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1. Double Chooz: motivations and experimental concept
2. Energy reconstruction, data selection and backgrounds (DC-III analysis with n-Gd)

3. Oscillation results

a. Reactor rate modulation analysis
b. Rate + shape analysis
c. Spectrum distortion above 4 MeV

4. Near detector outlook and summary
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1. Motivations & experimental concept
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Nuclear reactors perfect neutrino sources for 8,
measurement:
o Pure v, source from beta decay of fission products
(no source related backgrounds) »n
Energies up to 8 MeV (disappearance measurement only) \o\ Ferme ‘
Possible to place large detectors at O(1-2 km) baselines S

©)
@)
@)
@)

Matthieu Vivier

Matter effects negligible at such distances
Very high flux = 2 x 102 v, s GW-1,,

Neutrino survival probability @ short baselines & in

the MeV energy regime:

pose Am2,L

P, .5 = =2 ~ 1 —sin?(26;3)sin?(1.27

Dy,

No degeneracy with any other parameters of the
PMNS matrix: robust measurement of 0,5

With a two identical detector experimental
concept, cancellation of almost all detection
systematics & source flux prediction systematics
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Double Chooz collaboration

BRAZIL FRANCE GERMANY JAPAN RUSSIA SPAIN UsA
CBPF APC EKU Tibingen Tohoku U. INR RAS CIEMAT-Madrid U. Alabama
UNICAMP  CEA/DSM/IRFU: MPIK Heidelberg Tokyo Inst. Tech. IPC RAS ANL
UFABC SPP, SPhN, SEDI, RWTH Aachen Tokyo Metro. U. RRC Kurchatov U. Chicago
SIS, SENAC. TU Miinchen Niigata U. Columbia U.
CNRS/IN2P3: Kobe U. UC Davis
Subatech, IPHC. Tohoku Gakuin U. Drexel L.
Hirashima Inst. Tech. 1T
KsU
MIT

U. Natre Dame
L. Tennessee

150 scientists from 7 countries

Spokesperson: Hervé de Kerret (CNRS/IN2P3)
Project manager: Christian Veyssiere (CEA Saclay)
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NEAR DETECTOR FAR DETECTOR

L=400m 120mw.e . L= 1050 m 300 m.w.e
expected by Sept. 2014 ~  operating since April 2011

. " CNPE Chooz
. 2Xx N4 reactors

eDF 4.27 GWw each
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= Detection of antineutrinos through inverse beta decay (IBD):

ﬂe—I—p—Hrl—l—eJr

= Experimental signature is a time-correlated prompt and delayed energy deposition:

Prompt e* energy deposition:
ionization + e*/e” annihilation
E(e*) = E(v,) - 0.8 MeV

Time correlation between these
two energy depositions = neutron
capture time (mostly driven by

Delayed energy deposition: gadolinium content in the LS)
8 MeV (resp. 2.2 MeV) y ray
cascade from neutron
capture on Gd (resp. H)

— —

= Advantage of IBD detection in Gd-doped LS over other detection processes:
o IBD cross-section 10-100 times higher than any other interaction processes
o Time (and space)-correlation allows very efficient suppression of backgrounds
o 8 MeV delayed energy deposition from neutron capture on Gd well above natural radioactivity
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Double Chooz detectors 70%

A concentric arrangement of cylindrical sub-detectors...

u vetoes

o Quter n veto: plastic scintillator strips
90 m?3 of LAB scintillator (50 cm thick) in a

stainless steel tank equipped with 78 8’ PMTs

Inner detector (IV)

o Buffer volume: 100 m3 of transparent mineral oil (105 cm
thick) in a stainless steel tank, equipped with 390 low
background 10’ PMTs

o ycatcher: 55 cm thick Gd-free LS (PXE) layer contained
in a transparent acrylic vessel

o v target: 10 m3 of Gd-doped LS (PXE + 1 g/L of Gd)

- - rAaT me o
R S ST T

+ central chimney connected to all layers for calibration
source insertion

+ fast readout electronics

+ laser system for PMT gain calibration

+ etc ...
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2. Energy reconstruction, data selection and
backgrounds (DC-Ill analysis)



= Common to both data & MC:

1.

2. PE corrected for non-uniformity of the detector response: calculation of response map using spallation

Charge to PE conversion for each channel: correction for gain non-linearity at low charges

neutron capture on H for data, and IBD neutron capture for MC

from neutron capture of 252Cf source deployed at the detector center

= Applied to data only: correction for gain and detector variations over the data taking period (stability calibration).

Correction function estimated with Gd and H captures + o decays of 2'?Po

Energy Resolution

© O O O O o o o

charge (modeling of readout electronics) and light (LS related) non-linearity corrections
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Visible Energy (MeV)

Very good data/MC agreement over
the full energy range
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Correlation time distribution

Prompt energy spectrum Delayed energy spectrum
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+ improved light noise suppression
+ improved background vetoes: OV/IV vetoes, new °Li veto, new Fv veto

= Overall improvement in S/B wrt DC-Il (15.6 —> 22)

8 9 10

» Detection and residual background systematics lowered thanks to wider cuts

Matthieu Vivier
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. . .
20 40 60 80 100 120 140

Energy (MeV) ) Energy (MeV) AT (us)
DC-lI (2012) DC-lIl (2014)
AT, LE: 1 ms; HE: 0.5 s 1ms —> Increased exposure
Eprompt [0.7 = 12.2] MeV [0.5 - 20] MeV ——> Better background characterization
Edelayed [6 - 12] MeV [4 - 12] MeV —> Enhanced IBD efficiency + reduced detection systematics
AT [2-100] ps [0.5 - 150] ps —> Enhanced IBD efficiency
AR - <1m ———> Accidental background suppression
Isolation window [-100 - +400] ps [-200 - +600] us
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Neutrino candidates

DC-Il dataset Additional data (DC-III)
<€ > € >
100 T T T ' T
| DC-lll (n-Gd) Preliminary - om---- Expectedy rate |
Average Rate: 37.1:0.3 day’ o Measured candidates rate
80— MC Average Rate: 37.5:0.0 day™ —

o N

40

¥

Neutrino Candidates Rate (day'l)

2 ON

'% ““anl_ 1 ON

0 100 200 300 00

500 600
Day
2 OFF
Reactor ON Reactor OFF
Live-time (days) 460.67 (April 2011 — Jan 2013) 7.24 (2011 & 2012)
Neutrino candidates 17351 7
Total prediction* (bck included) 18290+370 .., 12.9%31,,

* Neutrino oscillation not included in the prediction

» |BD statistics enhanced by a factor 2 wrt to DC-I

Matthieu Vivier
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Accidental coincidences

vl

J]

n-Gd

/ Natural radioactivity \

= R=0.070 = 0.003 d"

*  Measured by off-time
coincidence window

=  DC-llI/DC-ll =0.27

»  Further reduced thanks to
(new) prompt-delayed

\ distance cut
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DC-lI: 2012
DC-lll: 2014
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Entries / 1.0MeV

Correlated events
stopping-y u

Michelle-,

p-recoil

E’\/’
n-Gd

R =0.604 + 0.051 d
Measured with IV-tagged IBD
events

DC-III/DC-Il = 0.52
Further reduced thanks to OV
+ IV vetos, and (new) Fv cut

IBD (standard IBD selection)

. + IBD above 20 MeV (muon Veto at 30 MeV)

IV Tagged

10

DC-lll Gd-n,;PRELIMINARY
'

0% 5 E

15 20 25 30
Visible Energy (MeV)
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Cosmogenic isotopes
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n-Gd |\
‘H

/ B-n emitters ("Li & 8He) \

R=0.97+041,,, d"

Measured with distribution of AT:
time difference between u and
IBD-like prompt event
DC-III/DC-Il = 0.78

Further reduced thanks to new ‘Li

\ + 8He veto
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Accidental coincidences Correlated events Cosmogenic isotopes
u stopping-y u \
\i . VoL
N Michelle’, 8
\
J p-recoil A
5 ° \
n-Gd \‘ n-Gd [\ p
¢ n-Gd N
Natural radioactivity ] [ Fast neutrons & stopping u ] [ B-n emitters (°Li & 8He)

7.24 days of reactor OFF data taken in 2011 and 2012: unique opportunity to measure and study
backgrounds in DC [Y. Abe et al. Phys. Rev. D 87, 011102(R)]

With new selection cuts (see next slide): N'BP = 7 (54, before background vetoes)

Expected number based on previous background estimates + residual reactor v, N&P= 12.9+31, ,
Compatible at the 1.7 o level (p-value = 9%)

Reactor OFF data are used as an additional input in the different oscillations analyses

12

10

Entries/MeV

—+— Before vetoes are applied

—+— IBD candidate after all vetoes

7/
77

Matthieu Vivier

20

Visible Energy (MeV)
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IBD prompt spectrum before and after
background vetoes are applied



3. Oscillation results



Breakdown of normalization uncertainty 70%

Uncertainties relative to total signal prediction

Uncertainty (%) DC-I/DC-II

Reactor flux 1.7 1.0
Detection efficiency 0.6 0.6 (- 40%)
9Li + 8He +1.1/-0.4 0.5 (- 50%)
Fast-n + stop. p 0.1 0.2 (- 80 %)
Stat. 0.8 0.7 (- 30%)
Total +2.3/-2.0 0.8 (-20 %)

= All systematic uncertainties decreased by a factor of almost 2

= Not only background uncertainties were reduced, but also rates, thanks to improved
neutrino selection cuts (see previous slides)

= Used as inputs into oscillation fits along with central values: better precision on 6,

Matthieu Vivier DC-1ll @ NUFACT 2014 - Glasgow 16



Observed rate (day'l)

= Same analysis as in
= Background-model independent measure of 8,5 using information brought by neutrino rates in

different reactor power bins:

RObS =B+ (1 — sin2(2913)aOSC)R”

" O IS SIN2(AmM2L/4E) averaged over neutrino spectrum
= Fit intercept (B) and slope (sin?(26,5)) either with or without background rate from OFF data
= 2 minimization in which, IBD efficiency, residual v, prediction and reactor flux prediction are

systematics treated as nuisance parameters.

10f— - - - No-Off
® Data RGSUltS w =
50| No osc. (2/dof=54/7) & G
....... Best fit (x2/dof=4.2/6) . f o 99.7% CLL. DC-lll (n-G {) ?r,e!imi1ary No-Off
a0l ] 50% CL interva =  Without bck rate from OFF data: ing - : 2o
| Livetime: 467.90 days . 5 _ 0.034 > —Ne-Offe83%CL . 1 .
] defined as Av?-1.0 sin*(26,5) = 0.090* -0.035 = | YcNoot Bestit
o error defined as Ay“=1. e B = 1.56+0.18 d! ~ -7
30 7 : -0.16 2 3
]
N o . = |
20 i / » With bck rate from OFF data: E ,
.»".4' . +0.18 - 2 /
e Background rate: 1.56 day <) j
-0.16 S
L . 5 _ 7 )
j sin’(26,,) = 0.090°) %" (stat+sys) sin (2613) = 0.060 = 0.039 =3 /Wl 2-0ft 99.7% C.L.
10 ‘g‘..‘ 0. B — 0‘93"'043 0.36 d—1 > 1 .2 Off 95.5% Coki .
& DC-lll {n-Gd) Pteliminar e M [J2-0ff 68.3% C.L ;
/7\ - .3% C.L. [\
» g % 2-Off Best-fit
0 — 0 = i -
10 20 E3° . ‘:10 . ?g 1) 0 005 01 015 02 0.25 e
Xpectea rate (aay s 2
sin“(28,,)
2 OFF 1 ON 2 ON
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DC-lll (n-Gd) Preliminary
Livetime: 467.90 days

—— Background-subtracted data

[] systematic uncertainty e}
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Visible Energy (MeV)

........ No oscillation = Many improvements wrt DC-Il analysis

Better treatment of energy scale
Range from 0.5 to 20 MeV (250 KeV energy bins)
Extra bin from 2-reactor OFF measurement

Am? from 2013 Minos measurement (confirmed by
T2K)

1 = x? minimization with treatment of systematic
uncertainties as nuisance parameters:

Background rates

Energy scale parameters

Am?2

Residual neutrino rate in 2-reactor OFF data

» Rest of systematic uncertainties encoded into a
] covariance matrix (reactor, background shapes,
3 1 5 3 7 8 5 10 and detection)

sin?(20,5) = 0.092+0.033 ) ., (stat. + syst.)
X2 min/ Ndof = 52.2/40 (p-value = 9.4%)
Background rate after fit = 1.38 = 0.14 d

DC-lll @ NUFACT 2014 - Glasgow 18



1.2F —— Data (background subtracted) _
------ No oscillation
| | C___] Reactor flux uncertainty
1.1- [ Total systematic uncertainty + +

Best fit: sin’26,, = 0.090 <+ |
at Am® = 0.00244 eV? ++_|_ % ]

Data / Predicted
0.25 MeV
[y

DC-lIl (n-Gd) Preliminary
Livetime: 467.90 days
1 2 3 4 5 6 7 8
Visible Energy (MeV)

= Unexpected spectrum distortion observed above 4 MeV
» Many cross-checks have been done so far, and showed that:

o 0,3 measurement is not affected by the distortion: most of the 6,,-deficit is below 4 MeV + statistical power
on 6,3 measurement brought mostly by rate information, not spectrum distortion

o Energy scale above 4 MeV seems ok (as showed by neutron capture peak on '2C). Cross-checks still on-going
though, because a < 1% bias in the energy scale modeling can cause migration of events between adjacent
energy bins... (especially in the 4-8 MeV region where the spectrum steeply falls down)

o Unknown background disfavored + excess/deficit in the 4 — 8 MeV region scale with reactor power

o RRM fit in different energy bins disfavors a new background component, and rather favors an unaccounted
reactor flux contribution.

Matthieu Vivier DC-1ll @ NUFACT 2014 - Glasgow

19



4. Near detector outlook and summary



Near detector outlook

Far detéc‘t’c:)rn‘\f‘
» Integration finished '
= Sub-detector filling starts mid-september

=  First neutrinos on October!

0.07

e s e DC-11 (n-Gd only): Far detector only

DC-Il (n-Gd only): Near and far detectors

o
o
N

o
@
|IIII|IIII|IIII|IIII

s e DC-|11 (n-Gd only): Far detector only

DC-lIl (n-Gd only): Near and far detectors

............

+ Range of potential n-Gd-based precision with near and far detectors

/ Prospects on 6,5 with ND \

» Cancellation of almost all reactor related uncertainties

»  Background in the ND scaled wrt to FD using
different p flux

» Backgrounds and energy scales uncorrelated between
FD and ND

= 0,3 precision expected to improve as we accumulate
background (stat. Limited)

Expected 1o error on sin°20,, = 0.1
o
o
W

0IIIIilIIIiIIIIilIllillllillllillllilllli

o 1 2 3 4 5 6 1 8 \1\0 uncertainty within [0.015-0.010] after 3 years/

Total years of data-taking since April 2011 of data taking with ND+FD

Matthieu Vivier DC-1ll @ NUFACT 2014 - Glasgow 21



Conclusion

« DC-lll improvements:
o Twice more statistics: 460.67 days

o Improved energy reconstruction (non-linearity calibrated)

o New selection cuts, active background rejection (IV,OV vetoes, etc): increased efficiencies, reduced
systematics

o Data-driven estimates of backgrounds, reduced systematics

0,5 analysis also uses information from 2-reactor OFF data: 7.24 days

O

results:

* 0y
o R4S :sin?(20,5) = 0.092+0-033 , ., (stat. + syst.)
o
O

RRM: (w/o 2-reactor OFF data): sin?(26,5) = 0.090+0:034 ;...
RRM: (with 2-reactor OFF data): sin?(26,5) = 0.060 = 0.039

* Spectrum distortion observed between 4 - 8 MeV: unknown origin but unaccounted reactor
flux component might be favored.

* ND ready by October:

< 0.015 10 uncertainty on 6,5 expected after 3 years of data taking

[ New DC paper on arxiv: 1406.7763 !! J

Matthieu Vivier DC-1ll @ NUFACT 2014 - Glasgow 22
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Best Fit +
68% C.L.

Accelerator
Experiments*

Normal
el Hierarchy

_Inverted
Hierarchy
*All results assuming:
6CP = Ov
923 - 450

Reactor
Experiments**

® Rate only
O Rate+Spectral

— n-Gd
---- n-H

**Number of days refers
to far site live time

Global Fit

PDG 2013
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KamLAND

MINOS 8.2x10% PoT
T2K 1.43x10%° PoT
DC 97 Days

Daya Bay 49 Days
RENO 222 Days

DC 228 Days

Daya Bay 139 Days
DC n-H Analysis
MINOS 13.9x10% PoT
T2K 3.01x10%° PoT
DC RRM Analysis
Daya Bay 190 Days
T2K 6.57x10%° PoT
RENO 403 Days

Daya Bay 190 Days n-H
DC 468 Days

RENO 795 Days

Daya Bay 563 Days

0.3

[1009.4771]

[1108.0015]
[1106.2822]
[1112.6353]
[1203.1669]
[1204.0626]
[1207.6632]
[1210.6327]
[1301.2948]
[1301.4581]
[1304.0841]
[1305.2734]
[1310.6732]
[1311.4750]
[TAUP2013]
[1406.6468]
[1406.7763]
[Neutrino2014]

[Neutrino2014]
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Energy scale

= Neutron capture on '?C in y-catcher:

> 600F
_gﬁ) E Data 1] 'I'II
C>550 :

[ DC-lIl (Gd-n) Preliminary MC
T cool i ./*FNT E /‘\
§ Z:Z; o "r/yjr \t 2ooo: / \
B 400 — | 1500|
350} : /f | H‘ll RN ; / \
3005 ] H"‘F 1 I}:ﬁf 1000} \\&h_
250 §_++++ | +’-'H4‘1‘TJ( | ‘ E // e

2500

Entries/40 keV

2000 TT.... i — ‘DC‘-III‘(Gt‘i-n); Pr‘elir‘nin‘ary‘ 500 *f{"“‘*"‘“ﬂ e e e
4.0 2.5 5.0 5.5 5.0 4.0 4.5 5.0 5.5 6.0
Visible Energy (MeV) Visible Energy (MeV)

» A(data,MC) < 0.5%
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Accidental background 70%

= Correlation distance distribution:

(EJ E DC-lll (Gd-n) Preliminary | e E
¥s! | — MC ]
Q 1 — Accidentals §
‘T> i ]
P ]
S ]
@ 107 3 E
© - .
x | bt 4 g
1 0-2 E_ I * |II i I |IIl . !!ll |u h I * *t _E

- qu | e “ ]

: || | ‘ |||.|"|| :
10-3:_ AL | | I_:

| L S N T P P T Al = |
0.0051.015 2025 303540455.0
Correlation Distance (m)
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Vertex reconstruction: Fv cut

= Maximum likelihood algorithm using charge and time to reconstruct vertex position
= Assumption: point-like energy deposition

LX) =[] £200:0) 1] falais &) feltis i, qf)
q;=0 qi>0
= f, &f, probabilities to measure charge and time given the model
= Fv =-In(L(X))

IBDs

H Light noise

[
o
T

O
T

Visible Energy (MeV)
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2 reactor OFF data 70%

o
_

—— BG model

o
_w

® 2-Off BG

O
—

o .

)
o

Background Rate (day'MeV))
o
\
Y

DC-Ill (n-Gd) Preliminary:

O
IR

5 10 15 20
Visible Energy (MeV)

= Agreement between background model (reactor ON data estimates) and measured 2-

reactor OFF background.
=  Compatibility between Ny5(OFF) and ZNg(ON) is 9% (1.70)

Matthieu Vivier DC-1ll @ NUFACT 2014 - Glasgow 28



Testing spectral distortion with eRRM

» Reactor Rate modulation analysis in different energy bins: fit the background rate and reactor flux
normalization, using the sin?(26,5;) measured by Daya Bay

fixed
free €—ouu  _ 7 _ /free
obs _p° 3%
- @)
Flux normalization results Background rate results
Q LA L B B B O B B B _— 0.8 T
< 20— fixed Sin2 2913 = 0090f8882 (Daya Bay) — % -
g | S 06 — BG estimation
c DC-lI (n-Gd) i i : E' )
_g 10+ preliminary % | és Best-fit BG
E 3 1 % 0.4H —4— 2-0ff observation |
m —
E O_ """"""""""" i """"""""""""""""""" — © Y
f I I
2 3 ¢ ] S 0.21 ]
3 _10- . 5 | /$
- ® Best-Fit A® i E., 0.0+ ; = |
_20_ O Best-Fit A® (BG constrained) _| 8 L L]
| |:|d>uncertainly m _0.2* ]
Y P Y Y Y Y U M B ‘ ‘ ‘ |
0 12 3 456 7 8 0 5 10 15 20
Visible Energy (MeV) Visible Energy (MeV)

= Backgrounds compatible with both reactor ON and 2-reactor OFF estimates
= Discrepancy of reactor flux normalization with respect to predictions (3s in the [4.5 - 6 MeV] energy
range)
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Spectral distortion:
correlation to reactor power

—+— Excess rate | EUER |
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%— All candidates scaled

w

1 : 1
o n'Gd 1 E T
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[\
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—4— Side-band data i
—— Best-fit interpolation

3 4 5 6 7
Visible Energy (MeV)

DC-lll @ NUFACT 2014 - Glasgow

>

30



