Christian Buck, MPIK Heidelberg
on behalf of the Double Chooz Collaboration




L L o . . .
(, =587 Neutrino mixing at reactors

Reactors: Strong and pure source of MeV e-antineutrinos
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Double Chooz site

Running since 04/2011
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s = = 3 . . .
 Glsss Site configurations
Double Chooz RENO Daya Bay

Double Chooz: ,,Only” two reactors, but almost iso-flux
=>» Low statistics, but good for systematics!

« Reactor Neutrino Flux Uncertainty Suppression on Multiple Detector Experiments »
arXiv:1501.0356
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Neutrino production / detection

Mean cross section per fission
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{mer detector: \

Target (r=1.2 m):

- Acrylic vessel (8 mm)

- 8.3 tons Gd-scintillator
(1 g/l Gd, o-PXE based)

Outer Veto:
Plastic scintillator

Gamma Catcher (0.55 m):
- Acrylic vessel (12 mm)

| -18.1 tons liquid scint.
| | (o-PXE based)

Steel shielding
(15 cm)

7m

Suffer (1.05 m):

Inner Veto:
- Steel (8 mm) - Steel (3 ‘r‘nml
-70 tons LS - 80 tons “oil

(LAB based) 390 PMTs (10”)

78 PMTs (8”)
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Double Chooz milestones
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Energy scale
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) p— : :
gice? Neutrino selection (Gd)

Modlified selection for optimized S/B ratio (> 20)

Modification to previous
Gd publication (2012)

Muon veto >1ms
,Light noise” Uniform (space) and simult. (time) Optimized
Correlated Back- Use Inner/Outer veto and vertex h
ground reduction reconstruction information L New
AR <1Im
Prompt energy 0.5-20 MeV y
Delayed energy 4 —-10 MeV
— Wider range
AT 0.5-150 ps
Isolation window (-200, + 600) ps
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Selection improvements
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Improvements compared to 2012 analysis (,Gd-I1“ publication)
clearly visible in energy spectra and correlation time distribution
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Neutrino candidates

New data
n-Gd rate ' T '

Average Rate: 37.1:0.3 day”

MC Average Rate: 37.540.0 day”

Both reactors
ON

i

ONE reactor

2 Fil on
0 ' m
0 100 \2od
Reactors OFF
» Data from Apr 2011 — Jan 2013 (live-time: 460.7 days)
» 17351 neutrino candidates (doubled statistics)
» 18290 predicted events (no oscillation)
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Evaluation of detection uncertainty using Cf data and IBD cand.

Relative efficiency
o
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(¢ c5e2 Accidental background
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Random coincidences determined by off-time window method
Constant rate of 0.070 * 0.003 events / day
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("T=7 Fast neutrons and stopping muons

g; . —4— IBD candidates
= 5 - - —+— IBD candidates above 20 MeV
— 10° F
@ F b —4— IV Tagged
Q . ;
- -+ 1 3
= + 1 -¢.-¢- —
i + LIPS
tobte, o ettt 4t ﬁﬁwﬁi
LTI T ;
1——....1....|....|....i....|....—-
0 5 10 15 20 25 30

Visible Energy (MeV)

= Stopping muons effectively identified by PMT hit pattern

» Fast neutrons reduced using Inner Veto coincidences

= Rate extrapolated from high energies (flat spectrum):
0.60 £ 0.05 events / day
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o 200 —— S 1 E
§180_; —+ %Li+®He enriched datai i?l_?tf/IC
g 1604 — Best-fit function E +_ -
€ 140 -
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20% E 0_..I.‘l.‘l..‘l .I.._.—
0200 400 600 800 '1‘00‘0‘1'20‘0‘1406160641?(22%2300 2 4 6Visible8Energ1yo(MeV§2
= Long-lived B-n emitters (°Li and 8He) produced by spallation
interactions of muons in the detector
= Fit time correlation of IBD candidate and previous muon
= 55% rejection by Li+He veto (distance to u track, #n after p)
|

Rate after subtraction of rejected Li candidates
0.97+041 .. events / day
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0% _ _ —
@ Both reactors off data

» Unique for Double Chooz!

» Two periods: 7.24 days total

» Residual neutrinos (simul.):
1.57 £ 0.47 events

» Observed events:

- 57 candidates selected g 4 astore vtoss e appes
. % 8 —+— IBD candidate after all vetoes
— 7 remain after vetoes .
> Constrains background in

@ 1 3 flt Visible Energy (MeV)
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Normalization uncertainties

Uncertainties relative to signal prediction

Flux 1.7%
Detection efficiency 0.6%
Background (Li + He) +1.1/-0.4%

Other systematics <0.1%
Statistics 0.8%
Total +2.3 /- 2.0%

Background errors further reduced by rate + shape fit

03-Mar-15
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O,5: rate + shape result

Gd analysis (467.9 live days) in Far Detector:

Events

103

0.25 MeV

[
o
N

—— Data

Best fit:

KX Accidentals

-------- No oscillation + best-fit backgrounds

sin’20,, = 0.090 at Am* = 0.00244 eV?

[[TITITIT]  Lithium-9 + Helium-8
/) Fastneutrons + stopping muons

DC-lll (n-Gd)
Livetime: 467.90 days

1/// ///////

10 12 14 16 18 20
V|S|ble Energy (MeV)

sin®20@,, = 0.09

O+O 032
—-0.029



0% o = . .
D( FEEL Spectral distortion

Data / Predicted

0.25 MeV

= T T T T T T i >7000 T I N ]
1.2L| [ —— Data ] 2 i gaf I BOeSSTAR L Gy nH .
------ No oscillation Lo6000 ; :g N All candidates scaled E
| | ] Reactor flux uncertainty T o - g | ]
1.1- [ Total s_‘yyst_erznatic uncertainty “»5000 % 1 n-Gd N | ]
Best fit: sin"26,, = 0.090 2 - ok ]

1 at Am? = 0.00244 eV? E 4000} 1 Gd 4 nH ONE WO umber of Reactors ON
: i Region of excess |
3000 - —4— Side-band data .
0. i 2000 ; —— Best-fit interpolationé
N . - n-Gd e ]
DC-lil (n-Ga) 1000f T E
0. Livetime: 467.90 days - =
. s . . - s s ; ot i L e

1 2 3 4 5 6 7 8 3 4 5 6 7
Visible Energy (MeV) Visible Energy (MeV)

Background? Excess reactor flux correlated =» not favored
Energy scale? Confirmed by n on C and B =» not favored
Flux prediction? Under investigation

No significant impact on ©,5; measurement
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10LE = = -
¢ce=2 Reactor rate modulation

—-> ® Data
Na %5
S 50" No osc. (x2/dof=54/7) | .'Q
L | Best fit (y2/dof=4.2/6) 6
< <
I | 90% CL interval ;

g 40 :

e Livetime: 467.90 days
2 16 ierror defined as Ax?=1.0 >
L R e 1
o’/ :_.s;',-‘
20+ S ‘
+ Background rate: 1.56"‘1"‘ day™
Sin(20,,) = 0.090°%%* (statssys)
DC-lll {(n-Gd) Preliminary
o= o | I . 4 . | . i
0 10 20 30 40 50

Expected rate (day™)

= Compare obs. vs exp. rate for different reactor power cond.
= Rate only = spectrum and background model independent
= Extract ©,45 and background rate from linear correlation
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e e o —
(G2 RRM results
Free BG off-off BG constr.
sin220,; [0.089 +0.052|0.060 =0.039| 0.090%,::
BG rate +0.43 +0.18
(ev/day) 1.56 +0.86 0'093—0.36 1 ‘56—0.16

Comparison with rate + shape analysis:

03-Mar-15

sin” 26,, = 0.090%, >:
BG(ev/day)=1.64""7

Christian Buck, MPIK Heidelberg
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» Ortho-positronium
(DC, JHEP 10 (2014) 032)

» Sensitivity to Am,
(Phys.Lett.B725 (2013)

(arXiv:1208.3628)
> Sterile neutrino

(PRD 83 (2011) 073006)

» Background studies
(DC, PRD 87 (2013) 011102(R))

> Lorentz violation
(DC, PRD 86, 112009, 2012)

03-Mar-15

371 -276)
» Neutrino directionality

/ Nexpected

098

Physics beyond 6,
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- - - Prompt signal fit
—— Delayed signal fit
— Global fit
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—— Dy By
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Christian Buck, MPIK Heidelberg
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Near detector

A SERERE s G S SR

~ > Started ND constr. 05/2013

%

,/ > Data taking since 12/2014

I
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i> Shielding 115 mw.e. | £ &
L— a /" e
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=GEZ Near detector performance
5 T T y T T

104 E ot ;:)olub;e (l:hloolz (2l01l1_2101l3)1 g 10 ; Double Chooz Preliminary (2015)
E FD CALIBRATED 10 ND UNCALIBRATED

103 3 E E
i 10°[

102 3 = E
: 10%E

10 ) = 10;

1 E—. P I IS RS TR SR E 1 ;

| J -l
2 4 6 8 10

12

Visible Energy (MeV)

Total Charge (Arbitrary Unit)

= Spallation n captures Far (calib.) vs Near Detector (uncalib.)
=> feasibilty of IBD measurement

* Preliminary study of ND singles indicates similar rate as in FD
=» radiopurity and shielding goals achieved
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- 0.07——T 1
o - | === DC-ll (n-Gd): FD only

I = DC-ll (n-Gd): ND and FD

CDS'—’ 0.06 - | — — DC-lll (n-Gd): FD only

N - DC-IIl (n-Gd): ND and FD

L 0.05

7 -

S -

50.04'—

o B

GtD N

o 0.03}

B -

-050.02:‘

q, -

Q— -

w 0.01

0.007"7—""2"3 4 5 6 7 8

Total years of data-taking since April 2011



UBL:

IO = =
(& Summary

» Recent analysis improvements with Far Detector
— Improve accuracy of energy reconstruction
— Optimized selection, reduce detection systematics
— New background tagging and rejection techniques
— Include reactor off-off data in fit

> Result rate + shape analysis:  sin*20,, =0.090", .;

» Independent cross-check analysis:
— Neutron captures on Hydrogen
— Reactor rate modulation analysis

» Near detector data taking started

03-Mar-15 Christian Buck, MPIK Heidelberg 28
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Qiecz Reactor spectrum

Data from T. A. Mueller et al., arXiv:1101.2663v3
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e g Reactor simulation

e o o
a o a o
5 O

Thermal power (GW

N
o
TTTTT
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; ....................................... | | N 1 .Core B1 | _;
e e R— | | T — .Core By | _;

T SR N (RN A ! 1 | | | | 1
0.0 20 40 60 80 100 120 140 160
Days after April 13, 2011

°
()
|

« Regular monitorintg of thermal power (T in primary loop every minute,
weekly measurement of steam generator enthalpy balance)
* Fractional fission rates from U and Pu isotopes (burnup curves)

« EDF inputs (fuel loading, geometry, power history,...)

» Reactor simulations: MURE, Dragon




Reactor burnup
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Uncertainty on reactor predictions

< —

0O 02 04 06 08 1 12 14 16 1.8
Relat Error (%)

Total: 1.7 %
(2.7% without Bugey
anchor point)
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Qiecz Reactor anomaly
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More on energy scale

before stability calibration

Single Y Energy (MeV)
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trigger efficiency

o -—h
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Trigger efficiency

Double Chooz Trigger Efficiency of Singles

trigger efficiency

1 o uncertainty (stat+sys)

- 50% efficiency at ~0.3 MeV

0.6 0.8 1.0 1.
energy [MeV]




oo MC correction

Correction source

MC Correction

Uncertainty (%)

DAQ & Trigger 1.000 <0.1
Veto for 1 ms after muon 0.955 < 0.1
IBD selection 0.989 0.2
FV, OV, IV, Li+He veto 0.993 0.1
Scintillator proton number 1.000 0.3
Gd fraction 0.975 0.4
Spill in/out 1.000 0.3
Total 0.915 0.6




Light noise
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| (sl =bi FV veto (delayed signal)

IBD signal Stopping muons

% 10 » Before Fv veto is applied
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Details accidentals

Distance vertex positions

—— Data E
—— IBD signal MC 1
— Accidentals

004_
- (0.070+0.005*t)day"' ]
0.2 (~2 per month) E T
0. 0 00 0005 707520253035 404550

Correlation Distance (m)

Day




Li background

9L| 178 ms
R~ « 2.3 MeV
4% 413 Mev
R < 10.8 MeV
n+f”~ < 11.8 MeV 59,
48.5 %
A~ <11.1 MeV
17 %
A~ «13.6 MeV
287 2.8 MeV
8Be+n 24 NeV
- _ﬂ_ - gBe stable
2 4He
o :0.09 MeV
AR L B B BN B L
120~ -]
B -+- Measured distance
100

— Best-fit function

T T

Number of B n decays/100mm

[P IR PR R B | R —
0 200 400 600 800 100012001400 160018002000
Distance to muon track (mm)
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(i) Before vetoes e apolied
—— Repcted by FV veto
. Ajoctod by OV vato
——— FAopcted by IV veto
- Rojoctod by LisHe vato
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Fit parameters

Fit Parameter Input Value Best-Fit Value
Li+He bkg. (d7!) 0.97101 0.74 +0.13
Fast-n + stop-u bkg. (d71) | 0.604 £ 0.051 0.56870 03
Accidental bkg. (d~1) 0.0701 £ 0.0026 | 0.0703 + 0.0026
Residual 7, 1.57 £0.47 1.48 £ 0.47
Am? (10~3eV?) 2.4410% 2.4419-%
E-scale €, 0 & 0.006 0.00179-052
E-scale ¢, 0 £ 0.008 —0.00110:90¢
E-scale . 0 + 0.0006 —0.000579:505%
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