d e
L

Thiago Bezerra “SBATECH boratory, Nantes, France)?

on behalf of the Double Chooz Collaboration

The XXIX International Conference on Neutrino Physics and Astrophysics (Neutrino2020)

June 25%™ 2020

‘now @ University of Sussex, Brighton, UK



Qutline

- What is Double Chooz and its milestones

- Where we were at Neutrino 2018

- Where we are now

- Prospects for the future

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 7



Gravelines

i

W Cattenom

£
Vi &m‘ti :
levile s

e it

Probability(v,—V,)

-

b ﬁ &*b

—& 4"‘ Near Detector ==& 4" Far Detector
Chooz Reactors _ ] - || 900 IBDs/day .~ &'l 150IBDs/day
4.25GW,, x 2 cores | : ~ | 120m.wee. | 300m.wee.

(S® | Since 2015 = | gince 2011



Timeline

2000 2010 2011 2012 2013 2014 2015 2018 2020

epjc/s2002-01127-9

Double Chooz is born (arXiv:hep-ex/0606025) | arxiv:hep-ex/0301017
Solutions to CHOOZ limitations ‘
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https://arxiv.org/abs/hep-ex/0606025
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs2002-01127-9&v=b047b80d
https://arxiv.org/abs/hep-ex/0301017

‘Timeline

2000 2010 2011 2012 2013 2014

- Double Chooz is born (arXiv:hep-ex/0606025)
- Solutions to CHOOZ limitations:

* Near-Far approach (arXiv:hep-ex/9908047)
» Close to Iso-flux

parameter relative error (%)

number of protons 0.8% <0.5%
detection efficiency 1.5% <0.5%
reactor power 0.7% ~0.1%
energy released per fission 0.6% ~0.0%
combined 2.7%
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https://arxiv.org/abs/hep-ex/0606025
https://arxiv.org/abs/hep-ex/9908047

‘Timeline

2011

- Double Chooz is born (arXiv:hep-ex/0606025)
- Solutions to CHOOZ limitations:

* Near-Far approach (arXiv:hep-ex/9908047)
 Close to Iso-flux

» 4 Layers detector

 Stable Scintillator

o TR R
390 10" PMT
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External inert shield
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https://arxiv.org/abs/hep-ex/0606025
https://arxiv.org/abs/hep-ex/9908047

Identical Detectors

Far detector

Vo i

~_aTae

Ime an =~ Near detector
44 /¥ | R

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 7




‘Timeline

2011

—+&— Double Chooz Data
No Oscillation
' ¥ ¥ e Best Fit: sin®(26, ) = 0.086
: g B} . ' for AmZ, = 2.4x107 eV?
- First indication of Reactor 6, > 0 (@95% CL) i Summod Backgrounds soe e
<+ Fast n and Stopping 1

- 30 in combination with T2K T |

- Start of the synergy Reactor + Accelerator H, _Z.Q

=~
2
mn

Events/{0

(Data - Predicted)/(0.5 MeV)

Energy [MeV]

PhysRevl ett.108.131801 arXiv:1112.6353 ‘
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.108.131801&v=cb953df9
https://arxiv.org/abs/1112.6353

‘Timeline

—|— Background-subtracted signal

2011

- ST i 9T No oscillation
Best fit: sin’(20,,) = 0.097
at Am* =0.00231 eV *

- First 6,, measurement with n-H captures Senenior
- Thought to be impractical, thus Gd loading | '

- Limitation: Proton number systematics
(Gamma Catcher not meant as a Target)

= L L
- '~ x
-

0.25 MeV

0.25 MeV
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Energy (MeV)

j.physleth.2013.04.050  arXiv:1301.2948 ‘
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2013.04.050&v=97d2fd97
https://arxiv.org/abs/1301.2948

‘Timeline

2000 2010 2011 2012 2013 2014 2015 2018 2020 |

Best it ((/dOf=8/11) |- o
l:l 90% CL interval 7 4

Accldentals subtracted

1o error deflned as Ay2=1 0 é é

Sin?(20,,) = 0.102+0.043 (stat+sys) |

60 80 100
Expected rate ( day")

j.physletb.2014.04.045 arXiv:1401.5981 ‘
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2014.04.045&v=00b3bb4b
https://arxiv.org/abs/1401.5981

‘Timeline

Data / Predicted
0.25 MeV

Thiago Bezerra

Excess rate : :
i n-Gd + n-H

—4— Dat - ‘
R —— All candidates scaled

----- No oscillation
[ ] Reactor flux uncertainty z : I
I:l Total systematic uncertainty
; : ) JHEP10(2014)086
Best fit: sin°26,, = 0.090 TWO ONE TWO
Number of Reactors ON

arxXiv:1406.7763

Region of excess

—4— Side-band data
Best-fit interpolation

Visible Energy (MeV)

Visible Energy (MeV)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP10%25282014%2529086&v=927ad4ea
https://arxiv.org/abs/1406.7763

‘Timeline

2000 2010 2011 2012 2013 2014 2015 2018 2020 |

- Double Chooz strategy:
» Near-Far approach
* Close to Iso-flux
* Propoesecd-4-Eayers-detector--% 3 layers is enough (TnC)
 Stable Scintillator

- First Indication of Reactor 6., >0
- First 6., measurement with n-H captures
- First 6,, measurement with Reactor Rate Modulation

- First report on the reactor spectrum distortion
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‘Timeline

2000 2010 2011 2012 2013 2014 2015 2018 2020 |
| 7 | | . i

Construction Short Documentary |::: -
Click here to watch! ¥~
https.//youtu.be/gXoKoVzIO74
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https://youtu.be/gXoKoVzIO74
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‘Timeline

2000 2010 2011 2012 2013 2014 2015 2018 2020

- First DC Near + Far Result Released NE\)TRINO
* Preliminary @ CERN Seminar e
« Officially @ Neutrino 2018 1.9 |
e Published @ Nature Physics L Heidelberg

ARTICLES narure,

https://doi.org/10.1038/541567-020-0831-y thSICS

Double Chooz 0,; measurement via total neutron

capture detection S41567:020.089Ly  arXv:1901.00445
The Double Chooz Collaboration*
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1038%2Fs41567-020-0831-y&v=49aa0a03
https://arxiv.org/abs/1901.09445

Near and Far 6_,

—4— FD/ND data

No oscillation

Best fit on sin® 26,, = 0.105 + 0.014

(almost full flux uncertainty cancellation) | o

IBD with Total Neutron Capture (Gd + H + C)
(3 volume-like, x2.5 statistics)

Best Integral Flux Measurement to Date

Spectra Distortion Bias on 6, |
(no issue for Near-Far, big issue if Far only) Visbl sreroy (M)

DC IV (ND)
TnC (n-H + n-C + n-Gd)

Bugey4
Phys. Lett. B 338, 383 (1994)°*He

Daya bay
CPC 41.1.013002 (2017) n~Gd

2017 world average
CPC 41.1.013002 (2017)

Thiago Bezerra

Statistical uncerfainty: :
Experimental uncertajnty :
Total uncertainty H

() =(5.71 % 0,0é) x 10%"3 cm? per fission
? i

() = (5.75 % 0.08) x 10{*® cm? per fission

() = (5.91 £ 0.12) x 10{** cm” per fission

———————

(incluéies Bu:gey4 & Daya bay)
i i

Reactor mode:l unceé!ainty (~2.3%)

0.90 0.95
Data-to-prediction ratio

Uncertainty is the square root of the covariance matrix diagonal terms

Far/near

5

FD + Bugey4 + model shape uncertainty increase
FD + ND + model shape uncertainty increase

Af for FD + Bugey4 + model shape unc. increase
Ay? for FD + ND + model shape unc. increase
Statistical uncertainty

Asin? 26,,) (fit — true)

Reactor model uncertainty increase factor

e Accidental BG: (raw)
Accidental BG (vetoes only)
BG (vetoes +ANN)
1C TnC IBD
~—#——.IBD.TnC.ND

0O 05 10 15 20 25 30 0 05 1.0

P2 (m?)

See more details
@ Poster#488
Session 4

Double Chooz New Results @ Neutrino 2020
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https://indico.fnal.gov/event/19348/contributions/186210/
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New Data

Nature Physics Data Set
(+1.5y of Far only data)

Extra Set of this release
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Far
Detector

Detector

Reactor
Thermal
Power




New Data

Detector

Far Alone (Reactor-ON)
Far Alone (Reactor-OFF)
Far (Reactor-ON)

Near (Reactor-ON)

Far (Reactor-OFF)

Near (Reactor-OFF)

Run Time (days)
481.12
7.57
868.11
788.73

23.54
23.12

Factor To Nature Physics Dataset
1.00
1.00
2.26
2.28

NEW

NEW

o SRR IR
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Oscillation Analysis

—+— ND Data

No oscillation

—+— FD Data

No oscillation

Best fit on sin®26,, = 0.102 + 0.012

E Total Systematics

Best fit on sin’26,, = 0.102 + 0.012

Total Systematics

4

sle Chooz Preliminary
ar (1276 live-days)

Doulﬁ:le Chooz Preliminary

Niear (587 live-days)
| 1
3 4 5 ’ 3 4 5

Visible Energy (MeV) Visible Energy (MeV)
NEW! sin?26,, = 0.102 £ 0.011 (syst.) +0.004 (stat.)

(stable result also for Rate or Shape only analysis)
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Observation / No-oscillation prediction
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Oscillation Analysis

Thiago Bezerra

—+— FD / ND Data

No oscillation

Best fit on sin22813 =0.102 £ 0.012

|:| Total Systematics

e
©
QO
Z
—_—
B
(\'J
.

Double Chooz Prellmlnary
Far (1 276 days) + Near (587 days)

3 4 5
Visible Energy (MeV)

NEW! sin?26,, = 0.102 £ 0.011 (syst.) +0.004 (stat.)

(spectral distortions cancelled in Near-Far approach)
Double Chooz New Results @ Neutrino 2020 21




Events / 0.25 MeV

Thiago Bezerra

&\\\ Fast Neutrons

—4— ND Data
No-oscillatted MC
%4 Accidentals

Visible Energy (MeV)

'3
N|||||||||||||||||||||||||||||||||

10000

Events / 0.25 MeV
[+)
o
o
o

—%— FD Data

No-oscillatted MC

Accidentals

&\\\ Fast Neutrons
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Visible Energy (MeV)

[1,8. 5] MeV

—

10 15

20




Events / 0.25 MeV

Events / 0.25 MeV

Thiago Bezerra

—4— ND Data
No-oscillatted MC

Accidentals

O i

D Fast Neutrons

Double Chooz Preliminary
Near (587 live-days)

20 30 40
Visible Energy (MeV)

—— ND Data
Accidentals
[

|:| Fast Neutrons

Double Chooz Prélirréinary

20 30
Visible Energy (MeV)

°Li Rate unc. 7%
Fast-n Rate unc. 1%
Accidental Rate unc. < 1%

Events / 0.25 MeV

Events / 0.25 MeV

—4— FD Data
No-oscillatted MC

Accidentals

v i

D Fast Neutrons

Double Chooz Preliminary
Far (1276 live-days)

20 30 40
Visible Energy (MeV)

—4— FD-Il Data
Accidentals
[

|:| Fast Neutrons

20 30
Visible Energy (MeV)
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—— ND Data

No-oscillatted MC

Accidentals

|2 ~vi

Y Fast Neutrons

Double Chooz
Preliminary

—4— FD Data
No-oscillatted MC

Accidentals

A i

|:| Fast Neutrons

Double Chooz
Preliminary

°Li Rate unc. 7%
Fast-n Rate unc. 1%
Accidental Rate unc. < 1%

Visible Energy (MeV) Visible Energy (MeV)l:->
—— ND Data ReaCtOI’-Off Data —4— FD-ll Data
Gives Extra Constrains on

7] Li

[:| Fast Neutrons

] Fast Neutrons BG above 3 Mev

Events / 0.25 MeV
Events / 0.25 MeV

What happens < 3 MeV?
Details @ Poster#390
Session 4

Visible Energy (MeV)
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https://indico.fnal.gov/event/19348/contributions/186307/

Our Result In Perspective

Total Uncertainty ; :
Double Chooz Statistical Uncertainty

Nature Physics (2020) TnC sinl(ZHIJ)=0.105i(l.014EI—FO—|:—|
PRELIMINARY Nu2020 TnC

Daya Bay
PRL 121 241805 (2018) n-Gd ! sin%(20,,)=0.086+0.003
PRD 93 072011 (2016)  p-H i )=0.071:0.011

13

RENO

PRL 121 201801 (2018) n-Gd
JHEP 04 029 (2020) n-H

T2K
PRD 96, 092006 (2017)

b
Am3, > 0

2
Am;, <0
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Systematics Breakdown

DC-IV [Nature Physics
DC-V PRELIMINARY [Nu2020 \ 4

0.0073

0.0062 g 0.0064

0.0054

000044

lo sin22613

0.0018 0.0018 0.0018

Uo_oo 13 90.0009 ©0.0017

o
QO
(9]
x
Q
=
o)
c
-
o

sonsiels

[#u0j0.4d]
uonoslag
uone|a1i0n

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 26’



Positron Energy Model

e More Data allowed:
- Better understanding of detector stability & uniformity

Double Chooz Preliminary _ :

 Deticated calibration campaigns allowed:
- Extra constrain of light & charge non-linearities

MC Energy Correction Factor

* Energy controlled ~0.5% in 6, region TSR |
Visible Energy (MeV)

Energy Scale Uncenrtainty
8
NEAR DETECTOR FAR DETECTOR

n-H from Double Chooz Preliminary

252Cf Source

Uncentainty (%)

— DC-IV }
- DC-V

O P N W » O o 4

~1.5 2.0 2.5 3.0 3.5 0 1.5 2. 2.5 3.0 3.5
Visible Energy (MeV) Visible Energy (MeV)

6 7
Visible Energy (MeV)
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Backgrounds Measurement

- Lithium-9 Measurement (Time & Space conicidence with muon track) |
- Fast-neutrons Measurement (Time & Space conicidence with Inner Veto activity)

Measured °Li Spectra

(2]

o

o
=

R

#

2
g 250’7 + ‘\"“ Double Chooz Preliminary
1 e i =
o 150% Py Jr o = ——  op-= >\ | _
e +++++++ ettt + L ay
50§++ i All Backgrounds are
S ARSI U S ' Measured
Measured Fast-n Spectra N ‘ I n d e pe n d e ntly
e Outer Veto Tagged
'l (no MC nor
) : Inner Veto Tagged . .
: W ; ) parametrization used)
u>J1oo—+ +++ 7

++ f +++++'+4—|+
_|_+ ++‘H‘ +—H—
+
++ R
Double Chooz Preliminary

| [Fast neutrons:

10

Thiago Bezerra
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1o sin22€)13
0.012

Thiago Bezerra Double Chooz New Results @ Neutrino 2020



Summary

Double Chooz reaching its life-cycle end...

Smallest detectors, flux & overburden -> Pushes for Innovation!

New result: sin®20,, = 0.102 £ 0.012 (w/ full two detectors data)

Still room for sin26_, improvement (1o < 0.01)

Other results update from Nature Physics (best flux measurement, distortion, etc) underway

Publications in preparation
Sterile search, Rate Modulation update, Detector, Reactor-off & Residual flux

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 31



In Memory of

Herve de Kerret
(Spokesperson 2004 — 2017)
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DOUBLE CHOOZ COLLABORATION Q b

wl -.- i

Brazil France Germany  Japan Russia Spaln USA
CBPF APC (IN2P3) EKU Tiibingen Tohoku U. INR RAS Cl EMAT-Madrid Alabama U.
UNICAMP CEA/IRFU: MPI1 K Heidelberg Tokyo Inst. Tech. RRC Kurchatov ANL

SPP RWTH Aachen Tokyo Metro. U. Chicago U.
SPhN TU Miinchen Tokyo U. Science Drexel U.
SEDI Kitasato U. Hawaii U.
SIS Kobe U. Notre Dame U.
SENAC Virginia Tech.
CENBG (1 N2P3)
LNCA (IN2P3/ CEA)

Subatech (I N2P3)



Backup Slides
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Possible Range of Improvement of 6, based on
°’roton Number Uncertainty Reduction of Gamma Cz

T o P o T T R,

Double Chooz Preliminary

0.5

Proton Number Uncertainty (%)
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‘Reactor-off Data

- Validation of Background model

-> Data and Background model

-> Measurement of Residual Flux
(Reactor Radiative Cooling)

Details @ Poster#390
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https://indico.fnal.gov/event/19348/contributions/186307/

ANN Training for Acc. Rejection {Gases

Double Chooz Preliminary ) Double Chooz Preliminary
DCIIl (n-H) Accidental BG _ DClil (n-H)

Visible energy (MeV)
Visible energy (MeV)

IBD (signal) Accidental BG

(correlated) (Random)
(I.e. longer At, AR) |
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Signal MC (no osci

S8 Accidental BG

Thiago Bezerra

ANN output
Double Chooz New Results @ Neutrino 2020

Before

Entries/{0mm
(&2
o
(=]

Double C
IB

—
o
o
(=]

[%2]
3
=]
=
=~
%3]
2
=
=
c
7]

Data (accidental BG subtr.)

After

ies/10mm
(4]
(=]
(=]

W Accidental BG
— Data
§  Data(accidental BG subtr.)

m—— Signal MC
Accidental BG
Data
§  Data (accidental BG subtr.)




Background Rejection (Gassy

10° F ~AcCidental BG-(RaW): - wrmeesforeenssnissse |

Accidental BG (Vetoes Only) : Delayed E Spectrum
ccidental BG (Vetoes=ANN) ( d a ta an d M C) b e fO re

MC TnC IBD

o e F, and after cuts

=
M)
=
~—
o
—
CD
o
w
2
—
4+
c
L

Cumulative rejection per cut

Average Efficiency ~85%

i
6

Visible Energy (MeV)

-> Good data/MC agreement
for IBD candidates
-> Efficient background

supression with cuts/vetoes
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Liquid Scintillator
+

10” PMTs
+

analogue electronics
(clean & p-handling)
+

500MHz FADC readout

Rich off-line reconstruction: energy & BG reduction

* time,charge
- Control of linearity

* position (X,y,z,t)
- Uniformity & BG vetoes

» multiplicity & inter-detector-layer correlation
- BG vetoes

Thiago Bezerra

PMT Cable

22m (ID) & 26m (IV)

PMT-ID
Hamamatsu
R708 I MOD-ASSY
390 PMTs (107)
PMT-1IV
Hamamatsu R1408
78 PMTs (8”)

FEE Cable

splitter
(custom)

HV Supply
CAEN AIS35P

472channels (ID+IV),

(gain=7)| |PMT— Ichannel v-FADC
|8m 500MHz

(custom) CAEN-VI721

Z-output
Trigger &

62.5MHz Clock
(custom)

16 ID-PMT— Ichannel
=<6 [V-PMT— I|channel

200
160 180

4
Time (ns)

Double Chooz New Results @ Neutrino 2020

(6xVME crates & Ada software)
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Near Detector Construction

- 2011 : Tunnel and Cave Digging " |
- 2012 : Detector pit and lab construction

- 2013 : Water shield, Inner Veto, Buffer, wall and bottom PMTs

- 2014 : Acrylics, lids, filling, commissioning, Outter Veto

- 2015 : Official data-taking started (January)

2o o0 i
SRR E

Construction Short Documentary ——
Click here to watch! Wz
https://youtu.be/gXoKoVzIO74 =

Thiago Bezerra


https://youtu.be/gXoKoVzIO74

Scintillator Stabllity

- Optical and chemical stability of Gd loaded scintillator (7 years)

Far detector Gd-fraction

- Gd fraction (center) stable on < 0.1% level

Cf at center

2011 2012 2013 2014 2015 2016
Operation time (years)

Thiago Bezerra

2017

FD - Energy Resolution (n-Gd)
4.5

o/ @ 7.9 MeV (%)
w
o

2011 2012

ND - Energy Resolution (n-Gd)
4.5

o/ @ 7.9 MeV (%)

2018

A

i rm

SPALLATION
NEUTRINO

SPALLATION
NEUTRINO

ek
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Relative energy scale

Prompt Fission *Cf @ NT center

[ [

1 ' ' ' 1 '

FAR DETECTOR

NEAR DETECTOR

+
ey

k=

L

Ime variations _

U U
—=— o decay of 2'?Po (1 MeV)

—— n-H capture (2.2 MeV)

FAR DETECTOR
—e— n-Gd capture (8 MeV)

—
%2 / ndf

p0
p1

55.91/47
-0.1848 + 0.2990
0.003752 + 0.043403

N HE | |+ .t

|1.|1-rT +A

Asymmetry %
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TS0 200 20 Visible Energy (MeV)
Elapsed days since Jan 1 2015

10

Very Good
Near — Far
Agreement

No Near-to-Far
slope!
0=0.04




=

= ‘:;?' = -
/fJ Plateforme

= o
=

&
=

—

|  Enceinte véto [SS
| Enceinte buffer [
|
|

Blindage acier |

¥ catcher I— : : : Cheminée

Cible b—
4/I Blindage en

©Imag'in IRFU
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The Largest Single 6., Target

NEAR DETECTOR (IBD)

| IBD(Gd) :

=
[ix]
2
Sy
Eﬂ
@
=
w
2
L2
iz}
-
4
o
[iF]
(]

8 10
Prompt Visible Energy (MeV)

Target: ~27t (largest 6 single detector target)
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stopping-u

n-Gd/H
v

COSMOGENETIC CORRELATED ACCIDENTALS

long lifetime B-n emitter fast neutrons from W spallation, natural radioactivity: “°K, 2°8T|
(mainly 9Li) stopping-H (acceptance hole) — dominant in H-analysis
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— No-oscillatted MC — No-oscillatted MC

Accidentals Accidentals
A ' 2w
i Li
Fast Neutrons D Fast Neutrons

Double Chboz Preliminary
Near (587 live-days)

Double Chooz Preliminary
Far (1276 live-days)
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Events / 0.25 MeV

20 30 40 20 30
Visible Energy (MeV)

[1, 50] MeV SVALE\YASD SVALEVAND,
IBD candidates 112 765

40 50
Visible Energy (MeV)

OLi 2.74 +0.22 12.97 + 0.97
Fast n 5.85+0.08 45.49 + 0.36

Accidental 4.36 + 0.01 3.07 £0.01

47!

Thiago Bezerra Double Chooz New Results @ Neutrino 2020



] i + ND data/model ratio
—+— ND Data E
i || w— Empirical fit
No oscillation . || ] Model systematics

Best fit on sin®20,; = 0.102 + 0.012

Total Systematics

i | | | | | | | 1

Data (ND)-to-MC prediction ratio
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