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~50 years of neutrino oscillations...

huge experimental/theory effort
' discovery®establishment < Nobel 2015]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



; ingredients for neutrino oscillations. ..

Non-degenerate @ Mixing in the — Oscillation Probability
mass spectrum leptonic sector T P=f(0,Am?)
(Am2) (6)
quantum interference UPMNS matrix
(macroscopic) (a la CKM)

Paa: Survival Probability — most evidence so far
Pag: Oscillation Probability — CP-violation

Va (start with) & vg (none at first)

| Z 06
. 5 . 5 Am?*L 5
P = sin“26'sin <
4E

the simplest manifestation

IS

L/E (km /GeV)
Anatael Cabrera (CNRS-IN2P3 & APC)




, status on neutrino osclllation knowledge.. .

Standard Model(3 families)

[leptons & quarks] no conclusive sign of
& any extension so farll
PMNS::(012,023,0:3)
&

+Am? (iAm223) & +0m2 (iAm2|z)

must measure all parameters— characterise & test (i.e. over-constrain) Standard Model

(inconsistencies vs uncertainties)

today =2030
best knowledge olobal | foreseen  dominant source
012 SK@SNO | 23 % <1.0% JUNO reactor
023 NOVA+T2K| 2.0 % <1.0% beam (octant)
013 DYB+DC+RENO| 1,5 % 1.5 % reactor
+0m? KamLAND 2.3 % <|.0% reactor
|Am2| PHEDOAS 13 % <1.0% reactor & beam

@50 | JUNOeDUNEe®HK | reactor®beam

DUNE@HK®ALL | reactor®beam
(now) (reactor-beam)

JUNO@DUNE®HK will lead precision in the field (— Mass Ordering & CPV)

NOTE: ORCA®PINGU®IceCube complementary (Mass Ordering & Am? measurements) Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

NO @ ~30
32T @ =20

L ERIN eI Ty unknown | SK et 3

CPV unknown




ms, [10°eV?] Am’,

[10° eV?
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Am

NuFIT 5.0 (2020)
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Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



new flagship v experiments...
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(permille precision)

European contributions in all experiments — including technology (LA, etc)

2 accelerator cxperiments & — redundancy
&
I reactor experiment =

6 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories




weutyivos oseillation @ standard picture (SM)
[+£oday's signal = fomorvow's background]

weutyinos to probe BSM— discoveries?
be\jowd Jcoda\j’ S Varad:gm [

SuperChooz rationale...



SMvl.l: knhowns & unknowns. ..

Weak Flavour Neutrinos (3): v(e), v(M), v(T) — observed 3! (same as quarks)

Mass Neutrinos (3): v(1), v(2), v(3) — assumed 23! [tight cosmology constraints]

PMNS matrix (3x3; a la CKM): U, assumed unitarity (—violation?)

JUNO *mixing parameters (3): 813, 812, 023 (octant?) — derived J [Jarlskog invariant]
* CP-violation parameter (I): 6 “{ inknown [SM])

HyperK

Didlis Mass Squared Differences (2): 6m2 (i.e. Am?,)

SuperChooz? I\\11% (i.e. Am?23 or Am223>

Mass Ordering (MO):
+Om? (solar data — observed!) //( unknown [SM] )
*+7Am?2 = which is the lightest neutrino V(1) or v(3)

Mass Hierarchy (MH): the mass of the neutrino
[ why so much smaller than charged leptons?]

Neutrino Nature: Majorana

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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neutrino unique In Standard Model. ..
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the new opportunity. ..

10 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



in the middle of central Europe (between France-Belgium): Chooz [meeting point with Germany, Luxembourg, Netherlands]
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turope’s most powerful reactor site...

3rd generation of reactor neutrino experiments (@
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‘.-r“.:":CIVI‘ construction near a reactor7

o

:ﬁ‘{"

/

‘ 1) R: bod

: ’t;
¥ J 4
) .ﬁ ?<‘

AR 5 t ;."‘_-.\. ';‘: é'
¢ . e
;! B » ,v'

‘;~ O T, S H“‘\ = I’\\& -Mh v

," upon DoubleChooz underground laboratories limitations. ..

4 *too small: <

*too shallow! (to today's technology capability)

- A

lesson: don't.



physms at Chooz: future?

Anatael Cabrera CNRS-INZP3 /' l|CLab (Orsay) - LNCA (Chooz) Laboratories




an underground unknown. ..

|5 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories
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Chooz-A for science?

|16 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



uper-Kamiokande
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SuperChooz cavern is built (607%)...

Super Chooz?|

(France/Europe) | e S ‘
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historical opportunity!! one of the largest underground laboratories in Europe — built!!

19 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories



‘\" \\ TR

.&’
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EDF®CNRS exp!

CNRS/|N2P3 d|rect|on — March 2022

loring (2018)...
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"'UPERCHOO

experimental scenario...

21 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



SuperChooz Signature September 2022 — CNRS-EDF

SuperChooz Pathfinder starts...

22 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories



. SuperChooz

We are delighted to announce that the #SuperChooz
agreement between @EDFofficiel and @CNRS
directions was signed on the 7th Sept 2022
(twitter.com/IN2P3 CNRS/sta...), thus officially
starting the so-called “SuperChooz Pathfinder”
exploration era.

UPERCHOOZ

pathfinder [2022-2028]

exploration 1s now official. ..

23 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



SuperChooz experimental setup...

the Ardennes mountains

European UK Research
and Innovation

Innovation
Council

Ultra Near Detectors @ Chooz-B:

*LiquidO technology P ~
*Mass: <5 tons ¢ — .
*Overburde ) / ’ =z
*Baseline: p— //
f -~ the Meuse river

Super Far Detector @ Chooz-A Seaea
*LiquidO technology ==
*Mass: ~ 10,000 tons '
*Overburden: <100m s =
*Raseline: ~ | km ; =

24 Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay ( Ors)




Ll ————

SuperChooz — new laboratory facilities — beyond the existing LNCA (key support!)

N\

lles Ardennes (Franc) LNCA-i-IaII (

o~

CNRS)

\'

. NS
Double Chooz ’

Y

Chooz-B Power Station N - DN -
«facility: EDF CNPE L N\
*location: Chooz (France) '
*reactor cores: 2x EPRs

~type: PWR AREVA-N4

‘\.‘\

Super Far Detectors

Double Chooz
Far Detector 4

25

Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



"'UPERCHOO

experimental demonstration(s)

26 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



exnerimental dem0“8trati0n I Article \ Published: 20 April 2020

Double Chooz 6,3 measurement via total neutron
capture detection

30ton®L=400m®30m overburden
, _ _ The Double Chooz Collaboration

—— ND Data Nature Physics 16, 558-564 (2020) | Cite this article
No-oscillatted MC

B2 Accidentals
9, . . . .
] Cui *no Gd needed a priori — simpler

: et Nemmns; sextreme precision single/multi-detector(s)
| | —simpler detectors (avoid multi-volumes)
control of all systematics at per mille
sgeometrical full flux cancellation systematic
—fewer reactors sites is better!
sexquisite energy control absolute/relative
*Chooz site full background knowledge

Events / 0.25 MeV

DC-ND:
Signal =~ 816 v/day (average over cycle)
BG(B-,a,y,p) = 39 day"! (‘some per day”)

Signal/BG = 21— 30 within IBD region [0.5,9.0]MeV

systematics can be controlled: ~0.1% (each)
[flux, background, detection]

energy control: <0.5%

DoubleChooz data & expertise...

27 Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsay)



Sanford Lab
Homestake
DUSELUPhysics
DUSELUBGE
Gran Sasso
Canfranc

| Frejus/Modane
Pyhasalmi

cf

before
. HyperK

z
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©
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m©
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g
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Q

North America Europe

overburden <100m rock (or <300 mwe

orld underground volume. ..

Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsa




- LNCA (Chooz) Laboratories
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experimental demonstration Il

L1 Qu I b i

new technology — the breakthrough

30
Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



stochastic light confinement
o et oo A e
—/ Yo . /W
*scattering—random walk—light ball [order |cm] =
*scattering mean-free-path order lmm: x10-* smaller than usual

-lossless (elastic) light scattering:
*Mie scattering: achromatic & tiny losses ['cloudy’ touch] =
*Rayleigh scattering: chromatic & lossless
*Internal Reflection (Snell’s law lossless)

avoid reflection (losses @ order ~ | %/reflection) 7

LiquidO & unique stochastic light confinement

= must NOT be transparent!!

£ !
- v

\\\\\!!“MM//’ L
L \" \v mv \

> e =

Rayleigh' & Mie Scattering
A(scattering)=slem

= TransparenCY -
/)\(scatterlng)zlom/ /

inaucing light to a point (lossless).

3T>F —ke




LiquidO <~ stochastic light confinement

Topology (X,Y) direct & native (PID)— possible sub-mm vertex precision

Vanilla LiquidO: 1D lattice (fibres along Z-axis only) ol ey >
TOP VIEW: (X,Y) Projection— direct readout ; | Her

~1.0MeV

Hit's'ér Fibre

1 10: 100

Z position: At (time difference)

Zreco'zsource (m m)

BOTTOM VIEW: (X,Y) Projection— direct readout B S --------

Hits per Fibre
S 2
1 10 100

LiquidO can have up 3 orthogonal fibre lattice orientations (3D)

32
Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



topology's PID (no timing)...
.

PID e/y should be =100:1 rejection @ =90%
(Y resembles more e+ = e= + 2y)

x[cm]
-20

Electron c e [ Prototype “light ball”
: .u‘.-' ' ~80% light s5cm @1.8MeV

: many cm’s

Wil Hits per fibre
1 10.| 100 800

scattered pdints (et = y) g point-like (e = a = p-recoll)

Neutrino physics with an opaque detector

LiquidO Consortium

Communications Physics 4, Article number: 273 (2021) | Cite this article

Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsa



unprecedented PIIID M

potential: reduce overburden/shielding

[
o
w
True Hits

[
o
N

A T . -
L (wa ’ﬂwed out; ig

40 O 20

background

opacity native)sselrssegn entation

: problematic @ [IMeV. (pollution, cost®@complex, etc)

~ o i - 34
IMeV: reactor, geoneutrino, solar, PR decay, etc Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsay)



LiquidO’s prototype MINI-II (upgrade)

data taking since 202 |

P
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overall view
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| (test transparency)
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~10L multi-media

*water (transparent)
*scintillator (transparent)
*scintillator (transparent«<>opaque)

T control
radiator@chiller: [5,40] °C

é 64 channels readoutg

(pitch &=1.5cm)
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H,0* 1.8 MeV &
- LAB 1.8 MeV e

—— LAB 1.6 MeV &

—— LAB 1.4 MeV &

— LAB 1.2 MeV &

5 - LAB 1.0 MeV e

- —— LAB 0.8 MeV &
5 LAB 0.6 MeV &’
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=
2
o
=
=
=
g
©
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o
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ANY light detection: Cherenkov / Scintillation / anything!
(ensure the opaque medium Is granted)

Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsa
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iquidO =

L

Geant4 Simulation

(under tuning)

“light ball” size

AS

escattering

# fibres

-absorption?
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m — g~ — Michel-e- (tracking charge)
[Michel-e+discrimination possible]

Doping:
e Control density (=0.8kg/ms3)
e Increase Z
e Control EM vs Hadronic

— Collider Calorimetry

. « k n’s ToF (momentum -recoill
\’(]&%:.i'r ; '“k-:”:. ( ) + P |

Genie Generated : — capture on H [tag: 2.2MeV Y]

500 1000

Stochastic calorimetry order 0.1% [~ 105 PE/GeV] — excellent control of hon-stochastic

o : 38
=100MeV: accelerator, atmospheric, p-decay, etc Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsa



energy flow: £M evolution of energy in time

1000 A —_— e+
—— proton
—— heutron
— e_
— 22
500 - — antli_nu_e
0 -IeH
€
£
>
—500 A
—1000 A
—1500 A
0.00 ns

500 1000 1500 2000 2500
X (mm)




LiquidO’s guintessence...

iquidO: Ight/opacity—mtochstic light confinement

y

any source (gherenkov / scintillation / any light)

any media (liquid / solid / (impractical?) gas?)

éoping: a powerful (optional) “byproduct™

y

T see Michi’s & Christian’s previous talks

NeW technology: opaque scintillationss:

40 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



First Release at CERN July 2019 (detector seminar)

nature,

e muRications phyv -

Articlg’| Open acze?fﬂ:’ublished: 21 December 2021

Neutrino physics with an opaque detector

LiquidO Consortium

Communications Physics 4, Article number: 273 (2021) | Cite this article

5131 Accesses | 9 Citations | 23 Altmetric | Metrics

Abstract GIWIII dﬂlﬂ“ﬂd

In 1956 Reines & Cowan discovered the neutrino using a liquid scintillator detector. The
neutrinos interacted with the scintillator, producing light that propagated across transparent
volumes to surrounding photo-sensors. This approach has remained one of the most
widespread and successful neutrino detection technologies used since. This article
introduces a concept that breaks with the conventional paradigm of transparency by
confining and collecting light near its creation point with an opaque scintillator and a dense
array of optical fibres. This technique, called LiquidO, can provide high-resolution imaging to
enable efficient identification of individual particles event-by-event. A natural affinity for
adding dopants at high concentrations is provided by the use of an opaque medium. With

these and other capabilities, the potential of our detector concept to unlock opportunities in

neutrino physics is presented here, alongside the results of the first experimental validation.

www.nature.com/articles/s42005-021-00763-5

LiquidO Official WEB: https://liquido.ijclab.in2p3.fr/

Neutrino 2022
(June 2022)

on behalf of the LiquidO consortium...

https://zenodo.org/record/6697273

XXX Neutrino Conference
June 2022 — Seoul, South Korea

Anatael Cabrera
CNRS/IN2P3

B 'Al Université ||CLab/Université Paris-Saclay
de Paris (Orsay)

FNAL Seminar 2023
(May 2023)

thanks to the LiquidO consortium...

Neutrino Seminar @ FNAL

4th May 2023 — Chicago, USA

Anatael Cabrera
CNRS/IN2P3
||CLab/Université Paris-Saclay
= UAI esice (Orsay)

Iréne Joliot-Curje

Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Sacla


https://liquido.ijclab.in2p3.fr/
https://zenodo.org/record/6697273#.Y4DDdezMLfv
https://zenodo.org/record/6697273
https://indico.cern.ch/event/823865/
http://www.nature.com/articles/s42005-021-00763-5
https://zenodo.org/records/7922021

invention/conception in 2012 & consortium since 2016 (~94 scientists, 26 institutes & |1 countries)

idO Consortiu

, J.L. BeneyP, M. Berberan e Santos¥, T. J. C. Bezerra®, M. BongrandP, (
1. Br1ere°-°‘ J. Busto®, A. Cabrerafd®c, A.CadiouP, E. Calvo V. Chaumatq,
, M. Chen", P. Chimenti!, D.F. Cowenx“’xﬁ A.Dahmane”, C. Delafosseq"‘ S. Dusl ]
artins!, J. Galdn?, J. A. Garc1a R. Gazzini®®, A. Gibson-Foster?, A.Gallas®®, C. 1rard— ‘aril "o
. Gomez-Cadenas“, F. Hauddadp J. Hartnellb A.Holin4, A. Hourher G.Hulle*, I. G. r
. ' ochm"‘ P.Laniéced®9% J.F.Le Duqo“2 C.Lefebvre", F. LefevreP, F. Legrandqa = Loa,lzaq"‘
z aalmi?®, J. P. Malhado', F. Mantovani®®®8, C. Marquetf, M. Martinez?, B. Mathon9?, L. Mena 95,
V2 -Nmolasq"‘ H. Nunokawa®, J. P. Ochoa-Ricoux8, T. Palmelrak C. Palomares!, B. Pedras®, D. Petytd, ﬁﬁﬂw
. Porter®, M. S. Pravikofff, H Ramarijaona?®, N. Rodrlguesk, M. Rochef, R. Roseroy P. Rosier%?, B
E arsa?, S. Schoppmann™?, A. Serafinjeef:rer8 (. Shepherd—Themlstocleoud W. Shorrockb L. S1mardq°‘ M W,
R. Soletlu, H.Th.J. Ste1germ°‘ B2 D. S‘coccop V. Strati*®*?, J.S. StutzmannP®, F. Suekane*" A. Tunc®™®,
M. I{x Verd1erq°"‘45 A. Verdugo!, B. V1audp S.M. Wakelym"‘ A. Webermo‘ G. Wendelxﬁ A.S. Wilhelm?, M. YehY, and
F. YermiaP

D
-

70

#Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor, MI, USA
bDepartment of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
¢LNCA Underground Laboratory, CNRS, EDF Chooz Nuclear Reactor, Chooz, France
dRutherford Appleton Laboratory, Didcot, Oxford, United Kingdom
°“INFN, Sezione di Ferrara, Ferrara, Italy
*SDipartimento di Figtcave Scienzg dqlla Terra, Pniversita pgiKerrara,
Lo

fUrliversité dd jdeaux, CNRS, LP2I Bprdeaux, (rradignan,

epartment of Physics and Wstronomy, University of California at Irvine

hDepartment of Physics, Engineering Physics & Astronomy, Queen’s University, Kingston, Canada
'Departamento de Fisica, Universidade Estadual de Londrina, Londrina, Brazil

JDepartment of Chemistry, Imperial College London, London, United Kingdom
iBB, Instituto Superior Tecnico, Universidade de Lisboa, Lisbon, Portugal
ICIEMAT, Centro de Investigaciones Energéticas, Medioambientales y Tecnolégicas, Madrid, Spain
M Johannes Gutenberg-Universitdt Mainz, Institut fiir Physik, Mainz, Germany
mA Johannes Gutenberg-Universitit Mainz, Detektorlabor, Exzellenzcluster PRISMA™, Mainz, Germany
"Université de Aix Marseille, CNRS, CPPM, Marseille, France
°INFN, Sezione di Milano-Bicocca, Milano, Italy
PNantes Université, IMT-Atlantique, CNRS, Subatech, Nantes, France
d*Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
48 Université Paris Cité, IJCLab, Orsay, France
'“INFN, Sezione di Padova, Padova, Italy
"SDipartimento di Fisica e Astronomia, Universita di Padova, Padova, Italy
SInstitute of Particle and Nuclear Physics, Charles University, Prague, Czech Republic
Pepartment of Physics, Pontificia Universidade Catélica do Rio de Janeiro, Rio de Janeiro, B e
“Bonostla International Physics Center, Basque Excellence Research Centre, San Sebastian/ Dono
VRCNS, Tohoku University, Sendai, Japan
WUniversité de Strasbourg, CNRS, IPHC, Strasbourg, France

ment of Astronomy and Astrophysics, Pennsylvania State University, University P
Jepartment of Physics, Pennsylvania State University, University Park,
YBrookhaven National Laboratory, Upton, NY, USA

S ica de Altas Energias (CAPA), Universidad

Spokespersons:
*A. Cabrera — |JCLab / Université Paris-Saclay (France) o . i i i i P
*F. Suekane — Tohoku University / RCNS (Japan) Wehb: https.//lIqUIdO.I!CIab.Inz 3.fr/

42
Contact: LiquidO-Contact-L@in2p3.fr

Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)
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SuperChooz : ~9 700 m3

some commonhn technology but not methodology
iptillator: v (improvement)

res ¥ (improvement)

*sesrentation X (simplification, cheaper, less BG)

*light collection: ¥ (improvement expected)
*photo-detector: ¥ (simplicaition with SIPM)

*MeV optimisation—Scaling R&D [=2024]

SuperChooz (~10kton) similar dmensions as NOVA (~14kton) & one module of DUNE (~10kton)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



experimental demonstration IV

effectively SuperChooz’s pilot project
(iIndependent project though)

L@ U L

|,,E,‘;'<§?,§§§2 :* **; UK Research
Council ***** and Innovat

project: “AntiMatter-OTech"

first LiquidO-

CLOUD = "“Chooz LiquidO Ultranear Detector”

experiment. ..



“Neutrino Telescope” conference — October 2023

XX International Workshop on Neutrino Telescopes

ropean x UK Research

novation S
C ) and Innovation
ouncil

B A

experiment’s first release

“Neutrino Telescopes” Conference
25 October 2023 — Venezia (ltalia)

.
»)C T —
- - ~ (co)spokesperson:
Iréne Joliot-Curie Anatael Cabrera +DoubleChooz
K *LiquidO

l)CLab / LNCA - Université Paris-Saclay / CNRS +CLOUD — AM-OTech (EIC)
Orsay, France +SuperChooz Pathfinder

https://zenodo.org/records/ 1 0049846

first ever release last week. ..

45 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



https://zenodo.org/records/10049846

— - 2 S S L \\

|Chooz-B Power Sation “ILNCA-Hall (CNRS)|
| +facility: EDF CNPE “mnts g - | :

*location: Chooz (France) =

due to global warm— more frequent reactor-OFF (2022 several months)

CLOUD = “Chooz LiquidO Ultranear Detector”

Double Chooz

curope’s best reactor-V site... ™"

Anatael Cabrera CNRS-INZ2P3 /| Laboratories




our collaboration

UK Research
and Innovation

CLOUD International collaboration

*EDF (France) —

*Brookhaven National Laboratory (USA)

*Charles University (Czechia)

CIEMAT (Spain)

*1JCLab / Université Paris-Saclay (France)

*Imperial College London (UK)

INFN-Padova (lialy)

*Instituto Superior Técnico (Portugal)

-Johannes Gutenberg Universitat Mainz (Germany)
*Pennsylvania State University (USA)

* Pontificia Universidade Catdlica do Rio de Janeiro (Brazil)
*Queen’s University (Canada)

*Subatech / Nantes Université (France)

*Tohoku University / RCNS (Japan)

*Universidad de Zaragoza (Spain)

*Universidade Estadual de Londrina (Brazil)
*University of California Irvine (USA)

*University of Michigan (USA)

*University of Sussex (UK)

Spokespersons:
*A. Cabrera — |JCLab / Université Paris-Saclay (France)
*J. Hartnell — Sussex University (UK)

IB Chair:
*M. Chen — Queen’s University (Canada)

Webs:

https://antimatter-otech.ijclab.in2p3.fr/ [AMOTech]

https://liquido.ijclab.in2p3.fr/nucloud [via LiquidO] = 19 institutions in || countries



https://antimatter-otech.ijclab.in2p3.fr/
https://liquido.ijclab.in2p3.fr/nucloud

"'UPERCHOO

scientific programme (SO far)

48 Anatael Cabrera (CNRS-IN2P3) — IICLab / Univ aclay (Orsay)



neutrino sources...

large SuperChooz detector— vast physics programme!

| LI | L0 ik --'

~20,000,000 vs per year

-

~25,000 Vs peryear | =

]

- " core-collapse & remnant -

.

geonheutrino? huge irreducible background by reactor neutrinos!!
49 Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsay)

...also atmospherics!



SuperChOOZ ra-tes o 10 years exposure

Antineutrino Reactor (@!.lkm): Antineutrino Reactor (@20m):
¢ = 6 veday-'*ton-' [*DC-FD] ® = 16k veday-'ston-! [>DC-ND]

® = 20M veyear-! [~ 10kton] ® = 10M veyear-'[~2ton]
¢ = 220M V’s [exposure: 100,000 toneyear] ® = 100M V’s [exposure: 20 toneyear]

e —
=

$o = 250,000 V’s [exposure: 100,000 toneyears] ¢ <100 Vv’s [exposure: 20 toneyears]

Chooz-A: Cavern Reacto- Core

- e
Ultra Near Detectors @ Chooz-B: =

*LiquidO technology

—
BB °Mass: <5 tons =
| | \ = *Overburdengsd ~
R g «Baseline: <30m ,: : A

“~" Super Far Detector @ Chooz-A
*LiquidO technology
*Mass: ~ 10,000 tons

*Overburden: <100m
*Baseline: ~ [ km

50 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)




dences. ..

INCl
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4
D
O
O
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K

detection



the power of coincidences

low energy (=3MeV) neutrinos interactions benefit by interactions leading to coincidences

Reines et al 1956 Raghavan et al 1977

(neutrino discovery) (pp solar neutrino — unobserved)

CC:0,+p—ole4n CC:u, + 115In —le )€y +yle”
(T = 220us for only H®C) (t = 4.7Tus decay of Sn¥)

major R&D by LENS et al [many years]

anti-matter | ~_matter

Hits per:fibre h e
= | p116kev - °

| 497 keV

52 Anatael Cabrera (CNRS-IN2P3) — I|CLab / Université Paris-Saclay (Orsay)
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prehmmar)g DNYSICS programme
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vationale. ..

e high precision S’ s weutyrivo oscillation
— SYywnergise with q @

o neutrivos probing BEM— discoveries?

= be\jovxd -l;oda\j)s Pa‘(adi()w\?




- Super Chooz potential under investigation. ..

Plot: hacked version from original in Ellis, Kelly & Weishi-Li at arXiv:2008.01088

FUTURE (JUNO+DUNE+SuperChooz)

!
PRELIMINARY I

0.75
it
Reactor-613
* 0.9
=
N
0.25
PRELIMINARY
95% CL (dashed) Super Chooz (solar)
99% CL (solid) Reactor-813
0

Super Chooz: the smallest but powerful...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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physms I: reactor neutrinos...

4 B Anatael Cabrera (CNRS-INZP3) — ]

ab / Universite Paris-Saclay (Orsay)




experimental setup... ’

¢(reactor) I sin2(20,3) sin2(20,2)|

A

o
|

o
o8

-
)
>
To
|~
e’
>
~—
o
—
)
S
)
-
o
==

10
Length (km) [at E~3MeV]

*reactor: extreme source of neutrino (commercial = | GW=2x1029/s) — no running cost.

*3 measurement regimes: depending on baseline (L):

'UND] zero-baseline (L—~0km): ¢p(reactor) — and new physics: Unitarity violation?
'SFD] short-baseline (L=~ 1km): 6 13®Am?2 [multi-detector: ¢p{reactor)]

] ' = : 2 and-H39AM?2 - enoushresolution

Anatael Caprera (CINRS-INZFS @ LAL - LINCA)
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. review reactor 013 sensitivity evolution...

reactor sensitive has potential to go well beyond today [DCoDYB®RENO]

estatistics: [=20x today]
edetection systematics ( )
eenergy control (= )

= systematics flux (UND) & BG (— LiquidO) cancellation

ktons x years

Shape Only

—h
<
N

. o R+S, 0.10% Det.
~10years x 10kton: order 0.1% precision '

matics: aturation

=N
<
w

~1.0%

sub-percent
region

©
F
]
©
>
byt
>
=
»
c
O
7))
0
D
AN
N
IE
(/)]

yis
(—rate-saturation)

10’ 10° (
Events on Far Site

translator: | kton implies ~2x10¢|BD/year— ~4 IBD/min [~50x today]
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

Power: 2x 4.2GW/(thermal)

Today’s reactor state of art knowledge
Baseline: ~|.|km
Detection efficiency: ~85%

Reactor duty-cycle: ~85% [refuel]



overall B13®Am?(ee) sensitivity...

Output Am?2, unc. sin® 263 unc.
<0.0% <0.0%

! .............................. !. ................................... ! .................................... 1 .................................... !,

[first time] sub-percent measurement of 613®Am?2(ee)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




why B, & | Am?|? (reactor)

o wov\d most precise B/l [permille precision]
o (unique) cross—check 'S \m?
o« PMNS' s(na?e: the smallest teym
e Synergies: ex+tya preciSion ow
o E|—> 's CP violation
o (Simultaneously) vesolve octant—(Hz%7
° PMNS’ ska?e: the \art)ech teyml

" '3 Mass orderivxg (osci\\ation)




D L et W LR R 1A Pl T (LAl ZE Nal G ./,_’.3’\'&(;5 _d)"z U/kv/,__

PR AT | S T O R i M

T G e s Cpl onisu €5
L o= EFC) <<Pﬂ\P\fa>—\V Ky AR ;/,0‘(%( -6') i AR\ de P d N
;J\O o 0 Q  -7 \oooo (0),’(

X ks = oo VO . {TOoO O--~ : 5.,'3‘» ; o f ?

‘ mw p W\ oy¢c 0O : d@ ( k 2 w A e 8

Yt f bRl o8 4:) - g ) W(F)- dwiidiae dv |
L‘\ ooo\r‘ ' o

S S O 0 @ 0
,P’) Q! o¢ ol D . oNE L A 'OX s » ) -
@\ (Q‘ L o R 3o 0 : S(_&é%:“:lf\\rfn[bﬁ ;'“l (g)—gluh%s _di_ __,_/__(S) Av\l‘ \
/K/> L_\L\:’ 20 &

\\\W

(o.a']- 470 T, X
‘ ) L [%,L{P, *]
[a.a?d =)

4

-)

S(ePYfhgd T P

7 -w ’\sv\ \ (()

z ek

2 C‘l e Asﬂ by C() X - w.nro>(w*t ) o _P\Q\A? J(A-v'/z"\'/‘
/<P>-'2ms 9(\(11?(\ AU =0 — e (ﬁ) Vs “’0“”’7 E T
' ‘ E-pe tpffct :("I( 4

./_4 ¢
/‘ :

o\ ( we 1'1 A- °’(w
N | G> 2 \f ¢ *S)_W»/)__,_.,Aw(r/w(r,cWJ(n‘) Sl

ry e ,>w.h?
— k - ﬂ"‘ ""’”K- 4 1
:(\(Pﬂ- J> = / aé o a‘%{h C)7/a51. +%Zz SH{?,(){ ld’f: 4’ 5"{";:( (w.}¢¢)} 1 MC [4 %—\1
‘g d) ' J“M Lifaif oA - PN
,—aa Hebor> - (“ ax )% ‘> = Z—— r P NG = A‘?=( ¢ ) &
> ) |40.> Ml &> 2 Xi 4] + X<t ?r\ O i Bt
g i (e NeS SR > B L =<V ”‘Hw' de s o B TR Y . ;

physms | & solar neutrinos

R Anatae! Cabrerd (CNROINZPS) —T

ab / Universite Paris-Saclay (Orsay)



Sun’s Inner-most Insight. . .

pp-chain CNO cycle
pp-v pep-v ? )
A\P [(£06%)
99.6% 0.4% ' "Be [+6%]
.

85% 2x10°5% hep-v pep [£1%]

3He + 3He — “He + 2p|1|°He + p — “He + e* + v,

pp-| 15% UN+p—->10+7 70 +p — N+ 4He ‘ 8B [+12%)]

SHe + “He — "Be + v
"Beoy 99-87% 0.13%

7 T 7 8
‘Li+p—2'He |8B-y|°B—®Be* +e*+,
pp-ll 99.96% 0.04%
8Be* + p — 2%He ° ’

ppe-lll

2 main reactions... spectral precision “Solar-SM” ( )
pp Chain (dominant in Sun, still) eSuperChooz up to sub-% precision on everything
*CNO Cycle (most stars dominant) *probe beyond- & beyond-SM?

63 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



10 kton (10% '°In loading) x 10 years @ 100 PE/MeV

-
N
o

' SuperChooz: N’ world-leading precision

1.15 ' SuperChooz: Fit

1.10F= .. Standard Solar Model* .. i I—

>
o
=
©
T
7]
©
c
=
o
=
b
©
)
oc

neutrino precision beyond Solar-SM (HZ or LZ) for the first time!?

pp-Chain CNO-Cycle

0.80
*B16-GS98 HZ

nignest precision solar pnysics. ..

64 Anatael Cabrera (CNRS-IN2P3) — I[CLab / Université Paris-Saclay (Orsa




solar spectra extraction...

energy resolution & threshold considered — no systematics yet

' v:sign:aI e
—4+— ""In B-BG
“c B-BG natural abund.

'“C B-BG BX abundancy

Events per 50 keV

g 1 1] spectl dEOmpositin |
1 10 10
Visible Energy [MeV] Visible Energy [MeV]
Signal to BG =10x Full Spectral Information:
*Neutrino Energy (CC interaction)
Background-less >0.5MeV *High Statistics: 10% (In loading) x 10 years

[LENS et al] *Light level: 2100PE/MeV (thershold: 0.|MeV)

65 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)




ultimate solar spectra knowledge?

Event Rates (10% load)
pPp: ~250,000 [0.2%]
pep: ~7,700 [ |.1%]

‘Be: ~85,000 [0.3%]
CNO: ~9,700 [<2%]

8B: ~2,200 — good by SK!
hep: ~4 — unlikely

Relative Uncertainty

—30% loading? ~3x stats

Flux Information:
*SSM prediction
*SNO-NC for ¢(¢B)

0.80

*B16-GS98 HZ

low systematics (fiducial volume, efficiency, energy, In-fraction, etc) = under final evaluation

ISSUE: exclusive Indium cross-section knowledge? Possible ~1%? [a |a Ga]

66 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



neutrino osclllation transition. ..

In-interaction: neutrino energy scan (impossible for elastics scattering)

1.0 : ; - : : - -
0.0 E. m SuperChoozFit. ... § SupecChoo

10 kton (10% '"°In loading) x 10 years @ 100 PE/MeV >n on 0,

+ SNO constraint . . | . W Borexing

o 8 ........................................................................................................................................ .
o 7 L L L O T R RN R T { T I T T T LTI

Soof i JEgl

B Bl | S measure 012 & dm?

W0-SE e I R L i (neutrino)

~ i SRR
o 0-4 ‘

PP direct comparison with [<0.5%]

Y Y S T R A S — CPT violation?
: e P F i P : M SN ey (neutrino vs anti-neutrino)

0.2 E-.*rer 55 i RoR R -
0.1F gt -
MSW regime

0.0 vacuum regi o
107

1 10
Neutrino Energy [MeV]

solar neutrinos: longest baseline neutrino with few % precision— new physics?

use $(SNO-NC) for 8B control [1.5,10] MeV — ultimate limitation?
67 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)



Improving transrtion precision...

high precision mapping (sampling) of the “MSW?” transition?
0.9

== SC fitted rate error . == SC fitted rate error (30% '°In)
+ SNO flux error , + SNO flux error

1 10 1
Neutrino Energy [MeV] Neutrino Energy [MeV]

Indium loading: 109% [ LENS] Indium loading: 30% [ ” R&D]

(light yield 100PE/MeV) (light yield 100PE/MeV)

using SNO=NC: ¢(8B) [=5%] instead of SMM prediction [12%]

68 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories



Sun’s neutrino knowledge
*direct probing innermost structure

*precision beyond Solar-SM (all)— first time!
1B driven by HK®@JUNO®DUNE]

neutrino solar astrophysics!

. "~
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physics llI: fundamental symmetries

/0 ~Anatael Cabrera (CNRS-INZP3) — [[CLab 7 Université Paris-Saclay (Orsay)




beyond—SM weutyivo oscillations (L)

CP Violation? [SM— foreseen w CIKM and PMNS]

. (iwdi‘(ec-(:\\j) @ V\vsow\edge ow P17
— extya precision on Gz% 7

UV‘."EB'(."L‘j Violation? [BSM] Cdiscovery potential)
e @UND: veactor absolute Hlux (up +o 05%7) — CLOUY

« GSFU: solar—pp absolute Flux (up +o 0 6%7)

CPT \/30\3‘(730“? [BSM] Cdiscovery potential)
e B1Z by both P — difference?

BavyonH Violation? P‘(o-(:ow—deca\j [multi—mode] ( discovery potential )

Anatael Cabrera (CNRS-INZ2P3) — ]

ab [ Université Paris-Saclay (Orsay)



discovery channels too...

free-H per unit of mass:

m (p ro-to n) =~ I G ev :;?::i';:l;tlgcﬁ up to 20%

LiquidO Configuration: <|cm pitch

—500

-

MIWE Genie Generated §

—3000 —2000

Anatael Cabrera (CNRS-IN2P3) — [|CLab / Université Paris-Saclay (Orsa



UPERCHO®O

main conclusions. ..

73 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)
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status on neutrino osclllation knowledge.. .

s designed cover the full SM picture (3 families) [synergy]

explore the SM’s consistency/completeness— BSM discovery?

today | =2030
best knowledge olobal  foreseen dominant source
02 30%  SKeSNO 2.3 % JUNO®SC reactor®solar
023 50% NOvA+T2K 2.0 % DUNE®HK [SC]  beam (octant)
03 |.8 9%  DYB+DC+RENO .5 % SC reactor
+dm?2 2.5 9%  KamLAND 2.3 % JUNO®SC reactor®solar
|Am?2| 30%  THENovAS 1 3% JUNOeDUNEeHKeSC  reactor@beam

ERR I AT unknown SKetal NMO @ <30

JUNO@DUNE®HK  reactor®beam

DUNE®HK [SC] beam driven

CP violation? T2K+NOvA 3/2m@ <20
CPT violation?

Unitarity RIGIETEELY
Baryon# RLEELLH

<|%? SC reactor®solar
<|%? SC reactor®solar
— [romremee

reactor@solar main channels of SC, but low energy atmospherics under study...
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




neutrinos back to Europe!?
(high precision)

Super Chooz?| .

(Fran{_ge/Eur‘ope) TN R

8 ; 3 x
] g9 é . ? . A
3 i 5 i A Sk
“h : R ~ > oraih s ; g .
. . * A SRR e { v 3 a5
G0 Wi g : . * ‘ ! g A 8 e
§ g e ARENET A Y ; SR A AT e . . A
L4 A 4 LY ) £
e v) S ey e
7 i ) X lin i R s O e wr
WL > CRRE (N P S e s~
ik apsss 3 Sl s B
* > [ ¥ »
RARe) 2

iy

historical opportunity for Europe’s neutrino science (fundamental & innovation). ..

75 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories



thanks to EDF teams & support,
LiquidO consortia,
AM-0OTech consortia,
CLOUD collaboration,
and SuperChooz team.

thanks...
merci...
DESLICE...
HUDED...
danke...
obrigado...
cnacubi...
grazie...
151159 ..
hvala...
gracias...

UPERCHO®O

new flagship neutrino physics project in based Europe [>2030]?
(once JUNO®HyperK®DUNE are running)

K
¢

S EDF

CNrs

anatael@in2p3.fr 76 B =0 (CINRS-IN2P3)— lIClab / Université Paris-Saclay (Orsay)

new detector | ] ® new site [Chooz-A] ® new physics?

https://liquido.ijclab.in2p3.fr/



mailto:anatael@in2p3.fr
https://liquido.ijclab.in2p3.fr/

EP Seminar

The SuperChooz Experiment: Unveiling the Opportunity

by Dr Anatael CABRERA (IJCLab - IN2P3/CNRS) @\

Tuesday 29 Nov 2022, 11:00 = 12:00 Europe/Zurich —
@ 222/R-001 (CERN)

HEP-European Ph
(July 2019 @

tightly linked to LiquidO, AM-OTech/CLOUD, and SuperChooz collaborations/consortia & specially EDF

European
Innovation
Council

ks
g g
e J ly 2019 Seminar @ CERN Can
. eminar
A% —
':). T 3 g o ‘
AR &v Anatael Cabrera L sy JC I Cat ‘ -y
‘Bt S , CNRS/IN2P3 2 e Iréne Joliot- Cune IJCLab (Orsay) e D F
W N &N LAL@Orsay ( université Université CNRS / Université Paris-Saclay ‘
. s LNCA@Chooz @ ovsod EE- Wins o’

https://indico.cern.ch/event/ 1215214/

https://indico.cern.ch/event/577856/contributions/342 1609/ https://zenodo.org/record/7504 162

https://liquido.ijclab.in2p3.1r/

exploring since 2018

77 Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsay)


https://indico.ijclab.in2p3.fr/event/7663/
https://liquido.ijclab.in2p3.fr/
https://indico.ijclab.in2p3.fr/event/7663/

backup slides. ..



» Super Chooz potential under investigation. ..

Plot: hacked version from original in Ellis, Kelly & Weishi-Li at arXiv:2008.01088

1 BELELRELLI N RN T T 111N
] TODAY (2020
|
|
|

KamLAND
0.75 =1 - , a

’/
-
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-]
—
———————————

0.5 (] —

Sin2 912

0.25f==mmmmmscccosy ¥ —

| P
95% CL (dashed) |
99% CL (solid) || Reactor-613

0 ] IIIIIIII IIIIIIII Ll 1 - 111]

1073 102 10°L 1

Super Chooz: the smallest but

powerful. ..



« super Chooz potential under investigation. ..

Plot: hacked version from original in Ellis, Kelly & Weishi-Li at arXiv:2008.01088

1 T TP, v T TTTTI o Iyl
_____________ I ¥ E——
OPERA P, | T
| 4 \\
\
0.75}— ] /M| —
\ s
T2K/NOvA |} }f\ == :
_____________ = \— 1
Q;CQ PMM \\\ h ,/I :
N 0.5 \‘ 4 :
—————————————— —— I
| N
Reactor-613 \\ \\TQE /NOVA]
N e J
025=Current N
95% CL (dashed) N
99% CL (solid) 1 S =%
0 ] | 1 111l | 1 111l | | 1 111l
1072 102 101 1
SiIl2 (913

synergy: SC 013 may help to resolve the “023 octant” ambiguity

5uper IIUUL: U IE SiTidiest bul

powerful. ..



must improve the reactor flux understanding — discovery potential

much work & new data for the control of the uncertainties— possible?

Reactor Absolute Flux Uncertainty
0. = 6.0% — Empirical (reacto 0 )

effective unitarity violation manifestation of S/
incompleteness
—= new BS/MV neutrino states (or families)

— new BSM interactions
— new BS/V phenomenology

1€ _=1-[1U_ " +1U " +1U ]

Umtamty exploration

ANULUCT UDICTU (CININOZHINLE D) — LU [ UITIVEISILS [ UlS= JULIUy

(Orsay)



» today's (e=row) unitarity knowledge...
H. Nunokavva et al (ar><|v |609 O8623v2)

T y R EERRaREERS T o
3 __((1) i estrictions) @ 3 1o (w. restrictions

E : 2 -
] am’ i fixed — ‘) i Am jj are fixed 30 (W.

o(w E trictions)

o (w. restrictions) ;_ | - ——— 20 (w. restrictions)

o (W trictions)
Lodl

~3 0%

= 10 E_ I 3 WL
= — I = e SRR B AL Iu E::: — . :E
o % \:\ "] |(no consensus so far) ”;“‘) / —~ ] (zobservations)
— - »-f:::l::: ot Dl

C_ <[1-(U, | +1U, | +1U, |)]

0.64 — L .

£ 1.10

g
“~ 105

1.00

O°9(§92 094 0.96 098 100
|U I + U I + U I
el e2 e3

Iunitary explorations limited by absolute flux uncertaintyI
. LAL -

natae
LNCA)
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PIMINS

NO NuFIT 4.0 (2018)

pury
w

\LIIIIIIIIIIII

||||||||||||||||||||| '1'0:— ¥ SK {
'05 0 05 1 I~ EPS 15 i (excl. atCL > 0.95) —

_1.5_1 | B e | I E=E ) ] l 1 1 1 1 1 1 1 1 1 l Iy I 1wl 1 |
Re(Z) -1.0 -0.5 0.0 0.5 1.0 1:5 2.0

J(PMNS)=~3.33£0.06x 1 0{ CKM)=3.18+0.15x10-5

PMNS triangle— CP

Anatael Cabrera (CNRS-IN2P3 @ LAL -
LNCA)



« | 2K@reactor best knowledge CP-Violation...

T2K Run 1-9

013 implications

T2K Only

Reactor

Super Chooz?

wf | [Sowerful constral
0.024 i P CPV phase VS e I 3

0.022 Sl [constrained by reactor]

0.02

;065 68.27% CL

W73 CL

CPV phase vs 023

CPV phase vs (Atmospheric) Mass Ordering
[ T2K blinded]

Anatael Cabrera (CNRS-IN2P3 @ LAL -
LNCA)



ey e CP-violation. ..

—— T2K + Reactors
T2K Only

Reactor CPV phase \"A 9 13

Super Chooz [constrained by reactor]

erfu
pow oz nature

. l l Explore our content v Journal information v Subscribe
3 2 {Reactor-613

nature > articles > article

68.27% CL Article | Published: 15 April 2020

99.73% CF Constraint on the matter-antimatter symmetry-
| violating phase in neutrino oscillations

----------
" ~~

The T2K Collaboration

Nature 580, 339-344(2020) | Cite this article
16k Accesses | 23 Citations | 986 Altmetric | Metrics

-
''''''''

R il CPV phase vs 023

j UNO [octant ambiguity]
DUNE

Anatael Cabrera (CNRS-IN2P3) — l|CLab / Université Paris-Saclay
(Orsay)




multi-MeV improves (more lisht too) ...

epowerful
A(abs)=5m A(scat)=0.5cm PID

eenergy
flow

L
@
2
L
Ly
@
Q
3.2
10°%
©
S
@
Qo
£
=
Z

stracking

(mm)

—cosmogenic BG
tagging

i L edirectionali
e ty
er/anti-matter ID (no B-fi¢
ZIANTTIRA « A E/ dx
(range)

~10MeV: supernovae (remnant, core-collapse), atmospherics, etc

Anatael Cabrera (CNRS-IN
86
(Orsay)

»aclay



E,4 dN/E, [MeV™']

Supernova at 10 kParsec

e+ & anti-v(e)

[IBD interaction]

e- & V(e)

87

p-recoil

['2C/new interaction][cosmogenic background]

E4 [MeV]
Visible Energy [MeV]

relic

relic? (hard)

(also)

relie

fast-neutron

(BG)

[ [
o o

% 2
True Hits

-
3

-
o

g ‘U Liqui nt4 simulation
<EVe> = 12 MeV, (Evc) = 14 MeV and (Eum) = 16 MeV 52% qum?f."_ﬂmw L W Conpet s - Liquid@ PRELIMINARY
5 o- ¥ ARG E . | »
0 :é lla" ]U'NO Lo n IIZICIILIC,EEE 15_1 r\:ICvl 1 20 - LiquidO. PRELIMINARY -
10 £ g § : _60;'%& et 30MeV e-30MeV  p-recoil 30MeV
5 y T (MIPtrack@annihilation). . (MIPtrack) |  (Bragg peak)
103 -:---"‘*~-.~_.3,:pes ] -20 0 20 40 60 % ?cOm] -20 0 20 40 60 % ?gm] -20 0 20 40 60 % ?gm]
e 1 main channels(%¥)...
i V'eES_--—"’.._.._.._.._.._.\:-- e , ] . m ES(e) ES(p)
10 fomm /o 1 VvV CC (12€) CC (12C ES(e) [low energy]
L ¥ v-CCon 12€ ] v )
aniti-v-CC aon"12 : 3
o1 - et ¢ . . | core-collapsmre-collapseore-collapse
02 1 10 20 50




SuperChooz : ~9 700 m3

some commohn technology but not methodology
intillator: ¥ (improvement)

Ibres ¥ (improvement)

*sesmentatton X (simplification, cheaper, less BG)

slight collection: ¥ (improvement expected)
*photo-detector: ¥ (simplicaition with SiIPM)

*MeV optimisation—Scaling R&D [=2024]

SuperChooz (~10kton) similar dimensions as NOVA (~14kton) & one module of DUNE

(~10kton)



Double Chooz 6;; measurement via total neutron
capture detection

L N\l 5 L= <

CLOUD = “Chooﬁ LiquidO Ultranear Detector”
[project:“Antimatter-OTech"]

Events / 0.25 MeV

CLOUD:
Signal(e+) > 10,000 v/day [>5M V/
year]

BG(DC) ~ =10x BG(LiquidO)

Events / 0.25 MeV

S/BG =100? same config

—BG-less reactor-v? (some per il

éy/ _wl'.'.

a new era of science @ Chooz — Europe’s most powerful reactor neutrino
underground laboratory

A

- N

P -
& e

Ao A a7
. 7 Q



the power of coincidences

low energy (=3MeV) neutrinos interactions benefit by interactions leading to
coincidences

Reines et al 1956 Raghavan et al 1977

(neutrino discovery) (pp solar neutrino ~=unobserved)

CC:0,+p—>e"+¥n CC:
major R&D by LENS et al [many years]

CC antineutrino CC neutrino

loaded @ 210% indium
threshold >1.8 MeV >4 keV
o(0) ~0.2% [<>neutron lifetime] order 1.0%? la la Ga

/ e/ y(0.5MeV) @ B-/
e oo T I
INXEL)) <im (DO)/<0.52m (LiquidO) [ fewem’s |
s 1Dy
S
Signal/BG

Anatael Cabrera (CNRS-IN2P3) — l|CLab / Université Paris-Saclay
20 (Orsay)




V discovery ploneers




” inverse-[3 decay (IBD) interaction. ..

cross-;ection known to ~0.2% [<lifetime of

heutron]

ani)ture
,\| 2C
anti-ve MI Ike \/)\

(reactor)

0.5 IIk eV) e+
coincidence

o
oenherally, no 8 P1D™

— Yy = e =~ et= Q= p=-recoil
(.Fa S_t_ n) i)S-II\IZPB @ LAL -




” inverse-[3 decay (IBD) interaction
IBD detection

IBD: anti-ve + [ art...

n-H (native)
n-C (native oil)
n-0? (native water)

apture
’\lzc \; |

anti-ve /.4”“/)\ . n-Cd (non-native)

e n-Li (non-native)

n-Gd (non-native)

coincidence

- [scale O(p_s)] 3He (non-native)
nho e+ PID mg

y~e ~et~a~p-
(faSt - n) 1)5—/N2P3 @ LAL -



solar's Indium

15|n + v(e) — @= + 1I5§n% [CC] B(GT) ~0.01;

Q, =1362

7/2- 1857

) 11/2° 713.6
110 (p,n)

T=4.76)5

coincidence: 1158n* = B- ory (E=116keV)

/ BGT)0.17; | (efy=0.96) 1156

9/2* . g1 1= 16ps
1151 {95.7%)
T=6.4x10%y

3/ 4973

E(threshold): |1 14keV [—up to pp heutrinos]

Neutrino physics with an opaque detector

_ LiquidO Consortium
3 D co i ncidence (I i ke I B D) @ 90% efficienc Communications Physics 4, Article number: 273 (2021) | Cite this article
*time-based rejection: ~10-
*position-based rejection: ~10-¢ (vertex: few m

*energy-delay rejection: <10-2 (>100PE/MeV)

. Hits perifib " Hits per fib :
Bremsstrahlung: worsen selection (understu == A B 16k

=0 L v 497 kev
1 10100

Loading In in scintillator studied for long — 10% OK!

Signal to BG =10! <0.5MeV [past: |

= essentially background-less solar-neutrino detection (radio-purity only ~10->g/g)
Anatael Cabrera CNRS-IN2P3 [ I|CLab (Orsay) - LNCA (Chooz)
Laboratories

94




i MR o - VS [3-
. ' C14 (40B¢ fadiogenic ]

= ' pp-v(133) BG

& 10E [radiogenic] )

- — (no PID: e+, Y'’s)

3 10 Be7-v(48) ﬁ- & B- BG

o [radiogenic] external Y
O /baak [radiogenic]

>

~

10! = pep-v(2.8)
= CNO-V(5.4)
10—2 i T N U Ut i
E L sy N \“ “|
-3 | ol | ] | LY A
10 0.5 1.0 1.5 2.0 2.5

Borexino, JUNO, SNO, SNO+, SuperKamiokande, etc [future: THEIA]

all that, IF you controlled purity <sle-18 g/g U/Th

[extreme radio-purity & deep underground—hard and expensive]

oday's challenge. ..

95 o (Orsay) -



 Summary on today’s 013 knowledge/experiments. ..
reactor-013 experiments: DCoODYB®RENO
estatistics: =105 (far) [<109]

esystematics:
*energy control: ~0.5%

<2010 reactor-013 [20'0-2020] cancellation
total | total rate-only shape- | methodology

statistics [ =0 - — ~100/day @
flux ~0.1%  <0.1% | rewiofrmonor
BG ~0.1% <0.1% bverburden—few/

detectio | 720} 7/4 ~0.19% — dentical detectors

energy a7 — ~0.5% |dentical detectors

“naively extrapolating” from reactor-013 experiments...
estatistics: ~10x? (far) [>109]
esystematics: (each)

possible to improve at all?
Anatael Cabrera (CNRS-IN2P3 @ LAL -
LNCA)




» Tlux handled by the Eovver f eometry. .

today’s knowledge converges. Bl

Eoal ez probidisn
reactor prediction is inaccurate (&
[unsurprisingly more complex than we thought] §
&
O
erate off by <10% [deficit] s
2
eshape off by up to =15% [structurg:J IR S A .
| 5
=our knowledge >6%(2) [=3% is very Visible Energy (MeV)

vp = Pprenp + Pprenn

Flux Decompositia
Dyypr ® Dpy
Dynpy * Dp,

N\ 998 m

"
2
o

1115 m N\

Iso-flux: .
(OF =a XDy

isoflux

Drp = DPgrerp + Prrerp

mohnitor rate+shape cancels (perfect?)

conventional ND:
—degeneracy flux & B13 (also far & small)
—slight offset to 1so-flux=> unacceptable

*flux decomposition (L<40m): perfect!
—very near detector (VINID) per reactor

—huge statistics:
[ton @ 20m: 8.2k IBD/day [FD: <2.2k IBD/day]

—no civil constﬁ@f@tq@mb[ﬁfgg%@ﬁé% space!]




* Number of reactor-intrinsic v, in AMoTech-115In (5 tons InLS (10%115In), 25 m)

LT
Z
S
=]
P
S
[
N
a
=
[\o]
5

— Electron-antineutrino spectrum s
TP B Electron-neutrino spectrum =10

10"

i) o 10 -
Eat Iy Bl “Original
Bt 3 7777; b 10:7 1 4 ] HaCked hlStogra

Neutrino per fission [MeV

-
o

-
o

=
| I I N NN I Y I I N O NN AN N N N N |

1P
i iy

107 T | T I | T T 10°0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0 1 2 3 4 5 7 v Ener Me
Energy [MeV] gy [MeV]

"The neutrino flux is lower by about five orders of magnitudesgp, ()~1016 Ve/
than that of antineutrinos” S 98

T. Nishimura et al., AIP Conference Proceedings 769, 1702 (2005); https://doi.org/
10.1063/1.1945337



https://doi.org/10.1063/1.1945337
https://doi.org/10.1063/1.1945337

LiquidO’s prototype MINI-II

(upgrade)
data taking since 2021

overall view N "-l'; 7 S 5\ Q\%
| , WV« ‘Q\ o

l/\

N

3% PMT | ﬁ RN K
B . Ll smgle electrons

[04 I 8]Me\/ mono- energetlc : *f:;‘ top view
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*water (transparent)

64 Channels I'eadOUt‘l escintillator (transparent) T control
_ (pitch &=1.5cm) escintillator (transparent<>opaque) radiator@chiller: [5,40] °C




Cherenkova/AScintillation

Cherenkov time-only ID — threshold
(no topology exploﬁed — unlike u S)

e i e [—18Mev e
| : — 1.6MeVe
______________________________________________________ ——1.4MeVe

| 1.2MeVe
— 1.0 MeV e
: . —— 0.8 MeV e
huge scattering | 0.6 MeV &
—’Spl'ead ||ght' ---------- | BRE TR TLE, - TR — ok Mey e

e

Time (ns)
LiquidO’s timing potential —

100 Anatael Cabrera (CNRS-IN2P3) — I|CLab / Université Paris-Sacla




opacity metamorphosis...

Opaque < Transparent transition
' L ' ' ' ' I ' ' ' ' I '

NW@5°C

IéiciuidO’s critice{l length (z4crfn) NW@20°C
NW@25°C

—
<

o g g NW@40°C
Light Ball] \ocw LAB
more light] : "\ ; Wgter
(few cm) { 1 5 =

—h
<
N}

—h
S
w

I
S

=
<
o
7))
cC
)
Q
)
)
o
=
-
Q
O
Q
©
<
w

Huge Opacity
=10x less light

o
%)

Shape-Only Response (A.U.)

o o
' i

3

. l%adial Pistancelt;%earq-Spot (cn;n) . I .
5 10
T beam-spot Radial Distance to Beam-Spot (cm)

IO

Anatael Cabrera (CNRS-IN2P3) — I|CLab / Université Paris-Sacla



5 5 9 : —_— NW@5°C
< < light ball region Nw@4ooc
E s M "1 LAB (no PPO)
£ £ 4 Water
2 =) i
= - I S
> kS -
§ § 3_ : | ......... LAB@PPO(Zg/L)
© © B : ; : :
S [ '
£ E e N\ | Lprojected]
pa z i : : IR s
1: B N
10 10
T beam-spot Radial Distance to Beam-Spot (cm) T beam-spot Radial Distance to Beam-Spot (cm)

effective detected light yield >120PE/MeV (@ SIPM]

>750PE/MeV —

Anatael Cabrera (CNRS-IN2P3) — I|CLab / Université Paris-Sacla



CLOUD @ LNCA. ..

nature

Events / 0.25 MeV

Events / 0.25 MeV

103

physics

—&— ND Data
No-oscillatted MC
Accidentals
9, .
= u
[Z] Fast Neutrons

1

L1 LOverburden 30m 2 Tm (surfa

5 10 15 20
Visible Energy (MeV

Article ‘ Published: 20 April 2020

Double Chooz 6,3 measurement via total neutron
capture detection

The Double Chooz Collaboration

Nature Physics 16, 558-564 (2020) | Cite this article

DC-ND:
Signal = 816 v/day

BG(Bay,p) = 39 day-! (“'some per
day”)

S/BG=21

CLOUD:

Signal(e+) > 10,000 v/day [>5M V/
year]

BG(DC) ~ =10x BG(LiquidO)

S/BG =100? same config
[demo]

possible test at the same location of Double Chooz near detector (ND)
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Neutrino physics with an opaque detector
LiquidO Consort ium

Communications Physics 4, Article number: 273 (2021) \ Cite this article

Gamma contamination

topology's PID (no timing)...
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_____________________________
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11074 (5 orders of magnitude)
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Neutrino physics with an opaque detector
LiquidO Consort ium

Communications Physics 4, Article number: 273 (2021) \ Cite this article

~0.5MeV
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