collaboration with LiquidO, AM-0OTech, CLOUD, EDF, and SuperChooz tecams. ..

UPERCHO®O

pathfinder

first pre-release

Seminar @ 1JCLab / Université Paris-Saclay
June 2022 — Orsay, France
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~50 years of neutrino oscillations...

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

what next?

(an opinion)

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
PMN S3X3§ | 2’923’9 | 3) (inconsistencies vs uncertainties)

+FAm2 & +om?2

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

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)

I ,5 % DCe®DYB®RENO reactor

O3 DYB+DC+RENO

+0m?2 KamLAND

IAm2| T2K+[l)\IYC|§VA &

1,5 %

<|.0% JUNO reactor
<|.0% | JUNO®DUNE@HK | reactor & beam
@50 | JUNOeDUNEe®HK | reactor®beam

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

2,3 %
1,3 %
NO @ ~30
32T @ =20

L ERIN eI Ty unknown | SK et 3

CPV unknown

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)



ms, [10°eV?] Am’,

[10° eV?

2
21

Am

NuFIT 5.0 (2020)

E=

IllIIIIlIIIl

lllIIllIlllI
III|III|III|

Illllllllll

llllllllllll

NuFIT 5.0 (2020)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.7)

|

| T |

)

||||||||‘|||||||

lllllllllllllllllllllll

0.2

03 04 0'5 0'6 ||||||I|||||||||I|
i B ]
sin"@,, — i
[TT T T[T T T T[T T T T [TTTT 1 C i
oo v by by v A C oo bv v v P g 1o
0.25 0.3 0.35 0.015 0.02 0.025 0.03

=52 g

sin'®,, sme13

bfp 1o 30 range bfp 1o 30 range
_ | sin® 61 03040 2013 0.269 — 0.343 11 S 0.269 — 0.343
*_g 612/° <=0 il 31.27 — 35.86 5 0 L e 31.27 — 35.87
)
Z | sin®6as NS R 0.407 — 0.618 0575307 0.411 — 0.621
Z | b2/° 49.01 7% 39.6 — 51.8 930 39.9 = 52.0
5 | sin0y3 0.0222179-99068 () 02034 — 0.02430 | 0.02240+9:99962  (,02053 — 0.02436
% | 6/ 8.57+0:13 8.20 — 8.97 8.61+0:12 8.24 — 8.98
o | sl 195151 107 — 403 286127 192 — 360
- _Ama, 7.42+921 6.82 — 8.04 7.42+921 6.82 — 8.04
10-5 oV2 -%4_0.20 -804 — O. “A24_0.20 .62 — 8.
2 Q «
10%;% £2.514%0928  L043] 5 10508 | 24070928  _o5g3 . 9412
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp 1o 30 range bfp 1o 30 range
sin® 612 1501 G 0.269 — 0.343 g 30400 00 0.269 — 0.343
g | 02/° <5 877 g 31.27 — 35.86 5 G 31.27 — 35.87
2 | sin®fas 5 e 0.415 — 0.616 D505 0.419 — 0.617
¥}
S | 023/° 4992 40.1 = 51.7 A 40.3 — 51.8
8 sin” 0,3 0.0221979-90962  0.02032 — 0.02410 | 0.0223879-99003  0.02052 — 0.02428
Y 013/° S0t 2 8.20 — 8.93 S60l 0 8.24 — 8.96
= | dop/° 19727 120 — 369 Pep s 193 — 352
AT”%l +0.21 +0.21
b T 6.82 — 8.04 zagilL 6.82 — 8.04
Am%f = 1~+0.026 , +0.028 Q- =%
W +2“)l7—0.028 +2435 — —}—2;)98 _2498—0028 —2)81 — —2414

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



no flagship neutrino in Europe!

e s “' ‘. o i j .- .~,.,
€ . ‘e % . eI S 94 M : .
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R PN o " o ; \ ; ;‘\‘;. .:\- ~: : &% s
YRl X ? N - = A S < A .
- : | 1s this enough: 5
~ SN G .".," s
i 35 )

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

2 accelerator experiments™ 0®MO & 02390,30Am?2 & redundancy

&
I reactor experiment—= MO & 0,2,00m?2 & 0;30Am?2 &

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




knowns & unknowns...

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

Mass Neutrinos (3): v(l), v(2), v(3) — assumed 23! [cosmology constraints <4]

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

*mixing parameters (3): 013, 012, 023 (octant?) — derived J [Jarkslog invariant]

*CP-violation parameter (1): © “{ unknown [SM])

Mass Squared Differences (2): 6m2 (i.e. Am2),)
Am?2 (ie. Am2;3 or AmZ3)

Mass Ordering (MO):
+bm? (solar data — observed!) /f 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 fermions?]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



. SM's |leptonic mixing\sector (PMNS)...
Uel UeQ UeS /
(U,ul U,LL2 Uu3)< Ve

UT]_ UTZ UTS

consider full matrix structure
(not just composition)

why shape? Usx3 unitary?

*large mixing but a small one! [assumed!!, not demonstrated]
*largest CP-violation (5M)

any symmetry behind? [or Nature’s capricel]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



structure-wise CKM vs PMNS...

CKM

1.0

stravaganzza elegance
(anarchy?) (symmetry)

A. De Gouvea, H. Murayama, hep-ph/0301050; PLB, 2015.

L. Hall, H. Murayama, N. Weiner, hep-ph/9911341.

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



10

PMNS

NG NUFIT 4.0 (2018)

-
w

_IIII|IIII|IIII|IIII|I -1.0—— v SK—_
B % : sol. wcos2p<0
- 1 -0_ 5 0 0_ 5 1 - EPS 15 E (excl. atCL > 0.95)
_1.5h1 T R I AN AN AN B 1~
Re(z) -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P

J(PMNS)~3.3310.06x10-2 J(CKM)=3.18%0.15x10-5

PMNS triangle (= CP violation)...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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les monta-gnes des Ardennes
(France - Belgique)

- Gravelines

Chooz

Flam anville

a™

Chooz is tiny cute little village in the Ardennes

00Z!

(8 N A |

Chooz = super-powerful reactor(s) @ overburden



o : : .
Chooz-B 2x N4 Reactorsj| \: 1 |

[since 1990s]

EDF CNPE Chooz-A Dismantling

CNPE Chooz-B... (up to ~2050

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




|

| Chooz-B nuclear reactor plant: 2x N4 reactors [4.2GW thermal each]



o *
- Ny —'v \
3 ]
ll
> y
= - ..

as S | ,
Chooz-B 2x N4 Reactors
[since 1990s] y

'l

LNCA-FD-Hall (CNRS/CEA)

EDF CNPE Chooz-A Dismantling

les montagnes des Ardennes

Curope’s best reactor neutrino site. ..

|5 Anatael Cabrera CNRS-INZP3 /'l|CLab (Orsay) - LNCA (Chooz) Laboratories




O

LNCA-ND-Hall (CNRS/CEA) \\ i //
N, ‘ e
/ \\\~\ /(;'

B
= Neutrmo Detector -y
/

Liquid Scintillator] ~
7 N
& // /#‘ ‘ar&'l \\ 2

' Chooz B 2x N4 Reactors
' [since 1990s]

Ral
fzﬁ

LNCA — - Near & Far Detector Hall
| ND baseline: 400m: <40v/day+ton
FD baseline: | |00km: <6v/day<ton

,w/ /

LNCA-FD-Hall (CNRS/CEA) O

les montagnes des Ardennes

Double ChooZz' site (well known)...

| Hervé de Kerret's vision since CHOOZ' experiment I

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

EDF CNPE Chooz-A Dismantling|




!

@ Chooz

More sSclence

|7



&

underground laboratories facilities are...

*too small?
*too shallow?
*baselines OK? (designed past experiments)

note: all known issues in “Double Chooz" (today’s state of the art)

18



reactors normally close sea & large rivers

depth HyperKamiokande =~ JUNO
[=700m]

depth Gran Sasso ~ SNOIlab
[>1km]

reactor underground challenge. ..

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




( ®(@20m) = <40 veday-'ton-! ) C ®(@]1.1km) = <6 veday-'*ton-! )

a4
g Iz u
OINCA-ND (30m) | LNCA-FD (100m)

depth HyperKamiokande =~ JUNO
[=700m]

depth Gran Sasso ~ SNOIlab
[>1km]

reactor underground challenge. ..

20 Anatael Cabrera CNRS-IN2P3 /'l|CLab (Orsay) - LNCA (Chooz) Laboratories
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new underground laboratories exploration...

*too small & bad baseline! & new laboratories!
*too shallow! = new technology!
*new structure at Chooz

LNCA (DC: CNRS/CEA) @ LNCA (CNRS)
[A.Cabrera; 2014-202 1] [J-F Le Du; >2022]

F @

science @ Chooz: yes!

23




new era of coop

o

g
b

eration between...

5




an underground secret. ..

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



Chooz-A former nuclear reactor

=
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dismantling

26 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories
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recycling Chooz-A for science!

two huge caverns already built of the size of Super-Kamiokande just next to Chooz reactors!
(unique site in France / Europe / World?)

] =]

-
5 e

- N J \ o e _§~. :
""ﬁél%SUE!!! overburden <100m rock (or <300 mwe)

28 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories
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Anatael Cabrera CNRS-INZP3 [ l|CLab (Orsa

fuel-pool cavern

construction caverns [ 1962-196/]

- LNCA (Chooz) Laboratories




Notre-Dame de Paris

® Pose de la 1¥pierre ™ Superficie totale
1163 5500 m? £~ Hauteur

de la fleche Cheeur

96 metres ‘

= Nombre de colonnes
et piliers 75

® Charpente de bois
1300 chénes,
soit 21 ha
de forét Hauteur
des tours
69 métres

Transept

Nef

Hauteur de la fagade
sans les tours
45 métres

Longueur
etEeur totale
de la facade g8 m

43,5 metres

. ; @ Porte du Jugement

’ \ @ Porte de la Vierge

S il Eclairage Porte Sainte-Anne
44?///& . du parvis o
Notre-Dame
de Paris
l_ongueur { La cathédrale la plus longue
=120 m — JrE—— estcelle d’Amiens (146 m).

hauteur
3 lintérieur
=35m

La plus haute a Uintérieur

est celle de Beauvais (= 48 m)

s haute a Uextérieur
hauteur e de Cologne,
3 Uextérieur en Allemage (=157 m)
=93 m

Notre Dame de Chooz!

30
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SuperChooz cavern since the 607s...

Super Chooz?|

(France/Europe) | Lo Skl | .
e M € | R ' 45

historical opportunity!! one of the largest underground laboratories in Europe — free?

31 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories
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UPERCHOO:




/l 4 of e--J : el |

‘fi‘!cnrs |

IJCLabCJaSubatech teams — Octobre ZOZO

CNRS/IN2P3 d|rect|on i March 2022

EDF®CNRS exploring.




CNIIS

UPERCHO®O

pathfinder

3 main challenges. ..
*new laboratories
*new detector technology
*new physics program

— must demonstrate ALL are feasible at once by <2028

-

|CLab leading the way...



if exploration was successful— experiment >2030...7

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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TLNCA-ND 3om) TLNCA-FD (100m)

( ®(@20m) = <40 veday-'ton-! ) C ®(@]1.1km) = <6 veday-'*ton-! )

depth HyperKamiokande =~ JUNO
[=700m]

Double Chooz config. ..

38 Anatael Cabrera CNRS-INZP3 /' [|CLab (Orsay) - LNCA (Chooz) Laboratories
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_m {2 LNCA-ND (test) Super-Far-Detector -

2x Ultra-Near-Detectors @Chooz-A — _____I_—- ‘
@Chooz-B 100 °lor‘ é
GRATls“-\;& j

e

extremely low overburden— new technology needed
(impossible with today’s technology)

SuperChooz config. ..

39 Anatael Cabrera CNRS-IN2P3 /'l|CLab (Orsay) - LNCA (Chooz) Laboratories




""\“ \\\ 2 Yltest “facility”

5 | & international |
Nr-— AN s A B L\
. |ILNCA-ND-Hall (CNRS)| \
—— !‘Lg_.__,—

: e : \” Cent ol
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\\ ; : __’.}_,;;::.‘;- . " '\ i
& Uitra Near”? [<20m] [l

—

/ 'A"'

8.4GW(thermal)— ~102lv/s

Super Chooz [30 000m3]

«>50m overburden

*LiquidO: O(<10 000m?3)
.-"

‘e
.
‘e
o

‘e
.
‘e
»

.
- .
.
.
o

les montagnes des Ardennes (overburden: =1 00m rock)

curope’s best reactor v site...

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




CNIIS

UPERCHO®O

pathfinder

challenge |: new detector technology
(goal: major background reduction)




extremely low overburden— new technology needed

(several experimental requirements impossible with today's technology)

e ¥ - -
CTF @ Gran Sasso
(Borexino R&D)




by the LiquidO consortium...

the needed new technology...

43
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LiquidO Consortium*

J.dos Anjos®, L. Asquith®, J.L. Beney9, T.J.C. Bezerra®, M. Bongrand?, C. Bourgeois'", D. Brasse®, D. Breton!",
M. Briere!”, J. BustoP, A. Cabreral™, A.Cadioud, E. Calvo®, H. Cardunerd, V. Chaumat™, E. Chauveau®,
M. Chen®, P. Chimenti®, F. Dal Corso*®, A. Dahmane®, J.-F.Le Duf®, S. Dusini*, A.Earle’, C. Frigerio-Martins®,
J.Galan®, J.A. Garcia®, R. Gazzini®", A. Gibson-Foster*, D. Giovagnoli®, P. Govonii*4’, M. Grassi¥’,
W.C. Griffith*, F. Haddadd, J. Hartnell*, A. Hourlier8, G. Hull™, I.G. Irastorza®, L. Koch!®, P. Laniécefa’fﬁ,
C. Lefebvre®, F. Lefevre?, P. Loaizafa’fﬂ, G.Luzén®, J. Maalmi®®, F.Ma.ntovanida’dﬂ, C.Marquet”, M. Martinez®,
Lis Ménardfa’fﬁ, D. Navas-Nicolas™, H. Nunokawa™, M. Obolenskyfa’fﬂ, J.P. Ochoa-Ricoux®, C. Palomares®,
P. Pillot4, J.C.C. Porter®, M. S. Pravikoff®, M. Roche®, B. Roskovec!, M.L. Sarsa®, S. Schoppmanniﬁ,
A. Seraﬁnika’kB, W. Shorrock®, L. Simard®™, M. Sistii®, D. Stoccod, V. Stratida’dﬂ, J -S. Stutzmann9, F. SuekanetP,
M.-A. Verdier™ ’fﬁ, A. Verdugo®, B. Viaud?, A. Weber'”, and F. Yermiad

2Centro Brasileiro d 2290-180, Brazil

¢CIEMAT, Cent; blutense 40,

Km 380,

Padova, Italy
arles University,

38097, 22451-900, Rio de

"Department of Physics, Engineering F rsity, Kingston, Ontario K7L3NG6,
°Department of Physics and Astronomy, University of California at Irvine, 4129 Frederick Reines Hall, Irvine,
California 92697, USA
PRCNS, Tohoku University, 6-3 AzaAoba, Aramaki, Aoba-ku, 980-8578, Sendai, Japan
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"Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, United Kingdom
SCentro de Astroparticulas y Fisica de Altas Energias (CAPA), Universidad de Zaragoza, Calle Pedro Cerbuna
12, 50009 Zaragoza, Spain

invention/conception 2012-2013 — since 2016 consortium (~20 institutes & 10 countries)
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our first publication...

nature
communications physic

Articﬁ Open Access | ablished: 21 December 2021

Neutrino physics with an opaque detector

LiquidO Consortium

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

1867 Accesses ] 1 Citations ‘ 10 Altmetric ] Metrics

Abstract

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 opague 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.

proof-of-concept: simulation & data [M=LiquidO]

physics potential — appetiser

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

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


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

atest results: a few weeks ago
https:/liquidoijclabin2p3ir.

on behalf of the LiquidO consortium...

XXX Neutrino Conference
June 2022 — Seoul, South Korea

Anatael Cabrera
ne Joliot-Curie CNRS/IN2P3
uperstd | S QA Yopeme  ICLREER ety

major release with the latest experimental results @ Neutrino 2022 conference (June 2022)

https://media.neutrino2022.org/talk/talk session_apply/108/20220603220651_33.pdf

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


https://media.neutrino2022.org/talk/talk_session_apply/108/20220603220651_33.pdf
https://liquido.ijclab.in2p3.fr/

stochastic light confinement

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

Vanilla LiquidO: 1D lattice (fibres along Z-axis only)

Hits. ér Fibre

1 10: 100

BTTOM VIEW: (X,Y) Projection— readout BOTTOM o ' B
Hits per Fibre
T 2

LiquidO can have up 3 orthogonal fibre lattice orientations (3D) L 10100

47
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Vv discovery pioneers (1950%)...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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inverse-3 decay (IBD) interaction...

IBD: anti-Ve. +—> et + n

cross-section known to ~0.2% [<lifetime of neutron]

n-capture

(delay)
* n

anti-ve
(reactor)

(0.51 1keV)

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

cenerally, no e+ PID

— Y = e-=et=qa= p=recoil (fast-n)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



unprecedented PID@MeV ...

potential: reduce overburden/shielding

[
o
w
True Hits

[
o
N

signal

opacity — (native)iSelf®fsegmentation

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

~ 4 i - 50
IMeV: reactor, geoneutrino, solar, PR decay, etc Anatael Cabrera (CNRS-IN2P3) — I|CLab / Université Paris-Saclay (Orsay)



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

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

Electron 50MeV A(abs)=5m X(scat)=0.5cm

&

N » (2} (_5 o
Number of Hits per Fiber

epowerful PID

*energy flow

0

(o]
_J!
M R O o= = =
=)

=
Number of Hits per Fiber

—
-
n

stracking (mm)

—cosmogenic BG tagging

L1l |

edirectionality

N o *dE/dx (range)
d =
‘matter/anti-matter ID (no B-field!)

-40 -20 0 20 40 60 80 100
X [cm]

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
b
—
—

~10MeV: Michel-et (u-decay), supernovae (remnant, core-collapse), low energy atmospherics, etc
Anatael Cabrera (CNRS-IN2P3) — [|[CLab / Université Paris-Saclay (Orsa




LiquidO’s prototype MINI-II (upgrade)

data taking since 202 |
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overall view

3” PMT

| (test transparency)

L]
top view
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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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Neutrino physics with an opaque detector

topology's PID (no timing)...

a) ~X[cm] x[cm] (b)
40 20 20 -20 20

Electr

LiguidO Consortium

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

S
2,
>

~0.5MeV

1 o k o(xX)s5mm

{ normally (r=30cm < =1.5ns for oPMT)
Hits per fibre

I

¥l —~NO e/y PID

Fibres along 1 axis, A;=5mm, £=3%

-
Fibres along 2 axes, A,=1mm, £=3% 107 ©
Fibres along 1 axis, A,;=1mm, e=100% ! o
LXe | ,©

-------------- - 110™ <
E ol

ZiecoZsource (MM) B =4V Vb N---F---------fF--f--------1 LAB —10_3
10 wt%]
indium!
"""""""""" ‘;10_4

T e LAB {10°°

1 |
0.8 0.85 0.9 0.95 1
Electron efficiency

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

(d)
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Cherenkov. / Sciatillation ID. ..

Cherenkov time-only ID — threshold
(no topology exploited — unlike Y's)

aw data (no ToF, etc corrections)

— 1.8MeV e
— 1.6 MeV e :
== 1.4 MeV e
: 1.2 MeV e
— 1.0 MeV e
— 0.8 MeV e
: 0.6 MeV e _
—O4MeV e

LAB (no PPO) transparent

L ' ﬂ“l-j“'-*‘bth "-li =

100 150 200 250 300
Time (ns)

LiquidO’s timing potential —

54

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



CNIIS

UPERCHO®O

pathfinder

challenge |: new laboratories
* )X ultra-near-detectors
* | X super-far-detector



test “facility”
mternatlonal ‘.

;\» _

Super Chooz [30 000m3]
«>50m overburden
*LiquidO: O(<10 000m?3)

.-"

les montagnes des Ardennes (overburden: =1 00m rock)

Curope’s best reactor V site.

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




European W *1 UK Research

Inhovation
. and Innovat

first LiquidO-based e

CLOUD = "Chooz LiquidO Ultranear Dete
[project: “AntiMatter-OTech']

Xperiment. . .



CLOUD background control...

nature e
thSICS " [ A ! Article | Published: 20 April 2020

1 04 ................................ - ND Data — T} Double Chooz 013 measurement via total neutron
No-oscillatted MC capture detection
B Accidentals
U

[Z77] Fast Neutrons Nature Physics 16, 5568-564 (2020) | Cite this article

The Double Chooz Collaboration

BG B 2 DC-ND:
G bt ) Signal ~ 816 v/day

——x—=—— |BG(30,y,p) = 39 day-! ("“some per day”)

Events / 0.25 MeV

_ Double Chooz IV: Near (258 live-days)
10 |30ton®L=400m®30m overburden
5 10 15 20
Visible Eneragy (MeV)

S/BG=21

No-oscillatted MC
Accidentals

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

BG(DC) ~ 210x BG(LiquidO)

>
()
=
L0
N
(@)
~
2]
-
c
()
>
Ll

S/BG =100? same config [demo]

10 15
Visible Energy (MeV



CLOUD @ LNCA...

nature
thSICS " [ I ! Article | Published: 20 April 2020

10* & —+— NDDam ‘ Double Chooz 6,3 measurement via total neutron
No-oscillatted MC capture detection
B Accidentals
L

[Z77] Fast Neutrons Nature Physics 16, 5568-564 (2020) | Cite this article

The Double Chooz Collaboration

DC-ND:
Signal = 816 v/day
BG(B-ay,p) = 39 day-! (“some per day”)

Events / 0.25 MeV

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

30ton6L~400ma30m overburden| >/ BG~2l

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

BG(DC) ~ 210x BG(LiquidO)

>
)
=
To)
N
o
S~
%)
2|
C
o
>
L

S/BG =100? same config [demo]

possible test at the same location of Double Chooz near detector (ND)
(well known signal & backgrounds)



dltra-near @ Chooz...

naulr e ARTICLE
phySiCS First Double Chooz 6;3 Measurement via Total Neutron Capture Detection

Double Chooz @ 400m — CLOUD @ ~20m?

Begin of reactor End of reactor

off period off period
1 day

B ]

Period displayed

IBD candidates (BG subtracted)/0.5 MeV

Energy (MeV)




vast scientific programme. . .

EUropean . UK Research

IAnovation and Innovation
Council

L & U

scientific programme to be released soon — innovation (protected)

Innovation Programme (confidential for now) — “Antimatter-OTech”
Fundamental Science Programme (soon)

""‘EDF (France) — first time in neutrinos!
*CIEMAT (Spain)
*1JCLab/Université Paris-Saclay (France)
+J-G Universitit Mainz (Germany)
*Subatech/Nantes Université (France)
*Sussex University (UK)
*Charles University (Czech Republic)
INFN-Padova (Italy)
*UC-Irvine (US)
*Universidade Estadual de Londrina (Brasil)
*PUC-Rio de Janeiro (Brasil)
*Queen’s University (Canada)
*University of Zaragoza (Spain)
*Tohoku University / RCNS (Japan)

CLOUD collaboration (EDF®13 institutions over 10 countries)



test “facility”
international |

b —
[LNCA-ND-Hall (CNRS

e - U —
i e \\' '_'

- -—".A’;,-’::,‘ o .
“Ultra Near”? [=20m] [l

—

Super Chooz [30 000m3]
«>50m overburden
*LiquidO: O(<10 000m?3)

."

Laboratories
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Chooz-A Reactor Cavern (<I00m underground & 30,000 m3)

X
¥
78
”

vy
r" 1‘36

AL

Chooz-A Reactor Cavern

Water Pool

SuperChooz (Far Detector)
(order |0kton LiquidO)

Laboratories



L1 Qu I b

can we make BIG?

65
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much demonstrated by NOVA (~[4kton)...

66

L

SuperChooz very similar dimensions as NOVA

common technology but not methodology
escintillator: ¥ (yield improvement)

*fibres: v/

slight collection system: ¥ (improvement?)

*photo-detector: ¥ (APD— SiIPM OKY)
edifferent optimisation: R&D

GeV OK! But ~1MeV physics @ 10kton?
(R& D) Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



CNIIS

UPERCHOO

pathfinder

challenge lll: new flagship experiment physics programme

i



vationale. ..

o high precision SM's neutrivo oscillation
— SYywergise with JUNO & HK@DUNE

e vieutrivoes as probe BSM-— discoveries?

— be\jowd -{;od’a\j)s Paradagm?




-l:oda\j) S menu . .

e B & | Aw*| — high precision SM

e B & G — high precision SM

o vew Families/interactions test(s) [BSM]
o CPT violation — SM cohevrence? [BSM]

o unitarity violation — SM completeness?
— weutyivio 2< anti—wneutyrivo [ESM]

o Pro-(;ovs deca\j search: multi—chavivell [BSM]
o supevvovae: cove—collapse & vemnwant (bo+h)

T omas
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anti=v (fission)

q)(@zom) =~ <40 V’day-|ot0n-| )

oW W
PSS
a a

e VUl
2x Ultra-Near-Detectors £ LNCA-ND (test)
@Chooz B

Super-Far-Detector
@Chooz-A

®(@20m) = <l 6k veday-'*ton-! O(@]!.1km) = <6 veday-'*ton-!
®(@20m) = <I0M veyear-'[2ton] P(@]I. Ikm) <22M veyear-'[10kton]

reactor underground challenge.

71 Anatael Cabrera CNRS-INZ2P3 /' [|CLab (Orsay) - LNCA (Chooz) Laboratories




test “facility”
mternatlonal ‘

'*\ Chooz B = 2x N4 Reactors: 8. 4GW(thermaI)—> ~102ly/s

23
-
3
-
03
'0
g

Super Chooz [30 000m3]

«>50m overburden

*LiquidO: O(<10 000m?3)
.‘,‘

‘e
.
‘e
o

‘e
.
‘e
»

.

Laboratories



experimental setup... ”

=

N
&
7
>
e’
>
)
©
—
e
"
e
<
o
-

- Dominated

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

sreactor: extreme source of neutrino (commercial= | GW=2x1029/s) — no running cost.
*3 measurement regimes: depending on baseline (L):

[UND] zero=-baseline (L—~0km): ¢(reactor) — and/or new physics?
[SFD] short-baseline (L=~ 1km): 6 1 3®Am?2 [multi-detector: ¢p{reactor)]

*[JUNO] i = : and-H 3 oAm2fenoushresolution

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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s summary on today's 013 knowledge/experiments...

reactor-013 experiments: DCODYB®RENO

estatistics: =105 (far) [<106]
esystematics:
*senergy control: ~0.5%

<2010 |  reactor-813 [2010-2020] el
total total rate-only shape-only methodology
statistics ~0.1% ~100/day @ <1.5km

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

flux ~0.1% ~0.1% <0.1%
BG ~0.1% ~0.1% <0.1%
detection ~0.1% ~0.1%

energy ~0.5% ~0.5%

overburden—few/day

identical detectors

iIdentical detectors

“naively extrapolating” from reactor-013 experiments...
estatistics: ~10x? (far) [>106]
ssystematics: (each)
possible to improve at all?

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



7 review reactor 013 sensitivity evolution...

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

estatistics: =107 (far) [=20x today]
edetection systematics (~today: ~0.1%)
eenergy control (=0.5% precision — today)
= flux & BG systematics— nhew techniques!!!

ktons x years

R+S, 0.05% Det.
R+S, 0.10% Det.
| = R4+S, 0.50% Det.

R+S, 1.00% Det.

~1.0%

sub-percent
region

statistics only 1/VN

10’ 10° 10°
Events on Far Site

translator: | kton implies ~2x10¢|BD/year— ~4 IBD/min [~50x today]
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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Power: 2x 4.2GW/(thermal)
Reactor duty-cycle: ~85% [refuel]

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




overall B13®Am?(ee) sensitivity...

Output Am?2, unc. sin® 263 unc.

<0.5% <0.5%

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

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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leptonic sector unitarity with LiquidO!

EEEEEEEEEEEEEEEEEEEEEEE HEP2019
- .

ovvard S

e N
g et o3
Anatael Cabrera ¥ \v”_'h";;’ - N
CNRS/IN2P3 7 S S 5
LAL@Orsay ST g
LNCA@Chooz & .

Conference @ HEP-European Physics Society (July 2019 @ Ghent Belgium)
Web: https://indico.cern.ch/event/577856/contributions/342 1609/



why B5 & | Aw?| ?

e wov\d most precise G/l [~10x better]
e CP violation — sYyweygy Hi< & DUNE

e Mass Ordevivxg — ey input for JUNO
o PMNS skave: the smallest teyim?

e measuvre §z%7 — synergy HiK & DUNE
—s vesolve the “octact” [unmkwvouwn!]

— PMNS ska\ve: the \argech teym/
* Unigque cvoss—check JUNO's /\ m* wto?

B T ICLab (Orsay) - LNCA (Chooz) Laboratories




EPSTICTE casure CP-violation.. .

N n | | | |
ol 0.034 -/ —— T2K + Reactors
m;f 0.032 |- T2K Only
- — Reac:’r CPV phase vs 013
E Super Chooz [constrained by reactor]
0.028 [—

nature

Explore our content v Journal information v Subscribe

nature > articles > article

it ettt
68.27% CL
99.73% CL

Article | Published: 15 April 2020

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

CPV phase vs 023

Crltlcal IHPUt [octant ambiguity]

JUNO

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



. Super Chooz potential under investigation. ..

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

1 ) NI
PRELIMINARY

0.75

Sil’l2 923

Reactor-613

0.25F—Current

95% CL (dashed)
99% CL (solid)

synergy: SC 613 may help to resolve the “623 octant” ambiguity

Super Chooz: the smallest but powerful...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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anti-v (fission)

PSR

o o
oy V- Ul
2x Ultra-Near-Detectors

@Chooz-B I

C ¢ (pp) = few veyear-'ston-! )

extremely low overburden— new technology needed: reject ''C production [+ decay]

(impossible with today’s technology)
depth Gran Sasso ~ SNOIlab
' [> Ikm]

reactor underground challenge.
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Events (A.U.)

10!

1072

10°

Be7-V(48)

G- BG (“wall”)

radiogenic
' C14(40Bq) [radiogenic] |
:x// pp-V(133) R

/Kr85(30)

[radiogenic]

B- & B-BG

e- vs [3-

(no PID: e+, y’s)

[radiogenic]

C11(26)

- -
..
-
-
-
‘-
.’

Bi214(1.5)

external Yy
[radiogenic]

BG

[cosmogenic]

T1208(1.5)

-
..
-------

-
- -
-----
-
-

-
.~

2.0 2.5

Energy (MeV)

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...

84
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rl . ‘\ 1.

m/J ~

neutrino elastic scattering: too hard. ..




solar v physics: progress stalled?
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neutrino: Inner-most Sun's sight. ..

pp chain
pp-v pep-v

- V)
p+p—2H+er+v, p+e+p—2H+v, pp [+0.6%]
99.6% 0.4% '
H+p —>3%He +vy

85% 2x105% 1op

"Be [+6%)]

pep [£1%]

BC+p->"N+y
3He + 3He — “He + 2p|1|*He + p — *He + e* + v,

pp-I 15% 170 + p — 1N + “He

SHe + “He — "Be + ¢
"Bey 99-87% 0.13%

7 — 71 i , 7 8 A
Li+p—2*He |88 |*B—5%Be +et+,
pp-ll 99.96% 0.04%
8Be* + p — 2%He 1

pp-ll Neutrino energ

2 main reactions... spectral precision of the ‘“Solar-SM”
*pp chain (dominant in Sun still) sextreme =% precision
*CNO cycle (older stars dominant) beyond today’s knowledge with neutrino?
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solar's Indium coincidence.

7/2- 1857
115 - 115 % B(GT) ~0.01;
In + v(e) = e- + 1158n%* [CC] s . o
. : [_;:Z 100.8 {e/y=5.7)
coincidence; 1158n* — [3- ory (E=1[6keV) e 7z 6128

'B(GT)=0.17; (e/y=0.96) 115.6

9/2* Q, =114 T = 16ps
1351n {95.7%)
T=6.4x10"y

3/2- 4973

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

Neutrino physics with an opaque detector

LiguidO Consortium

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

3D coincidence (like IBD) @ 90% efficiency
*time-based rejection: ~ [0
*position-based rejection: ~10-¢ (vertex: few mm)
*energy-delay rejection: <102 (>100PE/MeV)

Hits per.flbre BN o Hits per fibre

Bremsstrahlung: worsen selection (understudy) B 116keV - - C ok 116,('3\,.-'::"'::':.:
By 407 keV I:I v 497 "9.‘{-‘. '3
Loading In in scintillator studied for long — 0% OKI! 1 10; 100 L 100

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

= essentially background-less solar-neutrino detection (radio-purity only ~10-1>g/g)

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



solar spectra extraction...

>
> >
= -

(T'g)
2 o
o Q
s @

>
= [
LLl

1 10 10

Visible Energy [MeV] Visible Energy [MeV]
Signal to BG =10x Full Spectral Information:
(BG only <0.5MeV) *Neutrino Energy (CC interaction)
*High Statistics: 10% (In loading) x 10 years
[missing Bremsstralung] *Light level: 2100PE/MeV (thershold: 0.|MeV)
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solar spectra knowledge. ..

higher light levels expected — 100PE/MeV considered as most pessimistic scenario

+ v signal
+ "®In 8-BG

“C B-BG

: + v signal
+ "sinp-Ba

“C B-BG

Events/0.05 MeV
Events/0.05 MeV

Events/0.05 MeV

>
)
=
0
Q
4
n
£
c
o
>
L

1
Visible Energy [MeV]

10 " 1

Visible Energy [MeV] Visible Energy [MeV] Visible Energy [MeV]
light yield I00PE/MeV light yield 500PE/MeV
(pessimistic) (too optimistic?)

higher light yield optimisation (> 100PE/MeV) — scintillator R&D
*better selection: even higher Signal-to-BG — even pp may go “BG-less™

*better spectral resolution— better CNO direct sensitivity (else under pp®’/Be®pep)
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solar spectra knowledge potential. ..

1.2 5 5 potential: all spectra
, Borexino rate : measurement precisions better than
115 SK rate 5 SSM predictions (HZ vs L7)
: : SC statistical rate
SC fitted rate

Relative Uncertainty

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

—

(=)

o
|

SNO flux

Predicted flux KONOKlSEd ... ..° Prediction:
*SSM HZ & LZ

*SNO-NC for ¢(:B)

N a0

note: o(In) < o(ESS)

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

ISSUE: exclusive In cross-section knowledge? Possible ~1%? [a la Ga]
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solar oscillation transrtion...

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

= SC fitted rate error  [# superchooz

o 4 SNO flux error = - - ! o | W Borexino

+ HZ-SSM flux error - °

oo nImmomnmmMIImImomoIIIIImnomonoMmII o I R gTTTTTTTm

—measure 012 & om?2!
(neutrino)
""""""""""""""""""""""""""""""""""""""""" PP direct comparison with JUNO
[with precision <0.5%]
(anti-neutrino)

.............................................................................................................

..............................................................................................................................................

Neutrino Energy [MeV]

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

use ¢(SNO-NCQC) for 8B control [1.5,10] MeV — ultimate limitation?
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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%]
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inner most (fusion) solar neutrinos...

94 Anatael Cabrera CNRS-IN2P3 /'l|CLab (Orsay) - LNCA (Chooz) Laboratories




why solar neutrivoe' s B, & §n* 7

o wor\d most precise vweutrivo B/ [§n*7?]
o compave to anti—weutrivo G, (JUNO)

— unique cvoss—check of JUNO

o Fivst map (sawmple) MSW shape (few %)
— wew wievractions? [BSM]

o cvosS—check ot JUNO)S 6VV\L
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physms II: reactor®solar Inputs..
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. 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)



combining so\av@reackor o

° compaye +o jUNO)S anti—wveutyrino eil
— A?‘('QC‘E CPT viola+tiow (BSM) Cdiscoverypotential)

e PP For unmitarity violation (BSM)
— Flux kown to ~0 6% (i)

o improve veactor Hlux {197
— Pvove uvﬁ-l:@‘(i-l;\j violation (BSM)

( discovery potential)

ROINZPS  ICLab (Orsay) - LNCA (Chooz) Labordtories
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=7

Unitarity

(violation?)




unrtarity 1s behind all our definitions...

UNITARITY implies...

o|lF 3 neutrino standard states — non-standard cases?
[In agreement with quark's 3 families]

— 2 mass difference: Am?2 & om?2
= 3 independent mixing angles: 0,2,023,0,3

= | (Dirac) CP-Violating phase: dcp

[i.e. a 3x3 unitarity matrix may be complex]

if 4 families, expect more Am?'s, @'s or Ocp's = 3x3 effective approximation

testing UNITARITY — testing for new families + more!!

(regardless of kinematics)
Anatael Cabrera (CNRS-IN2P3 & APC)



o  testing PMNS Unitarity (\epton universality)...

Uel UeQ UeS
U U U |71 Ve = best precision?
U U Us) | e
Vu = good precision
V1 = poorest precision

\_ Vi V2 V3 )
l]l]T — UT U — I = many equations!!

[norm & triangle-closure]

since no CPV (yet) = test Unitarity horm of ‘“each row”

2 2 2
(Up "+ | Up ™+ |Usl|™ =

| U 1‘ + | U, 2\ +|U \ — ] = explore “electron top-row”

a priori only “0,2” and ¢“0,3”...
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



today's (e=row) unitarity knowledge...

3L (@) ;
10 E

1o (w. restrictions)

20 (Ww. restrictions)

H. Nunokawa et al (arXiv:1609.08623v2)

0.96

0.98

2 %
U I +I1U0 I +1U .
el e2 el

1.00

2
|

3] 2 o7
8 4 Am .. are fixed 30 (w. restrictions)
N | 1 .5
10 _é' —————— 1-30 (W. unitarity)
1()—5 ' | 1 | I i fl o~ 3 o o
: T T I : : T IIII|III 1 LILLRLLL \I:l ux~ . /o
0.68 -® , dE (©) 3
- _0.67 — / 4F i - restrictions: [U_ " +1U_I" + U _,I" <1
= 0.66 dE 3 . . e
0.65F 1k 3 & . g[l—(erll + |Ue:| + IU€3| )]
0.64 = 1 1 1 | Al Laann
] T 1 | - LI ) IIIIIII L LLLLLL ] 1
(d) |
0.305 I -
—30.300 -
0.295
0.290
1.05
T 1.00 1 .05
1 B
=

1()2IIIIIIIIIIIIIII o
(a) ? lo (w. restrictions)
107 % _é A ) 20 (W. 1'cst1'%ct%ons)
i Am .. are fixed 30 (w. restrictions)
. 1 o
10 x = @ 2=  me————— 1-30 (w. unitarity)
=), Ll I | 1 I L1 I Ll I I- °
10 ~
_I LI I LI I LB | I LI | I I_ B 1 IlIIr"I T IIII“TI T IIII_ fl ux~6.o /o
0.68 —(b) 1E (C)—_
- | - = -

. 0.66 / HE i - restrictions: 1U I"+U _I"+IU |” <1
0.64 - 1E B 0<C, <[1-(IU_ I'HIU_I"+IU )]
()() L1 I L1 I L1l ll 1 ll 1 1 llllull 1 lIlIu]l L L1l

1 II L) III LI I LI | II_ B 1 IIII“TI T ||||I'I'I'| T IIII_ L) IIIIIIIIIIII"I-III
(d) N
0.300 -

|
' 1E e 1 ® N
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92 094 096 098 1.00
|2 |2 I2
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‘unitary explorations limited by absolute flux uncertainty\
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reactor flux discrepancy...

T T T | T T T T T T T T T T T T T T T
—&— Bugey-3 —— Daya Bay —7— ILL —>— Palo Verde  —#=— Rovno91
—— Bugey-4 —<— Double Chooz —%=— Krasnoyarsk —¢— RENO SRP

—~—  Chooz —<— Gosgen —%—  Nucifer —#%— Rovno88 STEREO

generally excellent agreement among all experiments

until 201 1, excellent agreement to ILL-based (i.e. data) prediction

now =7.0% mismatch between ILL-prediction and data

Anatael Cabrera (CNRS-IN2P3 & APC)



reactor flux uncertainty...

1 ° 2 r r r 1 1 T 71 11 .
5 5 —¢— ND Data / Model ratio
. Double Chooz IV Empirical Fit CD(reactor).[gxp]
S T o [ Model Systematics best precision
Lodfo o K] 40212/ 21 (prob: da%) (~0.9%)

- |R:O.925i0.0 [ 0(exp)i0.0235 model )|

L)
ﬂ_
ﬂ—
ON
=
o
o
>
X

S

1.0 =

prediction fails to match
both rate & shape!
[not just rate]

0.9

Data (ND) to MC Prediction Ratio

o
(o0

Hervé de Kerret et al

Shape Uncertainty
~2.2%—6.0%?
Visible Energy (MeV) [surely <10%]

nature ARTICLE

ph 7 SiCS First Double Chooz 613 Measurement via Total Neutron Capture Detection

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



\Y4

—=- Bugey-3 —+— Daya Bay < ILL $— Palo Verde Rovno91
—o— Bugey-4 —<— Double Chooz —#— Krasnoyarsk —¢— RENO SRP
—A— Chooz —<— Gosgen —*— Nucifer —%- Rovno88 STEREO

=201 1 — large difference: =7%

more data to tune/test the prediction?

106

2020 improvements. ..

+— Daya Bay 7 ILL $— Palo Verde ‘ Rovno91
Double Chooz —#=— Krasnoyarsk —<— RENO SRP
—— @Gosgen —*— Nucifer —%— Rovno88 STEREO

22020 ab initio estimation
—uncertainties fully understood?

—5- Bugey-3 -+ Daya Bay v ILL <$— Palo Verde Rovno91
—o— Bugey-4 —<— Double Chooz —#— Krasnoyarsk —¢— RENO SRP
#— Chooz — Gosgen *—  Nucifer % Rovno88 STEREO

22020 conversion (ILL-data based) estimation

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



status on neutrino oscillation knowledge...

was will improve the SM picture (3 families) [synergy]

oeared to explore the SM's consistency/completeness— BSM discovery?

today \ >2030
best knowledge olobal  foreseen | dominant source
012 30%  SK@SNO 2,3 % <0.5% JUNO®SC reactor@solar
023 50% NOvA+T2K 2,0 % <1.0%!? | DUNEeHK[SC] beam (octant)
G|3 .8 9%  DYB+DC+HRENO 1.5 % <0.5% | SuperChooz (SC) reactor
+0m?2 25%  KamLAND 2,3 % <0.5% JUNO@SC? reactor®solar
|Am?2| 309%  NEVAS 3% <0.5% |luNoeDUNEeHKesC reactor@beam
VERNNIL T unknown SKetal NMO @ <30] @50 JU'?*NO&%'#E%HK reactor®beam
CP @>50? DUNE®HK [SC] beam driven
CPT

<1%? SuperChooz reactor®solar
<1%? SuperChooz reactor®solar

Unitarity violation?

reactor®beam & solar again via SC — SC’s atmospherics under study... nice!!
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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physms 'V: other-channels. .
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discovery channels too.

free-H per unit of mass:

m ( 3 rO-tO n) =~ I G ev :::?::i';:l;tlg(ﬁ up to 20%

LiquidO Configuration: <|cm pitch

|Enie Generated N Fa—] staggermg r|° Vs e* separation (C

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



110

e+ & anti-v(e) e- & V(e) p-recoil
Supernova at 10 kParsec [IBD interaction] ['2C/new interaction][cosmogenic background]
§ [ Liquido PRELIMINS

(B, ) =12 MeV, (E, ) = 14 MeV and (E, ) = 16 MeV .,

[y
o
[

full Geant4 simulation

2 | DDEL ] ERILA DY
LiquidQ PRELIMINARY

(=
o
w

True Hits

5

10,_ | L LU I | L L I I | -

:2\1 |a JUNO "2CNC,Ef=15.1 MeV ]

[y
o
N

.. .
LiquidO.PRELIMINAR

_40_.-.'i1:-.:r-.> -"":: 1 ‘ ‘ '
0z @t 30MeV €- 30MeV-  p-recoil 30MeV

[y
o

—_ (MIP+track®annihilation) | | | . (MIP-track) (Bragg peak) 1
_E> -20 0 20 40 60 < ?2m] -20 0 20 40 60 « ?2m] -20 0 20 40 60 < ?2m]
§ main channels(¥)...
= *
7 B v CC (In
g IBD oS (é) ) ES(p)
2 v CC (12C ES(e) [low ener
E /. | (%€ | cc g0 (e)[ gy
I | v-CC on '2C :: )
anti-v-CC on ,"Z'C/: i
00 b—— watiine o F i core-collapse core-collapse core-collapse
0.2 1 10 20 50 . . .
relic relic? (hard) relic

E; [MeV]
Visible Energy [MeV]

(also) fast-neutron
measure all neutrino types CC, ES & NC (absolute flux) iV NC ('2C) (BG)

supernovae @ sSuperChooz. ..

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



neutrinos back to Europe!?

Super Chooz?| .
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historical opportunity for Europe’s neutrino science (fundamental & innovation). ..

| 1] Anatael Cabrera CNRS-IN2P3 / [|CLab (Orsay) - LNCA (Chooz) Laboratories



UPERCHOOZ

pathfinder (i.c. experimental exploration)

ICHEP 2022
BOLOGNA

ICHEP 2022 6
XL 13 07 2022

International Conference
on High Energy Physics

ologna (Italy)

https://agenda.infn.it/event/288/4/contributions/ | 696 | 3/



https://agenda.infn.it/event/28874/contributions/169613/

anatael@in2p3.fr collaboration with LiquidO, AM-0OTech, CLOUD, EDF, and SuperChooz tecams. ..

1E A
DSLICE. ..

‘
S EDF

CNIS

danke...
obrigado...
cnacubi. ..
grazie...
...
hvala...
gracias...

thanks...

UPERCHO®O

pathfinder

https://liquidoijclab.in2p3 fr/

SuperChoozolLiquidO a2 new framework for new physics opportunities — in Europe? [>2019]

*SuperChooz: a possible new neutrino flagship experiment in Europe [“Pathfinder": exploration starting...]

*new laboratory under consideration: studies EDF@CNRS — EDF within neutrino science

*new technology: LiquidO — performance proving readiness (—results @ Nu2022 conference)

*CLOUD / AM-0OTech (innovation): first demonstrator experiment— fundamental physics programme
[synergy with & ]~ several publication in preparation
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