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Neutrino history

1956: Reactor antineutrinos measurement by

Cowan & Reines @Savannah River S
Flavors oscillation in all sectors:

- Atmospheric neutrinos
- Solar neutrinos

- Reactor neutrinos

- Accelerator neutrinos

1|||'.m
.. mu :3

Neutrinos are massive = masseless in the
Standard Model !

/ Open questions \

Neutrino oscillation:

- Homestake, Kamland, Super Kamiokande, SNO, .... - Sterile neutrinos
- Neutrino nature: Dirac,
Majorana ?
@ﬁ; e = i,;;é}a - 6 Cp

- Mass hierarchy

- Absolute neutrino mass

< /
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Neutrino oscillation

3 neutrino flavors, v,, Vo Vo associated to the 3 charged leptons (e, u"and ")

The PMNS matrix

Flavor Mass

states v, 1 0 0 Cys 0 Sis o~ 10 C, Sin O\ /Y1 eingenstates

VT 0 —S,3 Cyg . 20 0 Cis 0 0 1/ \V3
\ v | Y J\ Y ) c;; = cos(0;)
atmospheric reactor / accelerator solar s;; = sin(0;)
Vp =V Ve > Ve V>V, Ve >V,

* Oscillation parameters: - 3 mixing angles: 053, 042,043

- 2 squared masses differences: Amlé, Am122
- 1 CP phase: 0

= Up to 2011: Limit on 0,3 from 15t Chooz experiment: sin?(20,3) < 0.14 (90% CL)

= New generation of reactor experiments designed to search for a non vanishing angle 0,5 with
unprecedented sensitivity (multi-detector concept)

% Daya Bay / Double Chooz / RENO
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Reactor antineutrino

Commercial nuclear reactor

= Pressurized Water Reactor — PWR

* Fresh fuel : UO, (238U + few percent of 23°U)

& Other fissile nuclei appears with fuel
depletion (neutron capture on 238U)

Thermal power mainly induced by fission of 4 nuclei:
235U, 239Pu, 238U, 241Pu

N4-PWR reactor core

Assembly rods

The fission products (FP) are neutron-rich nuclei

U undergoing successive B~ decays to reach stability:

B decay: 4X - ;4 + e~ +[ig)

protons

235U 239Pu 238U 241Pu

<E,> (MeV) | 1.46 | 1.32 | 1.56 | 1.44
<N,>, 558 | 5.09 | 6.69 | 5.89
(E>1.8MeV) | (1.92) | (1.45) | (2.38) | (1.83)

neutrons

(N.,): Average number of V. resulting of one fission
> of the isotope k
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Reactor antineutrino

Advantages of reactor experiments

* cheap source / no matter effect
* Intense flux: ~1.10%°v,/s for a 900 MWth reactor (~2700 MWe)

V. detection Phys. Rev. C 83, 054615
AL Emitted spectrum
Inverse beta decay reaction (IBD)in | |- Cross-section
“C|Uid scintillator doped with —— Detected spectrum
gadolinium: ) /
=
>
—_ ]
Ve+Dp - et +n £ N
I | N / IBD Reactor
_ / spectrum
Energie threshold: 1.8 MeV
(6) ~ 10~*3cm? e T
X(A,Z) 2 3 4 5 6 7 8 9
E, (MeV)

V. signature: spatial and temporal correlation between a prompt and a delayed signal

e Prompt signal: ionisation induced by positron + annihilation y’s

= Eyis = Ey, — 0.782MeV

e Delayed signal: y’s from neutron capture on Gd {. Gd: 8 MeV / 7~ 30us

or/and H e H:2.2 MeV / T~ 200us
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Measurement of 043

Disapearence experience (V. = V,) = Direct measurement of 8,; from energy dependent deficit

Non oscillation probability:

2 2
Py, v, (L, E) = 1 — sin%(20,3) sin? (1.267 Amis(eV )L(m)) (two flavours

E(MeV) approximation)
B Amy;/E R sin2(20,,)
=] Near detector ~—»—T e L N/ \g/\f\/\/\
(ND) T ogl " sin2(20,,) A,
I>® | _// U\/\
> \
_g i Two flavours approximation U
_8 — | —— Full formula
== | Far detector S
© B
(FD) 2 0.2
5 B
9D B
0
107 1 10 10°
L [km]

= Systematics uncertainties highly suppressed in multiple detectors configuration at different baselines with
identical detectors
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Experimental setup of Double Chooz

Chooz-B nuclear power plant
French Ardennes

€DF

- Far Detector
ol ~1050m

moy

e ~300 mwe

- 2NA-PWR =
‘ ~8 ]:OZO Y, /S
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The Double Chooz collaboration

@
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~ Web Site:
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~150 physicists (35 institutions)
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Double Chooz detectors

Detector design
Outer Veto: plastic scintillator strips

1

1
: 1
y-Catcher: liquid scintillator (22.3 m?3) !
1

:

1

\Buffer: - mineral oil (110 m3) Inner
: -390 PMTs (10 inches) detector |
| J

Inner Veto: - liquid scintillator (90m3)
- 78 PMTs (8 inches)

Shielding: ~250t steel shielding

Experimental concept to use two identical detectors
& 4 layers structure (v-Target, y-Catcher, Buffer and V)

L stable Gd loaded liquid scintillator developped (same
batch for both detectors)




Background

M Two types of background expected

e Accidental coincidence:

(y)+ spallation(n)

Q Prompt mimic
Q Delayed mimic
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Background

M Two types of background expected

e Accidental coincidence:

(y)+ spallation(n)

e Fast neutron:

n+p >(p+n)

. correlated

Q Prompt mimic
Q Delayed mimic
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Background

b Two types of background expected

e Accidental coincidence:

(y)+ spallation(n)

e Fast neutron:

n+p >(p+n)

e Stopping muon:

@9@_,_ V+V — correlated

Q Prompt mimic
Q Delayed mimic
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Background

b Two types of background expected

e Accidental coincidence:

(y)+ spallation(n)

e Fast neutron:

n+p >(p+n)

e Stopping muon:

@9@_,_ V+V — correlated

e Cosmogenic B-n emitter:

i > (o)+(a)+(eH+ v +@~

Q Prompt mimic
Q Delayed mimic
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Double Chooz milestone

Best Fit +
68% C.L.

Accelerator
Experiments*

Normal
= Hierarchy

_ Inverted
Hierarchy

*All results assuming:
Ocp =0,
0,3 = 45°

Reactor
Experiments**

® Rate only
O Rate+Spectral

— n-Gd
-= n-H

**Number of days refers
to far ste live time

Global Fit

PDG 2013

sin22913

-0.05

2011

2012

2013

2014

‘reactor on+off data )
H M ‘\ H r

;,r reactor on data only

¢
o
FoH

| ll

0

| | i
0.05 0.1 0.15 0.2

|
0.25

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

[1000 4771)
[1108.0015]
[1106.2822]
[1112.6353]
[1203.1660]
[1204.0626)
[1207.6632]
[1210.6327]
[1301.2048]
[1301.4581]
[1204.0841]
[1305.2734]
[1310.6732]
[1311.4750]
[TAUP2013]
[1406.6460]

[1406.7763]

[Neutrino2014]

[Neutrino2014]

2015 - ND filling and start of data taking in multi-detector configuration

& 15t Preliminary results: Moriond 2016 conference

(mars. 2016) — 9 months

& 27 Preliminary results: released at a Cern seminar
(sept. 2016) — 12 months = This presentation

2011: Start of data taking with the far detector

<— First Gd analysis, Rate + shape fit:

Indication of non-zero value of 03

<— Improved Gd analysis

“— New analysis based on n-H capture

<«— First 045 fit based on reactor

thermal power modulation -RRM-

(rate only)

<— Improved Gd analysis

Observation of a spectral distortion
between the data and the prediction

-

Detectors configurations

15t phase = FD-I
2"d phase = FD-Il / ND
\§

J
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Reactor flux prediction

= Expected unoscillated neutrino rate:

exp _
N, (E,t) =

Reference v, spectra

Derived from

Npe

Pep ()

41l

integral

(Ef)(t)

B

measurements @ILL reactor for
233U, 239Pu, 24Py and from FRM-II

reactor for 238U

- P. Huber, Phys.Rev. C84 (2011) 024617

- N. Haag, PhysRevlett.112.122501

(o) = [ dB Su(B) o1 (B)
0

= Fission fraction: oy, = FRy/ X, FRy

= Mean energy released per fission: (Ef) = Y., o, E
X (Gf)(t) (Er) k Ok Lf K

* Thermal power: Py, -

(k = 235y, 239 py, 238y, 21 pu) Distance, proton number and efficiency: L,, N, €

. gpx10”
1:-'\ _‘ [ T T T T T T | T T | T T TT] \—Iim E _ 235U
> 1 = Ml 241Pu = 80l | T _ 239p,
= | Ceov 7§ Mg - =y
- — 707 1 T
s mor s (o Fikeing,
.‘7’ .235U -g 60: lm i ﬁm T Mt .
bl 2o ke
— 501 et
- : i
40 Wﬁ{{wﬁﬂﬁ%ﬁ ] i
C 1
10-2 = 307 nr;ﬂﬂﬁg%ﬂm
20"
10° s 10—£Fmﬂﬂgmmmun~~mm S £ -
:‘ ‘ ‘ ‘ | | | | ‘ B SN N B N L | _
2 3 4 5 6 7 8 001b§ """ dﬁﬁ """ ané""‘dzbéll“‘dzmé““ 02/07 01/09
E (MeV) 2010 2010 2010 2011 2011 20M 2011
Reference anti-neutrinos spectra Typical fission rates evolution over a full reactor cycle

Fission fraction and associated error predicted through simulation of the reactors during the period of data taking

& The MURE Code (MCNP Utility for Reactor Evolution): Fuel depletion code. Interface to the Monte Carlo code MCNP
(static particle transport code)

&, Agreement with French EDF company: design data, operating parameters, instrumental core measurement

simulation results ...
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Reactor flux prediction

= Expected unoscillated neutrino rate:

Fission fraction: o, = FRy/ Xi FRy
Np€ 9 Pth(t)
4nl? - (Ep)(1)

Mean energy released per fission: (Ef) = Xy axEr x

NP (Et) = X (o7)(t)

Thermal power: Py, ;-

(k = 235y, 239 py, 238y, 21 pu) = Distance, proton number and efficiency: L,, N, €

= Bugey-4 measurement used as an anchor point for the mean cross-section per fission (af)

X

(Gf)(t) = (Gf)Bugey+ Zk(a,ec(t) — aiugey) (gf)k (Gf>k = | dE S} (E) o;5p(E)
0 \ I IBD cross section

Reference antineutrinos
spectra

Bugey-4: most precise IBD reactor flux measurement

— 0,
0'<af) 1.4%
1.2
| I | {! | \ \ [ I [ \ [ I [ Reactor anomaly
15— 2 7 iE; IT : :
g = S5 3 ~6% flux discrepencies between prediction and

Bugey-3
Bugey-4

| rROVNOZ1

I sRP-|
SRP-II
Goesgen-|
~Bugey-3-
I Goesgen-I|
PaloVerde

reactor flux measurement with short baseline

—t

-
\ { | } | ‘ \
T

Z ; + —f I : T . é reactor experiments.
;Eo.gs; ?TF L) | T §
Bos +4 A L L 2
= e ] * = Lo ' 1 g  B4normalization in single detector phase
s— b ;;O; N | S - - Suppression of reference anti-neutrino spectra
ol | ¢gee A ‘ . Ts uncertainties
— = | R 112 S - Insensitive to sterile neutrino with Am?~1 eV?

Distance to Reactor (m)
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Flux error cancellation in multiple detectors configuration

Single detector configuration:

= sin?(20,3) from comparison of far detector data to MC
=  Flux systematics: dominant uncertainty on sin? (26,3) measurement . /‘
Bl
= aflux~1-7% ¢B1
DC like experimental setup — 15t phase
Multi-detector configuration:

= Flux prediction still require for sin®(20,3) fit

& proportion of flux coming from each reactor on each detector

ND _ yND 4 4ND
o tot = Pp1 B2
B2 . Near/Far prediction:
D o GFD = $ED 4 HED
FL tot B1 B2
ND
B2 _
B4
8 ND 8 FD Bl = f(Pthg;, LBlND Ak g (Ef> Bl,<0f) ,Sk(E)UIBD(E))
ND B4
. 82 = f(Pthgy, Leayy, gy (Er) i {0r) Sk(E)oypp (E))
B1 -
B4
Bl . g? = f(PthBllLBlleakBll<Ef) B1’<O_f) ISk(E)O-IBD(E))
B4
DC like experimental setup — 2" phase 55 = f(Pthpa, Lpapp, @iy, (Er) 0 {0y) Sk (E)orpp (E))

» Flux prediction parameters can be correlated across: B1 & B2 reactors / ND & FD detectors

= In multiple detectors configuration, most of the uncertainty on the flux prediction is canceled
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Flux error cancellation in multiple detectors configuration

The multi-detectors and multi-reactors configuration (simultaneous period of data taking)

Error suppression factor (SF) in non-isoflux configuration

site can be analyticaly computed

% This factor reflects the ability of each experiment to
minimise the reactor uncertainty relative to the
simple case of a single detector and a single reactor,

where no cancellation is expected

- flux asymmetry

- uncertainty type asymmetry: 6:2”
Cc u

DC case:
* Worst case (highest SF): SF is ~0.12

& 0.12*1.7% =0.2%
* Best case (lowest SF): SF=0 = Total cancellation

- uncertainties are reactor correlated maximally
(Unc. Type =1)
- one reactor is off (flux asymmetry = -1 or 1)

& Mathematically identical as having one effective reactor as
source, perfectly monitored by the near, regardless of the

experimental setup geometry

Isoflux

http://arxiv.org/abs/1501.00356

l
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

3
o

Uncertainty Type Asymmetry

(=]
o
(@) ]
-t

Flux Asymmetry

condition

Suppression factor

Evolution of SF against both the reactor power flux asymmetry (x-axis),
defined as (®g, - Dp,)/(Dg, + Dy;) (i.e. the flux difference between
reactor R1 and R2), and the reactor uncertainty type asymmetry (y-axis)
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Reactor flux systematics

Flux systematics breakdown: only inter-reactors correlations included in this table

FD-1 [%] FD-11 [%] ND[%]

SD MD SD  MD SD MD
Bugey4 [%] <0f>B4 1.41 -1 1.41 -1 1.40 -
Energy per fission [%] (Ef) 0.16 -| 0.16 -| 0.16 -
SpeCtrum® O1BD [%] Sk (E) ® O1BD 0.06 -1 0.05 -1 0.05 -
Baselines [%] L, <0.01 <0.01 <0.01
Fission fraction [%] Ay 0.78 0.55| 0.78 0.56| 0.78 0.57
Thermal power [%] Py 0.47 0.33| 047 0.33| 047 0.33
Total [%] 1.68 0.64| 1.68 0.65| 1.68 0.66
Black: error in single detector analysis
Blue: remaining error in multi-detector analysis

p =0.993

e Cancellation between FDII & ND (isoflux) {

error[%] = 0.13(SF =0.08)

Correlated across
reactors and
detectors

= suppressed in multi-
detector analysis

} MD: pp1p2 = 0

Reduced t0 0.13%
due to isoflux
condition
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Detector calibration

m Several calibration systems

S = Light injection system
i 10 S

| | I ; | | || multi-wavelength LED = IV/ID PMTs

(E——
— f - y-sources: °8Ge, 3/Cs, *%Co
- » % - n-source: 252Cf

| Deployed in the target-volume (Z-axis) and in the
gamma-catcher volume (guide tube)

= Natural sources
spallation neutrons capture on Gd, H, C
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Detector response — uniformity

Energy scale

Evis — Npe X fu(p» Z) X fPE/MeV X fslgégA(t)
X fqnl X fequ X fl%lc

" N,.: linearised PE calibration
- Gain non-linearities at low charge

= pr/MeV: absolute energy scale

- H capture with 2°2Cf @center detector
(~200 PE/MeV)

* f..(p, z): non-uniformity correction

- map with n-captures on H (2.2 MeV)

» fPALA(1): data stability correction (drifts)

" fqni: charge non-linearity correction

- charge non-linearity mainly arise from electronics

" fequ: €qualisation of absolute energy scale

- 2.2 MeV peak of n from 252 Cf

. %f MC light non-linearity correction

- Read-out / scintillator model related

Z(m)

Z (m)

Z (m)

FD-1l MC

N D M C DC-IV Preliminary

DC-IV Preliminary
......... 1.05

Z(m)

FD-11 Assymetry-{%).i i

R {m)

R {m)

ND Data DG-IV Preliminary

OG-V Preliminary

Z (m)

15 20
R (m)

Z (m)

R (m)

response uniformity
(systematics ~0.25%FD & ~0.40%ND)
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Detector response — energy resolution

FAR DETECTOR | FAR DETECTORII NEAR DETECTOR

T T T T T a— | T T T T T T T T — T T T T T T T T T ™ T T T

[
'
!
[
'Y
!

=

N
[
:w
Zn
élﬂ

[

N
[
oY
N
n
i

=
o
I
|
[
o
I
|

B n-C : n
[ S (spallation) o -
B n-H! j n-Gd ]
I FEETT ol - WO e LI TR (252€f). . -

: : n-C i
NGEPCO (g pallation )
n-H. ; . n-Gd

I {zsch; ....... LI ereeeeeeesesrand (.?.-‘?Eglﬂ ..................

6 LS '""”50"""'""'?'(sp'allati'un'f ............................ ....................... _E
S oo 1

Energy Resolution o/u (%)
Energy Resolution 6/u (%)
Energy Resolution /u (%)

I (zsch;s ............. R (‘?.*'.‘.Z.F.f) .................. ]

N B O
N B O

4
_—DC-IVprellmmary‘ ............................ ............................ ....................... _] :_.Dc_lvpre“mlnary ............................ ............................ ....................... —] 2 ___Dc_lvpre“mlnary ............................ ............................ ....................... —
e e — | ——— . — — L —— e [ . — — L | [ e —— . [T — . .

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)

= All calibration points @ target center, except 3’Cs in guide tube

—

a: statistical
: : o a? 2 c? b
* Fitfunction: —= |—+b*+—— - b:constant
v s vis c: electric noise
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Detector response — time stability

Relative energy scale

1.04

1.03

1.02

1.01

0.99

0.98

= Detector response variation with time < 1% /year

T LR L LN S U ML (LN L LN SR 7]
C e @ n-Gd capture p-n (CHARGE) -
== Double Chooz Preliminary _
- ----¢--- n-Gd capture pu-n (PE) Far detector =
:— n-Gd capture p-n (MeV) 5
- :
; T TR ST N (T VAN TR SN WA (N SN SR VRN YA NN TR SN SN NN NN S S WA U NN S MY
0 50 100 150 200 250

Elapsed days since Jan 1 2015

Far detector

1.04

1.03

1.02

1.01

0.99

0.98

I T T T T I T T T T l T T T T I T T T T I

------- o+ n-Gd capture p-n (CHARGE)
Double Chooz Preliminary

----#--- n-Gd capture p-n (PE) Near detector

n-Gd capture p-n (MeV)

IIHIIIII IIIIIHIIIIIII]IIII

llllIlllI lllllllllllllllllll

1 1 1

| ] L \
200 250
Elapsed days since Jan 1 2015

Near detector

= Stable Gd-scintillator = Gd-fraction unchanged since > 5 years (within 0.2%)

U Liquide from the same batch in both detectors
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IBD selection

-2

IBD[Gd]

! y mean: -9.81 10° / z mean: 3.33 10% I_

IBD[Gd+H]

[ y mean: -1.50 107 / z mean: 5.89 107 I_

B g’z : 5 B | | | | 30
B 22 ~ B Lo
- N - E Ty ..
B P .. T n, AN ] [ :5- 'I. : ]
- Ry e 1 - . g 1 25
B FrETd FE T 1 18 N A I H 1.5F o ]
- s o 1 ew na ySIS - - L35 1
o . i ] o - oy e ]
" _ 1 " e
- : B -. ; _-‘: . : 16 B . %‘} i :'.\i.;;::l\'L-: L_»,._; 7]
= =y : . - = W _.;'_ - .'-\.E.'_.-I-_..H ::'_I. - —20
C L - : i 1., . N .ﬂ;ﬁﬁﬂu“¢hrﬁ? ]
[ - ; o _ 0.5 b e e e ]
: 3 - ] F SV ]
B P ; b B : S e b
- 5 e 1 12 of Gty .
- ':;: 2 : - :”’_ u{ﬂm#ibﬂ.-c ~ 1 15
- i 1 o - ; A .
N ] - - ] -0.5F e o %‘ﬁg’% = ]
- o ? o 1 s n - A PR .
B - ] = B AR A e 1 o
= . o & Ve + p % e + n -1 : 2 fﬁ;%j—#;ﬁdf,m : e
E 5 i e < T :-':_: : E d
T -1.5
u T R u 5
= S 2f : A
2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 _2'— .5 -2 -1.5 -1 -0.5 © 0.5 1 1.5 2 2.5 0
Y (m) Y (m)

Detection volume: ~8t
v-Target

Detection volume: ~30t
v-Target+ y-Catcher

= Simultaneous selection of event with neutron capture on Gd and H = Open delayed energy window

* New IBD[Gd+H]: - Immune to liquide exchange between v-Target and y-Catcher (y-Catcher contaminated

with Gd in the near detector)

- increase statistic: ~3x
Events °

collected | .

Near detector: ~200 k
Far detector (since 2011): ~80 k
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IBD selection

DC-IV-n-Gd (MORIOND) PRELIMINARY

° g |
IBD[Gd] selection % 1wl iwos  ND |
= E —}- ND - MC anti-v, ]
Accidental BG negligible (i 1
& cut based selection 1
102,: A ]
i ]
|| * B
Delayed energY' - Time correlation:
4 < Evis < 10 MeV 10 0.5 15 < ATgejay < 1501 !
=  Correlation time: 0 20 40 60 80 100 120 140
Time difference Prompt-Delayed (us)
0.5 < AT < 150 usec
H Correlation distance: % - DC-IV-n-GdI(JI\i|OHI0ND)PRELIMINARY
=5000 | = ND-Data (no cut
A R < 100 Cm S i 4 NI:-Dala:all cut;applied) ’JAAIL ND
E«;ooo =
53000 Delayed signal

2000 |
- JJ{
P o Y

1000

\\\\\\\II\\\\\\\\\‘\\

" — ‘A- AAA
MM Yo
4 5 6 7 8 9 10
Visible Energy (MeV)

IBD[Gd+H] selection

Accidental BG dominant
& multivariate analysis: Artificial Neural Network (ANN)

10°

Entries /2.5 cm

107 |

10

25 MeV

Entries/0
N
o
o
o

1500

1000

500

3000 |

2500

DC-IV-n-Gd (MORIOND) PRELIMINARY
T T
4 ND-Data

M&A‘ |
.;I W
¥ Space correlation: "‘lﬁ’
ARdelay < 100 cm

0 0.10.20.30.40.50.60.70.80.9 1
Distance Prompt-Delayed {(m)

T
-

DC-IV-n-Gd (MORIOND) PRELIMINARY

—— ND - Data (no cut)

L 4 ND - Data (all cuts applied)
A

L ND
- : rompt signal

.
o

2 4 6 8 10 121416 18 20
Visible Energy (MeV)
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IBD selection

Artificial neural network
(ANN)

= Cut on ANN based on the 3 uncorrelated variables: AR, AT, delayed energy

= More than factor 10 reduction of accidental background

Before After

Double Chooz Preliminarysss=== Signal MC (no osci.) === Signal MC (no osci.)

IBD (Gd+H)

—i
Q
~

200020002 s Accidental BG

GO

QDA

Accidental BG

Data = Data

Data (accidental BG subtr.) Data (accidental BG subtr.)

ORI

1
SOEAX
1

eyetetel:

orers:
o2,

SRS

Entries/0.25Me

Entries/0.25MeV

PR

otaresetetetateletetete’

AR RRAARR]

SOOI
1

20800000

B0

DOBER TN

15 20 10 15 20
Prompt energy (MeV Prompt energy (MeV

Prompt signal before and after the ANN
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IBD candidates versus time

2(Data — MC)

Comparison of unoscillated flux prediction with data
(background substracted)

Near detector IBD[Gd+H]

Rate / day

; | ‘ 2 i A r—-;-\-;- A A -:L"r —— A A ;
= ~900 events per day (05¢4:~0.2%) N SR W o A | e B e N B DU B i e
S ol R R I I
2 B R . =
~ 600 = —]
Far detector IBD[Gd+H] s00 E : 5
400 ; rt[. xk ;
= ~150 events per day (0g:4:~0.4%) 300 AL s
200 = e ——]
100 i ND —
Slo “E -
S . E =
= ND is almost a perfect monitor of FD Ul B st sagaaness | Aaetas ot et e
3| SELYPH R P : =
SRS = =
. . Q = 4 =
t%{> Discrenpencies between FDIl and ND S e —=
induced by the time exposure
160 — ] >‘ 140 — FDII IBD{Gd+H] . i—-r_'— J TR
140 f '—-—-'"-""‘nl_ri ﬁ 120 f— ' FBH -.c( )= *Ft+++ -IL_+++++++ +++ +++++_|+ ] ;—;ﬂ;m;:*_{;E
100 5 = [a w0 — ; 4 , J|' -
— - — ;ﬂ -
80 = N 1 = 60 ; ;’:\;—r;"“ﬂT+l— Py FD"lI_
80 — % Tyt 'HIFUHJ‘ Tqﬁ#ﬂ ¢ - 40 | y k(‘ ;
a0 | L ’ - — -
E B FDIIBD(Gad+H) (Bockground subtracted ) FD-I E 20 : ¢ . 2 reaCtorS On :
20 [ FDI MC anti-v, [BD(Gd-+H) 7; N~ = 1 reac’tor ()n —
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S OE = | P E =
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-
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Detection systematics

Double Chooz Preliminary

IBD[Gd] — Last results IBD[Gd+H]
@DC first phase

DAQ@Trigger <0.1% <0.1%
BG vetoes (%) 0.1% 0.05%
Gd fraction (%) 0.4% -
IBD selection (%) 0.4% 0.27% (0.26%)
Spill in/out (%) 0.3% -
GC Boundary - 0.2% (0%)
Proton number (%) 0.3% 0.74% (0.56%)
Total (%) ~0.7% ~0.8% (0.6%)

Numbers in parentheses are uncorrelated uncertainties in multi-detectors analysis

U Correlated uncertainties across detectors are canceled!

= Drawback of the IBD[Gd+H] analysis: worst proton number estimate

{- v-Target: oy, = 0.3% remains our

- y-Catcher: oy, = 0.9% challenge!
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Accidental background

Entries / 0.25 MeV

\

/

>90% of accidental background rejected by ANN cut
Further ~30% of accidental background are tagged and rejected by IV
Rate and spectrum shape of remaining contamination precisely measured by off-time coincidence
method
& Multiple time windows with different offset (T _g,.. >15)
DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
~ | E ; ; PHEELIMINAH?I’ (CERN stzminarSeEQlHB} E
102 Pr.ortonate+3hapef|t_§
% NDAccident;I BG E
. B Residual * FD-1/FD-II: 3.930.01 d!
' accidental rate . ND: 3.11+0.04 d-!
107t = \ —
10_2 s

14 16 18
Visible Energy (MeV)

12

K.Kl O

8

ND accidental prompt spectrum
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Fast neutrons and stopping muons

Fast neutrons:

= Multiple tagging from IV, OV and ID of fast neutrons:
= rejected as background
= used to measure BG rate and shape

hiVTHStat |
Entnes 100
Mean 32.14
RMS 23.92
* I ndf 151.9/96

> .
2 5 o Prob 0.0002443
s IV sample | = * Energy spectrum measured by IV tagged sample (up
: 200 3 ' eo,fgéz"f%?i-.’?z . . . .
5 Double Chooz ] to 100 MeV) with empirical function
= 150 Preliminary a-exp(—=b - E,)+c+d-E,

100 = More important rate in the near detector due to

50| the lower overburden

Lyl o L L
0 10 20 30 40 50 60 70 80 90 100
Ene (MeV?)

Stopping H:

» Rejection: muon identified by Inner Veto / Muon entering from chimney identified by PMT hit patern /
coincidence with OV activity

= Negligible contamination after rejection for both detectors

[ N

—

Residual FN  FD-I/FD-II: 2.54+0.07 d!
rate e ND: 20.77+0.43 d!

—
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Cosmogenic isotopes

Events (/500 keV)

Double Chooz Preliminary

o7 0] ML L AL L T L L LU A L L . SO LU L | RS UL N L O O O O O DO o

Lithium likelihood calculated to muon —IBD

candidate pairs based on :

= Number of neutrons in 1ms following muon

= Distance between muon track and prompt
vertex

— Mean Gd MC
-+ %Li Mean Gd MC

250

200

150

100+~

Li-events partialy rejected by Li likelihood

& Residual Li rate estimated by AT
analysis (excess of T~257ms component)

50

Visible Energy (MeV)

= Contribution of 8He compatible with 0 (comparison with prediction)

[ N

—

Residual e FD-I/FD-II: 2.57 %0.60 d-
Li rate « ND:11.05 +1.95 d-

—

AV /
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Signal and background summary

Double Chooz Preliminary

Live-time (d) 455.3 366.4 259.3
signal (d1) 112.0 128.8 1118.9
Accidental BG (d) 3.93+0.01 4.3240.02 3.11+0.04
Fast-n + stop-p (d?) 2.54 +0.07 20.77 +£0.43
Cosmogenic (d?) 2.57 +0.60 11.05 +1.95
BG total (d?) 9.061+0.61 9.4540.61 34.991+2.99
Signal/BG 10.7 11.4 22.3
o(BG)/Signal 0.5% 0.5% 0.3%

= Background errors are reduced in oscillation fit by spectrum shape information
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Flux systematics for DC-IV@Cern

DC-IV DC-IV
DC-I DC-II DC-1lI @Moriond @Cern

s

' [ ' ' ' T T T T T T T T T
Double Chooz Preliminary (CERN seminar Sep.2016)

—u—— Signal statistics

Reactor flux

[\

____________________________________________________________________________________ Flux (FD-II - ND relative)

Uncertainty (%)
b~
n

[
LN

i o — Flux (FD-I - FD-Il relative)

Detection

Detection (FD-Il - ND relative)

Background

600 800 - o BG (after oscillation fit)
Live-time (days)

= Detector and background uncertainties are suppressed to per-mille level by analysis improvements

= Reactor flux uncertainty dominant in last single detector analysis (1.7%)
U Multiple detector analysis: - partial suppression between FDI/FDII

- almost maximal suppression between ND/FDII (isoflux condition)
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Fit methods in Double Chooz

-

\_

Data@inputs
(no spectra)

Rate Only
(1bin)

~

J

Rate + shape fit:

-

\_

\

Data@inputs
(no spectra)

Data@inputs
(no spectra)

RRM-I RRM-II

(+ reactor power) (+[1,8.5]MeV+extra BG)

/

\_

Data@inputs
(spectra)

Rate + Shape
(38 bins)

~

J

e Data-to-MC: Individual and simultaneous comparison of FD-I, FD-Il and ND with the folded
reactor flux prediction

* Data-to-Data: direct comparison of ND data with FD data

(blinding each inputs till fit agreed—sensitivity—=measurement)

unbiassed analysis articulation
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Entries / 0.25 MeV

Data-to-MC fit (Rate + Shape):

= Simultaneously comparison of FD-I, FD-Il and ND data to un-oscillated flux predictions

- Background rate and shape estimated by data but Li and
2 d) _ -1 T

X (913, RLi) = (Data - Pred)Mcov(Data — Pred) FN rate unconstrained in the fit

+ Penalty Pulls - BG constraint from 7.24 days of both reactor off (FD-I)

+ Reactor off

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days DC-IV-IBD(Gd+H) 481(SD)+384(MD} days DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
PRELIMINARY (CERN seminar Sep.2016) |==

T > 7 PRELIMINARY (CERN seminar Sep.2016) = > PRELIMINARY (CERN seminar Sep.2016) |=m
Priorto-Rate+Shape it % Brior to Rate+Shape fit % Prior to Rate+Shape fit
m_FDI IBD(Gd+H) o FDIMBD(Gd+H) A NDIBD{GA+H)
—— IBD prediction (no oscillation) + BG g —— IBD prediction (no oscillation) + BG g == |BD. prediction.(na oscillation) + BG -
EZ Accidental BG S E=3 Accidental-BG S E=3 Accidental BG
CEEILIE He BE = EZ0 %L v *He:BEG = EZ1 °Li+ *He BG
E=SJ Fast-n + Stop-1 BG 0 EJ) Fast-n + Stop-[i BG 0 Fast-n'+ Stop-i BG
0] 0]
I'_ = 5 I_I )__I I 0 LN L/
h < 1RI)s
A0 IR N e AN 1R Nea \ L) LD
VKN IDL/OS gy 7 GUKN IDLJS
2 | B ‘
g . mmem ooy \&&R&% N
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)

FD-1:FD-II FD-II:ND

= Correlation of systematic uncertainties (flux predictions and detector systematics) are taken into account

" Energy: - non-linearity effectively corrected in the fit

- non-linearity assumed correlated across all detectors
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Data-to-MC fit (Rate + Shape):

5 —— FDlData E —+—— FDIData E —+— FDIData
E 1 M 3 .............. No ascillation -'Q' 1 . 3 """""""""" No oscillation "a 1 . 3 .............. Mo ascillation
E Best fit: sin "20,, = 0.119 E Best fit: sin “26,, = 0.119 © Best fit: sin “26,, = 0.119
g 1.2| [ ] singledetector systematic uncertainty a 1.2 [ single detector systematic uncertainty g_ 1.2| [ | single detector systematic uncertainty
g I suppressed systematic uncertainty S [E] Suppressed systematic uncertainty c [ Suppressed systematic uncertainty
I= — O o) —
= = 1. =
T 'O E— + 4+ _+_
S T o o + Tert
g 1.0 g 1 $ 1.0f
= o i
Z 0.9 < o. Z 0.9|
c c — . 2|
T 0.8 g 0. _ % 0.8
% - Far + Near (818.18 and 257.959 live days) E : Far + Near (818.18 and 257.959 live days) > Far + Near (818.18 and 257.959 live days)
2 0.7 - Double Chooz Preliminary 'é' 0.7¢ I DD”?"E Chuulz Prelim:nary | I _CE 0.7} Double Chooz Preliminary
e I | | | | | | : e [ | | | | | |
1 2 3 4 5 6 1 8 1t 2 3 4 5 6 7 8 1 2 3 4 5 6 1 8
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)

Ratio of the data versus the unoscillated prediction

sin®(20,3) =0.119 + 0.016 with y*/ndf = 236.2/114
(marginalised over Am?=(2.44+0.09)eV? — Parke et al. arXiv:1601.07464)

= High 2 /ndf induced by the distorsion between the MC and the data

= Background constraint after fit

FD-I FD-lI ND
o(BG)/Signal 0.5% — 0.2% 0.5% — 0.2% 0.3% — 0.2% — values after fit
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():lE;lfit

Data-to-Data fit (Rate + Shape):

. 1.5
= FD-Il directly compared to ND data (FDI excluded) 14 —t :D"””'_'-I‘I'i‘;"a ]
L | et O oscllation —
. 1.3 ND Best fit: sin 226, = 0.123
2 _ FD _ .  nfND -1 FD _ = anfND . Systematic uncertainty E
X —Z(Nl w;N; )Mu (N] w;N; ) 1 2F E
ij _ :
+ Penalty Pulls o -1
< 1.0}
B L 0.9f
- proton number o sl
- vetoes i A
. - baseline 0.7F Double Chooz Preliminary 3
w; scaling _ ) Far + Near (362.974 and 257.959 days)
factor 7 - live time 0.6 E
H » | | | | | | ]
- expgcted flux (k.)e}selme, 0.5; 5 3 4 5 6 S 3
survwa)l probability, reactors Visible Energy (MeV)
ower :
_ P Ratio of the FDII data versus the ND data

sin®(2043) = 0.123 + 0.023 with y*/ndf = 10.6/38

= Good agreement of Data-to-MC fit and Data-to-Data fit
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sin?(203) sensitivity projection

DC Sensitivity
E U-ﬂzﬂ T | T | T T T
o é : . .
& This 3 years DC-IV @ CERN Configuration
HE‘ 0.018 results ..................... o .................................
o : running. | Improved Proton# Uncertainty
- e, DeC. 2017
ﬂ.ﬂ'lE ' ; : :
: Double Chooz Preliminary
0.014 — , ............................. —_— _:
0_012 :_ . ....................................................... _:
0.010 :_ ............................. ....................................................... _:
0.008 :_ B S W S -
0.006 __. ....................................................... _
B ] J, ] | ] ] ] l ] ] ] J, ] ] ] | ] ]
0 2 4 6 8 10

Time since MD data-taking start (years)

Blue line: assumption on the proton number uncertainty (oy, = 0.1%)

& Potential room for improvement of DC sensitivity with a best proton number estimate

(work in progress)
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0,3 with reactor experiments

~250 mwe [/
| 37 /470m
R1 06 R2

4 far detectors (1 site)
4 near detectors (2 sites)

RENO
(South Korea)

O . RrR6
~120 mwe o RE
near ﬁ?” R4
409m
4% R3
foR2 > ~450 mwe
___________________________ far
‘R Tl Ty
1444m

1 far detector
1 near detector

Double Chooz

(France)

~120 mwe

1 far detector
1 near detector

Nyet | My.target | Reactors Total power
Double Chooz 2 ~8t| 2X4.25 GW,,, 8.5 GWth
RENO 2 ~16t| 6X2.8 GW,, 16.8 GWth
Daya-Bay 8 ~20t| 6X2.9GW, 17.4 GWth
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0,3 with reactor experiments

1.0

0.8

_—
=
(=]

Entries (/MeV x 10°)
=

Daya Bay

[arXiv:1610.04802v1 / 1230 days]

R i RIS P 0T 2 A B 10 1

Co10°

: L0t
———————— 1()‘
: 102

Dot

EH3
—— No oscillations
— Best fit
I Fast neutrons
l3c(ﬂ!n)1lio

241 A 0 1803

9Li/*He
Accidental
<4 4 Data
"""""""""""""""" + _______—Z
7 2 4 6 8 10 12

Prompt energy (M'eV)

Ratio of events measured in the far hall to
the unoscillated prediction

= Near Hall-1: ~1.2 million events

= Near Hall-2: ~1.0 million events

= Far Hall:

~ 300 k events

RENO

[Phys. Rev. Lett. 116, 211801 / 500 days]

2000 I T I =
%1500 —]
= i L S oD pata ]
™ 1.4 e No oscillation —
21000 _ 1.3 ND Best fit: sin 226,, = 0.123 E
@ *~| [ Systematic uncertainty 7
5 ] 1.2 |
> o :
M 500 ¢ Fardata B 1.1f .
| Prediction (best fit) | pd :
-------- Prediction (no oscillation) = 1.0¢
M I I R T R © -
. R $ 0.9
g 1.1+ - -
5 0.8}
—§ ! 0.7F Double Chooz Preliminary
Ej 0.9 0.6 _ Far + Near (362.974 and 257.959 days)
< L - -
= . - . ‘ - - i | | | | | | 1
AV s s 6 7 8 0.5, —% 3 4 5 6 7 8

Ratio of events measured in the far detector
to the unoscillated prediction

Prompt Energy (MeV)

= Near det.: ~300 k events
= Far det.:

~30 k events

Double Chooz

[Preliminary results— Cern seminar
- 820/250 (FD/ND) days]

Visible Energy (MeV)

Ratio of events measured in the far detector
to the events measured in the near

Near det.: ~200 k events

Far det.: ~80k events
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0.3 with reactor experiments

Daya Bay RENO
(arXiv:1610.04802v1 / 1230 days) (Phys. Rev. Lett. 116, 211801 / 500 days)
) L i
3 A EH1 1_ """""""""""""""""""""""""""""""""""""""" N
o i EH2 ~ T | .
'? i EH3 '? - _—
o 099 Best fit 0.95— —
=J I B o i
ol i $ A i |
i . ¢ Fardata i
0.9+ 09— & Neardata —
B o L o i — Prediction i
0 0.2 0.4 0.6 0.8 5 . OE . . Ou L 0% . . 0%
L/ (E.) [km/MeV] LB Mev) -
10
:? 6E- i’ —Rate+Spectrum 5
6 , R 4E " - - Rate-only —
:21 Ax 2E_D0uble Chooz =
2 4 6 8 10 - -
— 3 T 1 T
RO O SO N S B e Rate+Spectrum ]
. 3; + Rate-only _
= [199.7%C.L. ]
« - [995.5% C.L. ]
< 2.5 I 68.3% C.L.
g 2f _
<t ]
------------------------------- 155 RENO 500 days 1
. ‘ . : : ‘ : I T R SR N N N
2005 006 007 008 009 010 01 012 0 0.05 0.1 0.15 2 4 6
sin? 26, 51112291 3 sz
sin?(20,3) = 0.084 + 0.003 sin®(20,3) = 0.082 + 0.010

|Am2,| = (2.50 + 0.08)eV? |Am2,| = (2.62 + 0.24)eV?
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Summary of 0,3 measurement

Double Chooz
JHEP 1410, 086 (2014)

Double Chooz 2016 — Cern
Seminar sin?(20,3)= 0.119+0.016

Daya Bay
PRL 115, 111802 (2015)

RENO

PRL 116 211801(2016)

T2K

PRD 91, 072010 (2015)
2
Am3, >0
2
Am3, <0

NOvA

Preliminary (private communication)
Am3, >0

Am;, <0

Arbiti'ary SC;,

1

Last Double Chooz result in
— single detector configuration
(flux systematic dominated)

3

0.05 0O

N T
1 0.1 0.2 0.25
sin®20,,

" Double Chooz value is 2.20 above Daya Bay
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Reactor flux and shape characterization

Reactor rate characterization:

ny: IBD rate corrected for 8,3 oscillation

n
IBD mean cross- (o7) = vV« e: detector efficiency
section per fission Np X € Y <Pth>p R: reactor-detector distance
p=B1B2 <Ef>p X 47TR§ (P;,): Mean reactor thermal power

<6,> [cm*/fission]

0.61

0.6

0.59

0.58

0.57

0.56

0.55

0.54

Double Chooz Preliminary

x107% | ‘ | | | | |
- |eDCND
_ _________________ ................. ................................. ....... = DC-FDI
IR TN N NN W A | 4 pc-Foul

B ; 5 5 5 V¥ Bugey-4
___ ................. ................................................. ....... Daya Bay
I * O,Bugeyélr_ _______ 4075
. (o)

Daya Bay: Chinese Physics C, 2017, 41(1): 13002-013002

(Ef>: Mean energy released per fission

DYB & B4 converted to DC fuel inventory
(direct comparison) using Huber/Haag
reference v, spectra

Higher uncertainties for FD-I and FD-Il
induced by the statistic and the 043
correction

Precision limit from reactor thermal power
uncertainty : gp,, ~0.5%

(af)ND = (5.64 + 0.06) x 10~*?cm? /fission

Relative error: 1.1% 39/42



Reactor flux and shape characterization

Reactor shape characterization: the [4,8] MeV distortion

= All reactor experiments observed a spectral distortion between the expectation and the data

Double Chooz Preliminary

I | T | | arXiv:1610.05134v3

[
(\V)

— DAfA}MC ratfo COI‘I‘IpﬂIJISDI'I

(b) —— NEOS/H-M-V

! !
'H Systematic total+++++++ ++++ + __

3 4 5 6 7 - - 10
Prompt Energy [MeV]

- U neutrino Ilux spectra l:llfferent in DC (Haags) and DB/Reno (Huher}
[ > dlfferent reactor fuels : :

__ ....... . ........ Double. Cl‘lOOZ {shape only)...... .............................. ..... + .................. .............................. ............ _

e Daya Bay (shape orﬂy)
i arxiv:1607 05378 :

—
—

— A Renotshape only)

............. usmg spe?lra in-arciv: 1;10 94325 #_#+—'_—
105~ + i s g

NEOS experiment: - 24m of 2.8GWth PWR
0 ] 95 ............. A 1 S & e oo e || .............................. | ............

6 7 8 - 1ton of Gd-loaded
Visible energy (MeV)* liquid scintillator

* can slightly differ from one experiment to another due to detector effects

Ratio Data/ MC
=
|_\
wn

=
=

—
o

Data/Prediction

O
©
I
I

—k
no

|IIIIEIIII|IIII|IIII

= Normalized ratio: only shape distortion

* Reference antineutrino spectra: - 235 239241py: Hyber
- 238U: Huber (Day Bay/RENO/NEOS), Haag (DC)

& Maximal effect: < 2% in the range [1, 7] MeV
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Reactor flux and shape characterization

Hypothesis for the distortion origin

= Other background:
- excluded, distortion correlated with reactor thermal power

=  Antineutrinos produce by non-fission sources of
antineutrinos in the reactor:
- excluded from MC study with MCNP

= Harder PWR spectrum
- Not excluded even if not predicted by standard
fission theory

=  Conversion of B-spectrum from ILL measurements based
on the Z of the fission fragments: treatment of Z in the
conversion
- possible: recent dedicated study from A. Hayes

= ErrorinthellLL B-decay measurements
- ‘Unlikely’

= 238 responsible of the shoulder
- possible. More experiments required to validate / invalidate

From A. Hayes,
talk at v-Phys2016

I . — — . I 2000

— Daya Bay -
* Huber-Mueller
Present

1500

1000

e

(e)*N (E) cm /fission/MeVx10™*°

Ay

O

/ R,
N
g

New fit is within the

Daya Bay 1 error bars.

e

[

3

4

5

6 7

500

0

Ev (MeV)
Simultaneous fit to Daya Bay and the beta
spectra, with improved description of the
average charge Z, significantly lowers the
Anomaly

Better understanding and characterization of the distortion can be achieved with:

& Experiments at very short baseline of experimental reactors (23°U spectrum measurement)

& Study of the distortion with time (i.e. fuel inventory) with commercial reactors
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Conclusion

= Double taking data with both detectors since beginning of 2015
& 15t Preliminary results: Moriond 2015 conference (mars. 2016) — 9 months

& 2M Preliminary results: released at a Cern seminar (sept. 2016) — 12 months

= Strong reduction of flux systematics and statistic

= New analysis: IBD[Gd+H]

& Immune to y-Catcher contamination with Gd in the near detector
& Improved statistic: ~ X2.5

% New measurement of sin®(20,3) based on a rate+shape fit

sin®(2043) = 0.119 + 0.016 with ¥?/ndf = 236.2/114

= Uncertainty dominated by proton number uncertainty / work in progress for an improvement

= Additionnal results

& Precise measurement of the reactor IBD mean cross section per fission

(af)ND = (5.64 + 0.06) x 10~*?cm? /fission (o = 1.1%)

& Improved caracterization of the shape distortion between the prediction and the data

Thank you for your attention! 42/42



