negligible scintillation)

,Inner p-Veto (IV)

Liquid-Scintillator

Inert y-Shield

| 5cm of steel (around all detector)
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y our Outer-Veto...
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calibration...
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DC calibration system: redundancy. ..

Calibration

*in=built: light (LEDs) on clalell A'4 GlobeBox

. deployments

*GC-tube deployments

*(summer 2013) 3D articulated arm

Sources: 137Cs, 68Ge, 0Co, 2°2Cf, Lasers

Ge% MC
Ge%8 Data

PMT charge sum, a.u.
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latest energy reconstruction. ..

® Linearised-PE Calibration: Charge (DUQ)—PMT photo-electrons

® non-linear gain [electronics] g=f(q) [variance ~10%]

Gain (charge a.u./PE)

® PE=2 g x g(q) [less non-linear, but (p,zt) dependent]
® applied the same for DATA and MC

7300 350 400 450
Charge (arbitrary units)

¢ Uniformity Calibration: PE(p,z) = PE(p—0,z—0)

® response varies by ~10% across volume (DATA#MC)
® responseM APs using cosmogenic-n's 2.2MeV peak (H-n)
® Stability Calibration: PE(t) = PE(t—T)

® response varies by 2% (gain drift dominated)

04 06 08 1 12 14 1. .

® use cosmogenic-n's capture on Gd drift as calibration

® time reference @ T (standard candle “MeV definition™)

® Absolute Energy Calibration: PE(0,T)—MeV(0, T)

Energy Deviation (%)
Peak energy (MeV)

® >2Cf deployed @ (p=0, z=0, t=T): 2.2MeV H-n peak
® nhormalisation DATA and MC (no arbitrary knobs)

100 150 200 250 300
Elapsed Days

® Performance: any Q(q,p,z,t) [variance ~10%] to MeV [variance ~1.0%]

e critical for d(detection) and shape sensitivity to (0,3,BGs,Am?)
Anatael Cabrera (CNRS-IN2P3 & APC)

Wednesday, 13 March 13



by

‘ ‘
Wednesday, 13 March 13



un-oscillated spectrum...
(MC + Bugey-’ NIBEIIG)

% e, - ! Anatael Cabrera (CNRS-IN2P3 & APC)
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Mean energy per fission:

<"f>

4 )
N, P thermal power
Xp _ %
NP (£, D) = yy [2 X <;,3, > ><<0 f> (@Chooz)
7 0=10.46%
. J
k= 23U, 258U, 259Pu, 241Pu fission rates
£,) = NE
t> zat( )< £ o, : fractional fission rate [23°U, 237Puy, 238U, 24/ Pu]
) (@Chooz)
Mean cross-section per fission: <0 > _ fa’EJ}((E) o2\ [MUREsimulation]
4 )
Bu e . .
af c El{afc( - a2 (7) <0f>1 energy per fission &
| O fission
| Bugey4 anchor point [ZBSU' 239PU, 238U’ e PU]
. J
V spectrum @ FD h fuel composition
for both Chooz reactors (initial burn-up)
(fuel cycle / exposure) [2°U, #7Pu, 28U, #41Pu]
[235U, 239Py, 238, 24! py] L (@Choo2z) y
\_ v,
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reactor-V flux prediction. ..
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g —_— DC’s "cheap” ND...
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Relat Error (%) Relat Error (%)

Bugey as ND...
*no hypothetical sterile-v (@ short baselines) contribution
*most precise flux calculations so far—interesting results

Anatael Cabrera (CNRS-IN2P3 & APC)
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detector & readout simulation...

® physics: generators (G4 + customs)

® |BD prediction @ FD: d(flux): 1.7% ) ‘i’_'.'l_'j r 9 eegp &,
e DATA/MC detector remarkable agreement .. e :ww e L

® d(response): 1.13% (target) @8 R BT

® 5(detection): 1.0% (n physics modelling)

® sceometry (data tuned)

® scintillator response (data tuned)

® optical interfaces (data tuned)
® conversion: MeV—-Y—PE (@ PMT)

® PMT, FEE, FADC, Trigger (data tuned)

® pulse shapes, charge, digitisation, etc achamels (D41
. PMT Cable | opioeo [ FEECable | (2ain=7) [ IPMT— Tchannel | . T
® conversion: PE—Charge A ©O)820 0 | Goamy | 17| FEE e g
PMT-ID 1 —lof
Hamamatsu o ! -
R708 | MOD-ASSY ] g
® calibrate MC exactly as DATA (data tuned) [FAREEEEIEN RN st e t
- = : Hamamatsu RI408 | caen aisssp oA e—— | ~
® biases & precision (systematics) 78 PMTs (8") <6 NPMT— Ihamne

® conversion: Charge—PE—MeV
Anatael Cabrera (CNRS-IN2P3 & APC)
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M-veto: I ms

Gd-IBD selection criteria. ..

multiplicity: | pair only

tagged [
(M or Michel et)

after-M correlated IBDs

0.025F

o/

2 \ >95% fast=n
rejected

0.01

Fractional excess of candidates

0.005 [

A.Remoto’s PhD

=0.005 sy gy gy g gy oy g gy
200 400 600 800 1000 1200 1400 1600 1800 2000
AT, [us]
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H-tagging
At(p)
LN[QMQL]
LN[RMS(tev7)]
At(n~e+)

Ad(n~e+)
E(delay)
E(prompt)

Multiplicrty
OV veto
Spallation-M veto

Wednesday, 13 March 13

selection detalls...

Gd-IBD H-1BD
E(ID)=30MeV & Q(IV)=30kDUQ ~ Single
I ms Selection
<0.09 (prompt) <0.06 (delay)
40ns
[2,100]ps [10,600]us ~ IBD
<09m Selection
[6,12]MeV [1.5,3.0]MeV
[0.7,12.2]MeV
[-0.1,0.4]ms [-0.6, ] ]ms
yes no BG
ves no Rejection

~

8249 [BDs (with B

227.9days

(ﬂ

~~

36284 |BDs (with BG)
240.1days

TN —

Anatael Cabrera (CNRS-IN2P3 & APC)
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A~1.0%|

Entries/250k
- N

energy (Me\/)

Gd-IBD
Signal/BG ~ 18
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d(energy):1.13% Zim:

~1.0%

(non-linear) -

selections output...
A<05%”.”,HH]”””

1000 -
800 -

600 -

200 -

0

16 18 2 22 24 26 28 3

energy (MeV)

H-IBD

Signal/BG ~0.95

*—1BG subtracted[ 1

Preliminary

150

100

50

50 100 150 200 250 300
Number of Days Since April 13 2011



IBD features. ..

27
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p? (m’)
H-IBD
Signal/BG ~0.95

Anatael Cabrera (CNRS-IN2P3 & APC)
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» our model; 3 backgrounds (so far)...

For Iliree Men
The Civil War
Wasn't Hell.

P \\

. M\\\D BoreX‘“O s
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A B i A B Gl R SN 2w WA
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= 1\ 024 6 810
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B candidat £ b —— Total
E 10C oL
C 10 C = Sy
0
. —"%
L= ’ ﬁe 0 1 I L L L L 1
D 4 8 10 12 14 1
Visible Energy (MeV)

~CONTEASTIWO0D

“"THE GOOD,
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LEE VAN CLEEF
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e rtcumscomeuimcwlr
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— Singles scaled

—e— Accidental prompt

Entries / 200 keV
3

—

=)
N
\

10 12
E (MeV)

best known...

«OBG/Signal = <0.01%(negligible rate uncertainties)
*pile @ oscillation minima region (Am? resolution)

accidental. ..
(the good one)

Anatael Cabrera (CNRS-IN2P3 & APC)
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decay B-n [T~100ms]

e [DATA
= 20
w [ MC
S L
8 15F
| == -
Q — —
= L
& Fw
10~
sc[T 1
0 s
- l lll l L l 1 L | l 1 1 ll
2 - 6 8 10 12
Prompt Energy [MeV]

worst known...

«dBG/Signal = largest (poor statistics)
*poorly known data-shape (MC—KamLAND,etc)

isotopes. ..

(the ugly one)

Wednesday, 13 March 13
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data dmven (rate and shape) ]

IBD Candldates (wnth BG)
IV-tagged events
BG Spectrum (fit to tagged)

|

5 10

10"

[
o
N

Entries/(0.25 MeV)

[
o

i | | I
—
!-v- '

[
000 — T 01—

R

: ’ : iy
LA

20 25

Energy(MeV)

O
most dangerous... Michel e-

*slope @ low-energy: modelling (hard)
*shape measured via IV tagging— mimics 03?2

correlated. ..
(the bad one)

Anatael Cabrera (CNRS-IN2P3 & APC)
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p-recoll spectrum (with reactor ON)

w
w

[
o
w

Double Chooz ]
Preliminary ]

Events

Full Spectrum
IV-tagged Spectrum ' 1
Fit to IV-Spectrum 150 - IV-tagged Spectrum -

100“++
1y gt

[
o
N

S

Entries/(0.25 MeV)

[
o

}
1 : 505— + + ++++ ++++++ ++ + Tt +_Hf
0 5 10 15 20 25 30 % 5 10 15 20 25
Energy (MeV) L Energy (MeV) h
T — RN —
Correlated-BG Correlated-BG
(Gd-1BD) (H-1BD)

*a composite spectrum: fast=n (p-recoil) + stopping=H (Bragg spectrum)
*(fast-n) p=recoil spectrum @ low energies (very challenging)
*huge (100x) v BG during reactor ON over fitting region [0.7,12.2]MeV
*DC measures: NOT necessarily flat (quenching+acceptance)
*data measurement (accurate)— IV & OV tagging (only DC)
*how about “extrapolation as flat” from HE?
*DC: rate biassed by 1.50(Gd)~7.40(H) and incorrect shape
*biassed slope— bias (similar signature) 013 (bad)

Anatael Cabrera (CNRS-IN2P3 & APC)
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y reactor OFF data (~| vvee|<)
> = B 7 O TT— ey
s s Expected 285145 ! 1 Background modet — = || Expected: 148+40] :mcmmunamou
‘" Qbserved 2| i B-n i = 25‘ Observed: 8 pn |
= I ' [—— w/fast n "~ [ s eaese— """ wiastn
g S R ——— Accidentals ] E —— Accidentals
Y= e Residual ¥ . = . e Residual v
= ® Reactor-off data = 207 ® Reactor-offdata
4 ]
i i 1.5H -
3 . = —
2:]_ -+ __ 1.0—-0—-0- 4 99999 -
1R |— _&Q—ﬁ_\_ n o5H- T-! : _,-J-—F—L—\_ﬁ_ ]
il 1 T !
ol T Ty M A | — ootk | Fl | T I I
2 4 6 8 10 12 2 4 6 8 10 12
prompt Energy (MeV) prompt Energy (MeV)
Gd Selection (no BG rejection cuts) Gd Selection (standard)
(2x more BG) (mainly Spallation-H veto)
Rate B-n Accidental p/fast n | Total | Total
(day—') Jost—T"Sks.
DCI 2.10£0.57 0.35£0.02 0.93:t0.26’ A410.62.710.€
DCIT 1.25+0.54 0.26+0.02 0.44+0.2082.0+0.6|1.0+0.4,

two different selections “DC-I" & “"DC-II" (B rate varies ~2x)
BG(observed) < BG(expected)
agreement within ~1.50 (statistics limrted)
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. (Gd) rate+shape fit—0,3+BG estimation...

sinput: 013 model & full BG model (3 BGs and their rates and spectra)
coutput: 013 & cosmogenic BG re-evaluated (via pulls)

1000 T T

; —T T I T I T I I A I B I T T T | T T T I =]

[ = —&#—— Double Chooz 2012 Data -

E 900— ,_+_. s a m p e s a m p e ------------ No Oscillation, Best-fit Backgrounds —]

P - g , , , Best Fit: sin?(20,,) = 0.109 =

= - ; ( at Am?, = 0.00232 eV? (x?/d.o.f. = 42.1/35)| _—|

"g 800 = (S | gn al rl C h) ( B rl C h) [ Summ::a‘d Backgrounds (see insets) &

> = Lithium-9 =

w 700 = ; Fast n and Stopping 1t =

= Accidentals =
600 — 15 -
500 —. “ 151 - w 10 +4
= e e =

= g 10 . g 4 3
400 — g 5| ] —]
— w w ]

= L R 8 10 12 W&~ V=g 8810 12. I
300— Energy [MeV] [ S Energy [MeV] —
= i - =
2000— = = = —]
B Both Reactors On [= One Reactor < 20% Power -

poe | ———— - - - f ! \ \ \ ! \ \ \ | f L L L ! | Ll .:

2 1.4— —]

k) =

i S I [ T

13 = o O R e e B e i, Al Tl Sttty LT P - - J as B S R

% '-T-' — = ; + ————4 —

2 o6 —
5 50— t t t t —_— +
/I + + :
O = e | (R R ARty oty —— O R SR, A I 3
E E 0 + ] = ++ =] & o —e— B

P L -
£[F -100— + + —
e L 1 1 L L 1 L 1 1 I_

2 4 6 8 10 12 2 4 6 8 10 12
Energy [MeV] Energy [MeV]

*BG re-evaluation— ~15% less BG (wrt rate)
0,3 & BG fully correlated— BG re-estimation varies 83 (consistency)
*BG(fit) in better agreement wrt reactorrOFF (only DC)

esame 03 with | or 2 Integration Periods— result robust BG robust
Anatael Cabrera (CNRS-IN2P3 & APC)
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. two mdepencent measurements of B13...

2% I ' I " | —4— Background-subtracted signal 3% 1400-" —+— Background-subtracted signal
§S [ -~ No oscillation §E s TR (a2
mg 1200_- :___,-- -1 Best fit:sin(20,,) =0.109 mg 1200'_ _I.' + Best fit: sin’(26, ) = 0.097
[ atAm, =0.00232 ¢V? (F/d.of. = 421/35) I - : , at AmZ, = 0.00231 eV? (x2/d.of. = 38.9/30)
lm_ = e — e ]_000- - =—_—_
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B R —
rate+shape analysis— clear 0,3 E/L pattern & BG constrains

DC-11(Gd): sin2(283)=0.109+0.04 [0.030%+0,025%]
DC-1I(H): sin2(203)=0.097+0.05 [0.034%:£0,0349+]
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O(flux)
O (accidental-BG)
O (correlated-BG)

O (isotopes-BG)
O(light Noise-BG)
O (response)

O (detection)
O(stat)
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rate systematics breakdown...

Gd-IBD (%) H-1BD (%)
1.75

0.0 0.22
0.54 0.64
| 46 | 56
~0 0.10
0.3 0.3

1.01 1.56
1.12 1.08

Anatael

Cabrera (CNRS-IN2P3 & APC)



» observed vs expected rate. ..

200 B I I I I | I I I I | I I I I I I I I I I I I I I I I I | I I |—
- f:::::g:sooNN PREDICTION -
150 | reactors OFF (~/.5days) DATA _

100

=T |

n
—

Candidate Rate (events/day)

=)

0 50 100 150 200 250 300
Number of Days Since April 13 2011h

next: plot observed vs expected IBD rate per day
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DC-ll-data "=
a a §, -------------- No osc. (?/dof=63/6) 9 § g
O N B 4ol e Best fit (x2/dof=2.0/4) i %
re aCtO r_ § [ ] 90% CL interval .A Y 4 '§
é 30 ':f..:"' ;ff
) &
g
20 %
o o V ~ m— :::.’-;.‘ Background rate: 2.8:1.5 day™
. larger BG—*larger sin%(203) J‘ o sin(20, = 020:0.09 (statvsys)
' [deficit due to BG subtraction] |
| [defic 0 BG subtraction] | PRELIMINARY
o 0 10 2;0 | 3;0 | 4;0 | 50
Expected rate (day™)
DC-ll-data :7 -
% -------------- No osc. (y¥/dof=72/7) Qé
B g0 Best fit (x?/dof=3.4/5) {,
(reactor-OFF) 2 | omvot e
§ 30 :
20 P
o = _ ——1 :;f;” Background rate: 1.1:0.5 day™
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v} . 2 . . + "
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10 2:) | 3¥0 ‘ 4¥0 ‘ 50
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Reactor Rate Modulation Analysis. ..

| PRELIMINARY

. 2.8+ | .5day”!

0.2

0.3 0.4

sin*(26,,)

PRELIMINARY

BG(total): I.+0.5day"

L
03 0.4

5 0.5
sin (26| 3)



. evolution of DC measurements. ..
DC 6,, Analyses Evolution

, , : | Gd-1 (Nov201 1 @Seul)
: 0.093055 | Rate
: 5 : |  Rate+Shape
| : - 5 | 1112.6353
Gd-11 (Jun.20 1 2@Kyoto) | ; : 5
Rate . o100 |
Rate+Shape * '
1207.6632 : : :
: : ] H-11 (Dec.20 1 2@APC Paris)
* 0.10£0.05 ] Rate
* i Rate+Shape
Gd-1l (March2013@Moriond)] & ¢ |1301.2948
RRM (reactor-ON) ] : '
RRM (reactor OFF) ; 0. |o$o .04 ' 5 5
......... | e 1y o a1
—0 050.00 O. 05 O 10 0 15 0.20 0.25 0.30
- 2
sin“(20, )
(error bars: 68% CL) Anatael Cabrera (CNRS-IN2P3 & APC)
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measuring/validating BGs. ..

® BG knowledge: rate (easier) & shape (limited statistics)
® CHOOZ BG: reactor OFF (no need for a model)= Li (by KamLAND)

¢ cosmogenic BG knowledge |imited by statistics (~Iday-!) (slowly improving)

¢ [1] exclusive measurement: each BG [difficult with reactor ON]

® technique: sub-samples (approximations/extrapolations)— systematics?

® [imitation: assumes BG-model— completeness? (i.e. accuracy)

¢ [2] exclusive measurement: each BGs upon rate+shape fit
® technique: relies on a priori knowledge (rate & shapes) & relative interplay

® advantage: robust 0,3 (full model: E/L & all known BG spectra)

® [3] inclusive (direct) measurement: reactor-OFF

® technique: rate & shape of complete BG (no models)— validate BG model

® [imitation: (so far) | week (poor stats)— (virtually) no spectral info
® [4] inclusive (indirect) measurement: RRM analysis (w/o reactor-OFF)

® technique: compare expected vs observed IBDs—measure 83 & BG (correlation)

® advantage: use reactor-OFF— impact to inclusiveBG, 0,3

Anatael Cabrera (CNRS-IN2P3 & APC)
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accidentals
cosmo-isotopes
correlated

fast-n

stopping-H
Light Noise

total (2 exclusive)
reactorOFF (inclusive)

modulation (inclusive)
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background estimation summary. ..

Gd-IBD

rate rate+shape

0.26140.002 (0.7%)

H-IBD

rate rate+shape

73.4540.16 (0.2%)

|.3+£0.54 1.00+0.29

2.8%1.2 3.9+0.6

0.67+0.20 0.65+0.13

2.50+0.47 2.60+0.40

~0.20 N/A

all all

~0.47 N/A

N/A N/A

N/A N/A

0.32+0.07
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E/L disappearance pattern. ..

N(obs)/N(exp) vs Energy...
wE DATA (with stat. error)
§> I Best Fit (with syst. error)
1.0}
g2 L 5
: - 038 : :
a 0.6} — -
© i 1
3 > 0 _*_—_'=' o
e
@ -100} sin2(20,3): integral area below zero |
8" _1s0l o(rate+shape) E/L—excludes HE ||
=} Ly
2 4 6 8 10 12
Energy (MeV)

*DC short baseline (1050m)— hard to see “rise” (poor constrain in Am?)
*coarse binning (Gd) 500keV

‘rate+shape: challenges all knowledge...
*neutrino oscillation model: E/L shape (using MINOS Am?2)
*BG model (completeness + rate + shape)

*feature @ 6MeV —pew BG vs fluctuation ( )!
*(regardless) E/L (for DC is short-ish) & rate+shape— robust 013

Anatael Cabrera (CNRS-IN2P3 & APC)
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DIrOSpPects. ..
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» measurements by DC. ..

(assumed a rate analysis a la DB & RENO)

DC-II rate+shape [June ZOIZ]

how about DC W/th ND?

RENO rate only [April ZQIZ]

Daya Bay rate-only [June 2012]

: o : Tot:al Uncertainty (:with stats)
5 : Systematic Uncertainty
0.08 0.10 0.12 0.14

sin“(29,.)
13
Anatael Cabrera (CNRS-IN2P3 & APC)
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o rate-like uncertainties...
R= Nobs/Nexp

FD only
(%)

uncertainty on R

O(response) 0.3

O (flux) |7 <0.2? |~iso-flux

O (detection) 1.0 0.2? |2la DB/RENO

6(BG) 0.9 ~O.E‘)Z BG rejection

orate(total)

O(statistics) 3 years ND+FD)

O(R)— 0(sin2(20:3)) increase (DC: shortest baseline)
Anatael Cabrera (CNRS-IN2P3 & APC)
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conclusions...

¢ 013 reactor measurement will dominate for long...

® precision— multi-detector technique (combined: ~5%)

® accuracy— better analyses (time) & inter-experiment validation

® slobal impact to neutrino oscillations— constraints & predictions
®* Double Chooz...
¢ feww 013 measurements— consistent (cross-check precision & accuracy)
¢ improving all analyses—
® BG is most critical (but that’s what we do best: 4 fold cross-checks)
® d(systematics): 2.2%— ~0.6% (prospected with ND)
® FD-only: O[sin2(20:13)]: ~0.03 [dominated by d(flux)]
e ND+FD: 0[sin2(20:3)]: ~0.01 [i.e. ~10% for sin?(20,3)=0.1]
¢ Global: final precision & accuracy of 013...
® several experiments (different systematics)— validate accuracy of 613
® DC: sensitive BG to 8(BG) [also RENO]
¢ RENO/DB: sensitive to 0(flux)
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