-~

Colloquium Prague v19

24-25 October 2019
g Heyrovs_ky Institute of Physical Chemistry

on behalf of the Double Chooz collaboration

Anatael Cabrera



main highlights. .
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many other results...
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s inverse-f decay (IBD) interaction. ..

IBD: anti-Ve. +—> e+ + n

IBD detection art...

n-capture

(delay)
R n

anti-ve Siike n-Cd (doped)

(reactor)

(native oil)
(native oil)

(0.51 1keV) (doped)

(prompt) — "
N
note: H = proton (oils or water) scale O(Us)]

3He (different technology)
no e+ PID implies

et= BG (Y = e-= o = p-recoil)
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our latest analysis...

novel Total neutron Capture TnC (IBD detection)

larger detection—new statistics
new systematics

focus: boost stats (3x) & reduce systematics

013 measurement
single-detector
multi-detector

focus: accuracy validaton

reactor neutrino measurement
flux (absolute)
spectrum (relative & absolute)
focus: major improvement

NEVTRINO
2018 Heideleers
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the 013 challenge...
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today's 013 knowledge/experiments. ..

reactor-013 experiments

[IDCODYB®RENO]
<2010 | today [2010-2020] el
total total rate-only shape-only methodology
statistics ~0.19% ~100/day @ |.5km

near-to-far monitor
(ideal: iso-flux)

~0.1% <0.19

flux ~0.1%
BG ~0.1%

detection ~0.1%

~0.1% <0.1%
~0.19%

overburden—few/day

identical detectors
~0.5% identical detectors

energy ~0.5%

estatistics: few 105 (far) [<109]
senergy control: <l % precision
eoverburden: 2300mwe @ FD

systematics: ~0.1% (each) [still rate-driven]

[must: multi-detector]
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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cactor-0 -

(combining results)
Daya Bay®Double Chooz®RENO

Oth discussion/pla Ino-2016, [ ondon (UK)

Ist workshop— October 2016 (Seoul, South Korea)
(systematics, results consistency)

2nd workshop— June 2017/ (Paris, France)
(further O 13 systematics consistency)

3rd workshop— not yet decided (soon, | hope)

(likely) most precise input to 0,3 for several decades...
Anatael Cabrera (CNRS-IN2P3 & APC)



detection highlights. ..
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novel IBD detection strategy. ..

n-capture

note: H = proton (olls or water)

Total neutron-Capture
(H-n®C-n®Gd-n)

Anatael Cabrera (CNRS-IN2P3 & APC)




s larger single-0,3-target. ..

Near Detector

-t
N

.  DC-IV-IBD( d+H)-.864days

- DC-IV-IBD(&d+H) - 346 days
Neutrlno 2016 Prellmlnary

Neutrino 2016 Preliminaty

Delayed Visible Energy (MeV)

8 10 12 14 16 18 2 8 10 12 14 16 18 2
Prompt Visible Energy (MeV) Prompt Visible Energy (MeV)

target: ~30t (large 013 single detector target)|i

Anatael Cabrera (CNRS-IN2P3 & APC)



y 1nC major detection improvement...

higher efficiency per volume: ~85% (~100% in Target)

higher efficiency total (increase fiducial volume ~x3)
[major reduction of statistical and background systematics]

lower efficiency detection systematics

[dominant systematics: ]
Anatael Cabrera (CNRS-IN2P3 & APC)



; IBD(TnC) yields lower detection systematics...
GC Buffe?

hard & dar'y""::.: easy boundar

(Gd: neutrén opaque) —=s— _: (neutron

Efficiency

vTarget
(H+C+Gd)

MC ND boundary

# MmcFD1 spilk-i/o effect
$ MCFDIIS—F—— —

x10°

500 1000 1500 2000 2500 3000 3500

lualsiheliseiieve p? (mm?)

IBD(TnC) smooth neutron interface
= major systematics reduction
(systematics) IBD(Gd) IBD(TnC)
DAQ®Trigger negligible negligible
BG rejection veto small (0.1%) negligible
Gd Fraction — irrelevant
IBD Selection (ANN) large (0.3%) large (0.3%)
Spill /10O irrelevant
GC Boundary — small (0.2%)
Proton# (NT+GC) small (0.1%)

Anatael Cabrera (CNRS-IN2P3 & APC)



. IBD(TnC)=-large vs IBD(Gd)-small v-target...

DC-IV-IBD(Gd+H) 488(SD)+384(MD) days Mean RMS DC-IV-IBD(Gd) 488(SD)+384(MD) days
NEUTRINO 2016 PRELIMINARY — 1.25E+00} |7.77 10 NEUTRINO 2016 PRELIMINARY
y . A ND - IBD(Gd+H) |1:25E+00} 7.78 10" : f : : I

' ND~-~MG--;nti-v;-lBD((éid*H)-»(BAM-L)

neutré’On b

sutrino i \
farget catche v ~IBD(Gd) (BAMA)

IME antiv, IBD(Gd) (BAMA)

ac?yhc)

1 1.5 2 2. v ) S s T 050 035 T 1o as
(NO Fidualisation) —— (NO Fidualisation) Z(m)

IBD(GdoH®C)

_ target: ~30t (large 013 single detector target)
prsresapesdiE Ml Signal/BG: ~ | 07D and ~20ND

] 25

] 20

15

B target: ~8t (smallest 013 target)
o Signal/BG: ~25™0 and ~30ND I S

IBD(Gd) reference to tune IBD(Gd+H)

Anatael Cabrera (CNRS-IN2P3 & APC)
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chaHenge' stunning BG rejection (active). ..

--Accidental BG (Raw) -
Accidental BG (Vetoes Only)

=== Accidental BG (Vetoes®ANN)
MCTnCIBD o

l . —— IBDTnC

1)) nasmmt

Huuuww
V|S|ble Energy (MeV)
dig into BG to recover the H-n peak
(several orders of magnitude)

Anatael Cabrera (CNRS-IN2P3 & APC)
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Entries / 0.25 MeV

102 €@"{cosmogenic BG (°Li decay upon 2C spallation)

10

excellent BG rate®@spectra knowledge. ..

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days

PRELIMINARY (CERN seminar Sep.2016)

S T S _Prior to Rate+Shape fit. ... T _
A NDIBD(Gd+H) -
. —+— IBD prediction (no:oscillation) + BG =
B Accidental BG =
Li+ "He BG =
3] Fast-n + Stop-u BG
radiogenic BG (natural radio-activity) _

A AT

T

\
N \

$’;.\‘\; \\2.\5\\ \'FQQQ
cosmogenic BG (fast-neutrons)

\\\\\\ N N N N N N

10 20 30 40 50 60 70 80 90 100
Visible Energy (MeV)
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powerful active BG rejection...

- cclde-ntal ------ i, ' '

::::’:::::::::::::j:.,,._,‘,..,,_.,,::1::1:1:1:1;;:::::::_" ,,,,,,,,,,,,,,,,,,,,,,,,,,, T()td.l.uRe‘]ecthll ND: ><34" : .

7 . A LI .
. --rnun-.......nnnA

AT e Yesesassasansnsansnsanee
......
e

e Ao A

- (~|/400) _____________________________________________________________________ e g

; Accidental Background Only

ND efficiency
total BG
accdental BG

FD efficiency
total BG
accdental BG

dominated:
(overburden ~00mwe)

IN— FD cosmogenic

dominated:
(overburden ~300mwe)

powerful veto system

loose coincidence

(~1/375 singles) (multi-layer detector articulation)
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2 ANN accidental-BG rejection rationale...

Double Chooz Preliminary

Signal MC DCIII (n-H)

g i i, _
e i, i il ™
e e e e
e e =,
-

T

IBD (signal)
(correlated)

-
Q
<
}l
o
| -
Q
c
Q@
Q£
=
AN
=

Double Chooz Preliminary
Accidental BG DCIll (n-H)

Accidental BG
(random)

Visible energy (MeV)

(l.e. longer At, longer Ar, etc)
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Rate / day

l .I .-‘— =
el

=140day-'@ FD
(=50day-'@ FD)

IBD(TnC) vs time...

=1000day-'@ ND
(=300day-'@ ND)

= per mille statistics in DC

Anatael Cabrera (CNRS-IN2P3 & APC)




(unigue) reactor-off. ..
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reactor-OFrF: beyond just BG validation...

rate(l reactor)=1 IBD per 3 min

Double Chooz IV - PRELIMINARY

50

Begin of reactor End of reactor

off period off period
1 day
| . |
I |
Period displayed

y 4
O

40

30

300
250
200
150
100
50
0

- |BD candidates per day

-

Reactor power [MW/h]
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y DC-IV signal and BG estimates. ..

Rate (day ') FD ND

IBD Candidates 816 —average rate

Breakdown —BG breakdown
Accidental 4.13 £ 0.02 3.110 £ 0.004 (known BG model)

Fast-Neutron 2050 ==10.056 20085 == 131
YLi Isotope 2.62 4+ 0.27 14.52 4+ 1.48

Stopped- =) 21 @ 98 0
Others (}°B, BiPo) . 0.04 + 0.01
Total

>.-Exclusive : : 38.9 1.5

Inclusive (17 days) : . 39.6 + 2.5 —reactor-OFF validation
Signal to BG . 2052 [17 days]

DC BG is dominated °Li uncertainty (~10%)
[Independent measurement articulation]

FDII Reactor-Off Data

4
O
0

Events / 0.25 MeV

>
[
=
0
N
=)
~
7}
w

reactor-OFF spectral information
[rate+shape BG information]

FIRST TIME in DC!!! NI
6 8 10 12 14 16 18 20
Visible Energy (MeV)
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Visible Energy (MeV)




DC stopped data taking...

April 201 | Dec.201/
(dismantling ongoing)




DNYSICS results. ..
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' y ' '
2 (nut-shell) experiment’s rationale & history...
ch Bugey4 B Near — Far
o °t°z (~ND) :'”"‘:‘ Detector ST Detector
eactors | e (ND) FD-I
FD-II
~ 21 T
) Dec.2014 | April 2011
<[ >=~400m <[>=1050m

FDFD=11 ©ND (MD: Multi-Detector)

Site
Geometry
(~iso-flux)

Anatael Cabrera (CNRS-IN2P3 & APC)



0 each single-detector (SD) spectra...

—4— ND Data | —#— FD Data
No-oscillatted MC No-oscillatted MC

: Accidentals
Li
Fast Neutrons

= =
O )
= =
O LO
A N
o o
S~ ~~
(2] (72}

e
- C
o o
> >
L L

—— I —
Visible Energy (MeV) Visible Energy (MeV)

ell understood spectra signal & BG
reactor “ILL data” based model—scrutinise)

multi-detector (MD) combination
physics extraction)

Anatael Cabrera (CNRS-IN2P3 & APC)
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D(C's task: high accuracy...

detection systematics

“IBD inclusive” method
(against exclusive: < |%o)
(against calibration sources: < |%o)
(against fast-neutron: <3%o)

(Cf n-multiplicity: <1%o)

(pulls in B13-fit <l o)

BG systematics

BG model “2-exclusive”
(against inclusive: < | 0)
(against fast-n(OV) & °Li (P-tag): <10)
(pulls in B13-fit <l o)

energy systematics

full volume control ~0.6% precision
(Cf prompt: MD deviations <3%o)
(energy model as pulls in 8 13-fit: <1 0)

reactor flux systematics [OisBp known to ~ 1 %-]
DC iso-flux geometry: cancel most
— must scrutinise with 013 (i.e.flux modulation)

(1SY160°106 1:A1X4R) [D 19 3D443)] OP DAJIOH

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



" multi-detector O 1 3 fit extraction...

—4— FD/ND Data

No oscillation

| —&— ND Data : | —#— FD Data

e No-oscillatted MC : ‘ No-oscillatted MC
‘ |:| Accidentals A
. : 9 .

Li

Best fit on sin’26,, = 0.105 = 0.014

I:' Multi Detector Uncertainty

Uncertainty is the square root of the covariance matrix diagonal terms

Fast Neutrons

o
()
I Double Chooz IV If
1 Far (818 live-days)

" Double Chooz IV
_Near (258 live-days)

Events / 0.25 MeV
Events / 0.25 MeV

Double Chooz IV ‘
Far (818 days) + Near (258 days)

5
Visible Energy (MeV)

10 15 10 15
Visible Energy (MeV) Visible Energy (MeV)

inter-detector ratio
(reactor model cancellation)

ND Data
=== No oscillation
Best fit on sin22(—|‘3 =0.105 = 0.014

sin2(20:3)=0.105%0.014
X2/DoF: 182/1 12

: Double Chooz IV :

. Far (818 live-days) | j (SenSiT_iVity OO | 4)

Visible Energy (MeV) Visible Energy (MeV)

: Double Chooz IV :
: Near (258 live-days):

Observation / No-oscillation prediction
Observation / No-oscillation prediction |

“common” (correlated) effects cancel
(MC reactor model distorsion— poor X2)

Anatael Cabrera (CNRS-IN2P3 & APC)




» DC compared to the world knowledge. ..

Uncertainty Fit Output Correlation
Statistics Total Uncertainty
Reactor Flux 0.0081 (7.6%) Double Chooz IV Statistical Uncert?mtyg :
Detection 0.0073 (6.8% TnC MD (n-H®n-C®n-Gd) | sin’(26,,)=0.105:0.014 |——e——]
Energy 0.0018 (1.7%) L :
Background 0.0018 (1.7%) Daya Bay
A | Q0TS {(Leitit) PRL 121,241805(2018) n-Gd ||o||E i 2(?29 )=0 0865 0.003
Correlation 0.0065 (6.1%) PRD 93072011 2016) moH| H—e—tH  isin’20 )=0.07150011
0.0141 (13.3%) P :
reactor systematics RENO L .
( ) PRL 121,201801(2018) n-Gd |-|—ol—|-| s;in2(2613)=05,090¢0.007
; . T2K o
detection systematics PRD 96, 092006 (2017) Marginalisation (5,,,,)

( ) Ami2 >0

Amg2 <0

energy systematics
(via effective correlation to flux)

DC slightly higher [up to <207
(DYB & RENO slightly higher @ Neutrino-2018 too)

systematics effect? [“ok”]
(statistics deviation not impossible but disfavoured)

Anatael Cabrera (CNRS-IN2P3 & APC)



Double Chooz IV
TnC MD (n-H®n-C®n-Gd)

Daya Bay
PRD 95, 072006 (2017) n-Gd
PRD 93, 072011 (2016) n-H

RENO

PRL 116, 211801(2016) n-Gd

T2K b :
PRD 96, 092006 (2017) Marginalisation (S.p,0,3)
AmZ, >0 ——
Am2, <0 — . !
L :
0.05 0.1

' !
Total Uncertainty
Statistical Uncertalnty

sin’(26,,)=0.105+0. 014|—[—o—|—|

H isin (2913) =0. 084+() 003

H—e—H isin (29 )=0. 071+0 011

H——e—H sin®(26,)=0.082+0.011

before

NEVTRINO

:2():[&3 E{eudeﬂ

berg

Total Uncertainty
Double Chooz IV Statistical Uncerthlnty
TnC MD (n-H®n-C®n-Gd) | sin*(26,,)=0.105-0.014 |—|—o—|—|
Daya Bay
PRL 121,241805(2018) n-Gd isin (26 D=0 086¢() 003
PRD 93,072011 (2016) n-H sm (26 )—0 071#0 011
RENO P :
PRL 121,201801(2018) n-Gd }—o—1 siin2(2613)=0:,09010.007
T2K T I
PRD 96, 092006 (2017) Marginalisation (9.,,9,;)
Am3, > 0 ————
Am’, <0 I o
f :
0.05 0.1

after

)
W

9 June
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STRUCTURE

iImpact to 613?
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once upon a time (£2010), reactor flux...

rate (norm): OK [~3%]— Bugey4 (world reference)

201 I: latest T(neutron) @ ILL re-evaluation [within DC + Huber]
today: all experiments in agreement (“deficit”) >why?

& L
new physics vs reactor bias?

(e
shape: OK [~3%]— Bugey3 (world reference)

2014: DC's spectral distorsion (prominent sMeV) [most experiments]
today: only Bugey3 shows “negligible structure” —reason? why?

are those 2 observations independent?

Anatael Cabrera (CNRS-IN2P3 & APC)



. reactor spectral structure (shape only)...
overall agreement

: REN02016 (Mo dfi d Average R =1)

D — NEOS2016 (Mo dﬂdA rageR=1)

—— Dy Bay 2016 .
D uble Choo |v ND

SOURRIREY. N X Sl SRR A L

A w5

RET WP 5
vaﬁ"__q_ T um

A AR

>
-
Q
)
Q
©
c
D
O
=
S~
©
©
a

.~

4
Visible Energy (MeV)

DC (re-binned) =~ DYB

[ratio D/MC cancels matched effects by “MC tuning’’]

NOTE: Goesgen, Chooz, Rovho consistent hints (a posteriori)
Anatael Cabrera (CNRS-IN2P3 & APC)



ratet+shape DC spectra\ ratio’s. ..

L —— ND Data / Model ratio
Double Chooz \Y Empirical Fit
[ Model Systematlcs

2/dof 21 2/ 21 (prob 44 6%)

[
N

—<$— FD/ND Data

No oscillation

Best fit on sin’26,, = 0.105 = 0.014

[
[ ]
[

Multi Detector Uncertainty

Uncertainty is the square root of the ariance matrix diagonal terms

cancel dlstortlon

_ .Double .Chooz IV ;
Far (818 days) + Near (258 days)
| | | | | | b
2 3 4 5 6 6
Visible Energy (MeV) Visible Energy (MeV)

[
[ ]
o

Far / Near

o
\©

Data (ND) to MC Prediction Ratio

o
oo

FD:ND ratio (013) ND:MC ratio
ratet+shape] ratetshape]

no apparent distortion—013 protected?
'MC always used]
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DC flux scrutiny: impact 0137...

reactor power correlation?
yes— flux and/or energy

common in ND and FD?
yes— demonstrated (identical detectors)

commonhn across experiments?

most!— favours reactor hypothesis via common ILL based model
[Huber+Muller]

bias via model uncertainty underestimation?
must test— rate+shape & shape-only (use Bugey4)

ND normalisation biassed?
must test— rate+shape & shape-only (use Bugey4)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



o our ND rate (normalisation) validation...

Statistical Uncertainty:
Experimental Uncertainty
Total Uncertalnty

Double Chooz IV (ND) <o>= (5 7.1 0 06)x10 3em?/fission best worid

TnC (n-HOn-COn-Gd) ——-— precision (9.7 %o)
R(ND)=0.925+£0.002(stat)£0.0 [ O(exp +O 023 model

BugeY4 <Op> = (5 75 0 OS)XIO Sem?/fission
Phys.Lett.B338,383(1994) @’ .

:pI’ECISIOI‘I 1.4%

Daya Bay <0>= (591 = 0.12)x10“cm?/fission
CPC 41.1.013002(2017) n-Gd 5 ' ' 3
: : . .precision 2.0%
new result arXiv:1808.10836 ' ' [precmon 1.4%]

2017 World Average (lncludes Bugby4 & Daya Bay)
CPC 41.1.013002(2017) : I—I—.—I—I

Reactor Moidel :Uncei'tailélty (=2.3%)

0.85 0.9 0.95 1

Data to Prediction Ratio
MC normalised to DYB-2017 ver isotope

ND normalisation— no impact to 013!
(excellent agreement with Bugey4 et al)

Anatael Cabrera (CNRS-IN2P3 & APC)
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reactor model accuracy impact...
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ima

3x O(shape) [unprotected|
ty underest

>
in

ty beyond reactor model

(SD & MD different behaviour)

MD: robust 813 measurement [ND protection]
(increase error =3x O(shape)— reduce X2 from ND)

013 stab
reactor model uncerta

SD: biassed 013 unless model error



DC internal multi-fit © 13 extraction. ..

. Total Uncertainty
Multi-Detector (MD) Statistical Uncertainty

DC-IV Rate+Shape (TnC)
Rate Only

Shape Only

ND®FD-I (Rate+Shape)
ND®FD-II (Rate+Shape)

Free Amﬁe (Rate+Shape)

Data-to-Data (Rate+Shape)
RRM (Rate Only)

Single-Detector (SD)

shape
)

Rate+Shape (Bugeyd®4xc
Rate+Shape (Bugey4@1><6Shape)
DC-III Rate+Shape (Gd-n)

coherent & consistent multiple 013
(Internal validation of precision®@accuracy)
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what to remember?

DC stopped data taking 31 Dec 2017
dismantling— new proton#!

013 measurement [more!]

reactor neutrino measurement [more!]
flux (absolute) & spectrum (relative & absolute)

a few other interesting results

[201 1] DC’s 20’s— today’s 013+0 [consistent with T2K— @ 30’s]
[2014] DC’s 30’s— today’s spectral distorsion

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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still results comings. ..

[our DC languages]

obrigado...

mercl. ..

danke...
HUDED..
Cnacmbo...
oracias. ..

thank you. ..
15

hvala...
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