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Motivation for 83 measurments with reactor neutrinos

® Reactors: rich and free electron antineutrino sources

® Strong BG reduction by taking delayed coincidence
(S/N~40)

® Pure 0/3 measurement independent of CP-9, 023, etc.



Motivation for 8,3 measurements with reactor neutrinos
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Motivation for 63 measurements with reactor neutrinos

Survival probability
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The Double Chooz experiment
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Neutrino detection

Inverse B-decay (IBD) Neutrino energy spectrum
e Emitted spectrum
V_e _I_ p % €+ _I_ TL ----- Cross-section
Detected spectrum

(arbitrary units)

Capture on Gd
o AT~30ps

Delayed coincidence delayed signal: 8MeV

Prompt signal: positron + well above natural radioactivity

annihilation Y’s (1 ~9MeV)

Delayed signal: Y’s from neutron Capture on H

capture on Gd (H) AT~200ps (out of Gd doped LS)
delayed signal: 2.2MeV
accidental BG is dominant




Detector design

Glove Box:
Calibration source deployment

Outer Veto:

Plastic scintillator

Inner Veto:

eLiquid scintillator (90 m3) in a steel vessel (8mm)
«78 PMTs (8")

Inner detector (3 layers)

| Buffer:

| 10 m3 mineral oil in a steel vessel (3mm)
*390 low-BG PMTs (10”)

| Y-catcher:
eLiquid scintillator (22.3 m?)
*Acrylic vessel (12mm)

| V-target:
*Gd-loaded liquid scintillator (10.3 m3)
*Acrylic vessel (8mm)

Steel shielding (150mm)




Calibration
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Neutrino detection efficiency estimation

Energy & time window, Gd (H) fraction, spill in/out effects
¢22Cf source deployed into V-target and Y-catcher



Calibration & energy reconstruction
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Flux prediction

Neutrino yield
per fission

exp _ AON
M= <Ef> <o

<Uf>=KUf>BugeyJ E{ (t)} B”gey

/

Bugey4 measurement F15$1on fraction
as anchor point in CHOOZ core

Flux prediction uncertainty is suppressed by using Bugey4
measurement: 2.7%— 1.8%



Time variation of neutrino candidates

Neutrino rate
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Neutrino selection

Muon veto

no coincidence in IV

Aty > Imsec

PMT light noise cuts
No coincidence signal in OV

Prompt event

0.7MeV < Evis < [2.2MeV
Delayed event

6MeV < Evis < 12MeV
Delayed coincidence

2us < AT < 100ps
Multiplicity cut

reject multiple n captures

Further BG reduction

Aty > 500msec (Ep > 600MeV)

(Gd analy5|s)

prompt VS Edelayed

-
E~Y

delayed E (MeV)
N

10

Prompt-delay time difference

14
prompt E (MeV)

Entries/2us

Double

100 | | |

|:| anti-v MC
® Data
Chooz Preliminary

e

{i=10
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Backgrounds

BG rate
(events/day) Gd capture H capture
Accidentals 0.261 = 0.002 73.45 £ 0.16
Li .20 £ 0.54 284+ |.15
Fast neutrons and| - 7 4 020 2.50 + 0.47
stopping U
Light noise negligible 0.32 + 0.07
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Data with both reactors off

Unique for Double Chooz
Direct BG measurement
7.53 days so far (6.84 after y veto):
® (.84 days in October 201 |
® 6 daysin June 2012
Expected rate: 2.0+0.6 events/day
Observed rate: 1.0+£0.4 events/day

*Gd capture

Entries / 0.5 MeV
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Phys. Rev. D87 (2013) 011102

Double Chooz Preliminary
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uw/fast n

------- Accidentals

Residual v
() Reactor-off data

Expected events: 14.8t4.0 __

Observed events: 8

2 4 6

8 10

prompt Energy (MeV)

BG measurement consistent with estimations
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Uncertainties

Rate uncertainties (w.r.t. signal)

Source Gd capture H capture
Statistical error 1.12% 1.08%
Reactor /, flux |.8% |.8%
Detection efficiency 1.0% |.6%
Accidental BG rate <0.1% 0.2%
°Li rate 1.5% 1.6%
Fast n & stopping u rate 0.5% 0.6%

Energy scale uncertainties:
Gd capture [.1%
H capture |.7%




Events

Data - Predicted Data / Predicted

0.5 MeV

0.5 MeV

0.5 MeV

Double Chooz results (Gd)

Phys. Rev. D86 (2012) 052008

Lo ! ——}— Background-subtracted signal
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s0f | +H 178 d * BG is further constrained by
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400 - " ]
200 g - :
|+‘_’L—H_J - 1Rate only:
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e TR S U SR — |
0;__ sl e | Rate+Shape:
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Events

Data - Predicted Data / Predicted

0.25 MeV

0.25 MeV

0.25 MeV

Double Chooz results (H)

Phys. Lett. B723 (2013) 66-70

1400F ™
1200
1000}

800 i

400(- |

200(

-100 -

600 |

| | —}— Background-subtracted signal

-------- No oscillation

Best fit: sin*(20,,) = 0.097

i,

at Am? = 0.00231 eV 2

Systematic error

240.1 days :
36284 candidates |

1.2F

LOfF e g s geasress
08]
0.6F

=200

Energy (MeV)

Statistically independent analysis

Rate+Shape:

sin220)3 = 0.097 + 0.034 (stat) + 0.034 (syst)
x2/DOF = 38.9/30

Gd capture and H capture
results are consistent

DC-11(Gd): 5in?2613=0.109+0.039 [0.030°%£0.025']
DC-II(H): sin?26:13=0.097+0.048 [0.0345%t+0,0345V]
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Events

Data - Predicted Data/Predicted
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0.5 MeV

0.5 MeV
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Combined Gd and H fit

Data set: April 201 |- March 2012
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Systematic error

i

H data

1.2

2 4 6 8 10 12

Energy (MeV)

Correlations of systematic uncertainties are included in fit

Reactor off-off data used to constrain BG

Rate+Shape: sin?203 = 0.109 * 0.035
+2/DOF = 61.2/50

cf. Gd analysis: sin?20,3 = 0.109 + 0.039
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Observed rate (day” D)
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Reactor Rate Modulation Analysis
(Gd and H combined)

A nGd data ¢*
® n-H data ¥
------- Best fit (x2/dof=9/11) | i ot
90% CL interval
A 99.'.9'.?.’.‘.??.'_%_S_‘_{'?_t{??t_??'_ ________________ A N
| | e ey
R — S N W S S
A,&' nGd background rate: 0.9:0.4 day™
R S ~T_'__Af____________________n_l_-l___ba_c_:___g_r_o_u_n_d__ra_te___Z_ﬁtl__4_day _____________
i g sm ?(20,,) = 0 097-=0. 035 (stat+sys)
; Double Qhooz Prellmlnary
K | | | | | | | |
0 20 40 60 80 100
Expected rate (day™)

Data: April 201 |- March 2012

Using dependence of V rate on
reactor power

Independent of BG estimation
Best fit: sin2203 = 0.097+0.035

Consistent with Double Chooz
rate+shape results
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Near Detector
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Summary

Double Chooz 0,3 measurements with Far detector

two different samples: n capture on Gd and H

two different approaches: rate+shape and reactor rate modulation

All analyses showed consistent 0,3

Rate+Shape (combined):sin?2 8,3 = 0.109 £ 0.035
RRM (combined): sin2203 = 0.097 £ 0.035

Several validations of BG estimation

BG estimation confirmed with reactor off measurement
BG constrained by rate+shape fit

RRM analysis measured consistent 03 independent of BG estimation

Future

We aim at 10% precision of sin?20 3 measurement with Near detector
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Backup
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Summary of Double Chooz results

DC sin’(26,,) Measurements (data set Il)

P .
0.i1£0.04 '

v 0.10%0.05 I
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— ®
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! II 1 : ] 1 ! 1 ] l: ‘l‘: ! Ll T
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: eRate+Shape

. | H-11 (Dec.|2@Paris)
: eRate+Shape

RRM(Mar. | 3@Moriond)
: *Gd (OFF)

RRM(Jul.| B@EPS)

T 0.1370.07
Gd+H (ul.| 3@EPS) L _ N
*RRM (OFF) + 10.09710.035 | .

llllllllllllll

*H (OFF)

Rata+Shape 68%CL
Reactor Rate Modulation 68%CL

0.20 0.25 0.30
sin°(20.,,)
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Accidentals Rate (events/day)

N W 5 U &
=R e — )

Accidental BG mechanism

Prompt signal:

4 )
Y from PMTs etc.
Delayed signal: Y
capture of spallation — N
neutron
s
E E neutron
oy e : | capture )
%: (H capture) E
0_ I5|0I - Il(l)()l - I15|0I - I2(|)0I - I25|0I - I3(|)0I —

Number of Days Since April 13 2011
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Events

250 |7
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200 1]

— l '
150 F
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50

Cosmogenic isotopes (°Li)

Spallation products from muon:

’Li @ e+ n + %Be
(T ~200msec)

Prompt signal:
Y’s from electron
Delayed signal:
neutron capture

neutron
capture
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Fast neutrons

Prompt signal:
Y’s from recoiled proton

. e ~
Delayed signal:
capture of spallation
heutron
7
?:)250 """""" AL B B B *
2 200 (H capture) -

150 _:

neutron
capture

\s

J

ﬂ k

+
505— +++ +++++ ++++++.L+_

0 10 15 20 25 30
Energy (MeV)
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Stopping muons

/ M
Prompt signal: i }Q/;
scintillation from p

Delayed signal: neutrinos
scintillation from Michel

electron




Neutrino

Muon veto
no coincidence in IV

Aty > Imsec

PMT light noise cuts
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No coincidence signal in OV

Prompt event

0.7MeV < Evis < [2.2MeV

Delayed event

| .5MeV < Evis < 3.0MeV

Events

Delayed coincidence
10ps < AT < 600Us
AR < 900mm

Multiplicity cut

reject multiple n captures
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Time variation of H capture neutrino candidates
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Individual fits and combined fit results

Preliminary

Rate+Shape
Fit parameter nGd (PRD Sep. 2012) nH (PhysLettB Jun. 2013) nGd nH
Energy scale 0.986 + 0.007 0.99 + 0.01 0.985 + 0.006 0.993 + 0.007
FN-+SM rate (d—1) 0.64 4+ 0.13 2.6 + 0.4 0.61 + 0.13 2.64 4 0.35
Li-9 rate (d 1) 1.00 4 0.29 3.94+0.6 0.89 4+ 0.24 3.93 £ 0.56
Am* (10 >eV?) 2.32 + 0.12 2.32 4+ 0.12 2.31 + 0.12
sin® 2613 0.109 + 0.039 0.097 4 0.048 0.109 + 0.035
x4 /dof 42.1/35 38.9/30 61.2/50
Rate only
Fit parameter nGd (PRD Sep. 2012) nH (PhysLettB Jun. 2013) nGd nH
Energy scale 0.998 + 0.011 1.000 + 0.017 0.998 + 0.011 1.004 4+ 0.017
FN-+SM rate (d—1) 0.69 + 0.20 2.5+ 0.5 0.57 + 0.19 2.74 4+ 0.46
Li-9 rate (d 1) 1.40 + 0.49 2.8+ 1.2 0.76 + 0.37 3.65 + 0.96
Am® (10~ *eV?) 2.32 4+ 0.12 2.32 +0.12 2.32 £ 0.12
sin® 2013 0.170 &+ 0.052 0.044 4+ 0.061 0.107 4 0.045
X~ /dof 0.5/1 0/0 6.1/3

*Individual fits do not use reactor off-off information



Correlations b/n Gd and H in combined fit

Correlation coefficients

Preliminary
Parameter PGdH
Accidental rate 0
Corr. light noise 0
FN/SM rate 0 Doy = Cov [aj’ y]
Li rate 0.003 G20y
°Li shape I
Efficiency 0.09
Energy scale 0.4
Reactor I




Events
0.5 MeV

Gd capture and H capture Ve spectra with BG

(April 201 I~March 2012)

Gd capture

H capture

" | —— Data

Combined best fit:
sin’20,, = 0.109

at Am> = 0.00231 eV?

Accidentals
r_,‘i—i Lithium-9
Fast neutrons
: + stopping muons

Events
0.25 MeV

_|_

—|—\=ﬁ

| —— Data

Combined best fit:
sin’26,; = 0.109

at Am’ = 0.00231 eV>
Accidentals
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Fast neutrons

—— Correlated light noise
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Red line shows best fit (combined analysis)
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RRM individual results

Gd data

Observed rate (day'l)
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