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"A long time ago in a galaxy far, far away..."

Reines & Cowan (et al) around 1950

discover the neutrino (upon |930's Pauli's hypothesis)
[Nobel prize 1995]

pave much of today’s technological ground
[even ~/0 vyears later;, dominant today]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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the v discovery (1950)...
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inverse-3 decay (IBD) interaction...

IBD: anti-Ve. +—> et + n

n-capture
(delay)
n

anti-ve
(reactor)

(0.51 1keV)

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

no e+ PID mplies
Y =~ e-=~ et= (O = p=recoil (fast-n)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)






. Double Chooz reactor-VETQO: signal analysis...

rate(l reactor) = IBD per 3 min

Double Chooz IV - PRELIMINARY
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fast) v oscillations reminder...
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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
| a la CKM
(macroscopm) <a e ) Osclllation Probability

Survival Probability

Two neutrino approximation

IR

L/E (km /GeV)
Anatael Cabrera (CNRS-IN2P3 & APC)
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status on neutrino oscll

Standard Model(3 fami
&

PMNS-;(0/,,06:3,03)
&
TAm2 & Tom?2

ation knowledge...

es)
no conclusive sign of
any extension so farll

(inconsistencies vs uncertainties)

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

today

=>2030

best knowledge  NuFIT4.0 | foreseen

012 SNO 2.3 % =1.0%
623 20% | =10%
013 15% | 1.5%
+5m?2 23% | =1.0%
|1Am?| 3% | =1.0%
sign(Am?2) BEVal<aleWia NO @ ~30
CPV unknown | (T2K et al) | 3/2m @ ~20

NOTE: ORCA®PINGU®I|ceCube complementary (Mass Ordering & Am? measurements)

(Nov 2018)
essentially JUNO®DUNE®HK will lead most of the field

@50 JUNO®DUNE®HK

dominant technique

JUNO

DUNE®HK

reactor
beam (octant)
reactor

JUNO

JUNO®DUNE®HK

reactor

DCeDYB®RENO

reactor®beam
reactor®beam

DUNE@®HK®ALL beam driven

(reactor-beam)

(goal CPV)—

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



; status on neutrino osclllation knowledge.. .

Standard Model(3 families)
[leptons & quarks]

&
any extension so farll
PMNS::(012,62303) !

3 (inconsistencies vs uncertainties)

+Am?2 & +omz2

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

today
best knowledge ~ NuFIT4.0
012 SK@SNO 2.3 %
023 NOVA+T2Kl 2.0 %
O3 DYB+DC+RENO 1.5 %
+0om?2 KamLAND 2.3 %
|1Am?] T2K+NOVA & 3%

DYB

NO @ ~30

32T @ =20
(now) (reactor-beam)

JUNO@®DUNE®HK will lead precision in the field (= CPV)

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

S0l unknown| SK et 3

CPV unknown




status on neutrino osclllation knowledge.. .

Standard Model (3 families)
[leptons & quarks]
&

PMNS-:(0/,,06:3,03)
&

+Am2 & +omz2

today =>2030
best knowledge | NuFIT4.0 | foreseen | dominant technique
02 3.0%  SKeSNO 23 % <1.0% JUNO & sC reactor
023 50% NOVA+T2K  2.0% <|1.0% DUNE®HK[®SC?] beam (octant)
03 |.8 9%  pre+DC+rRENO 1,5 % <|.0% Super Chooz (SC) reactor
+0m?2 2.5%  KamLAND 2.3 % <1.0% JUNO reactor
|Am?]| 309% T NEAS 3% =1.0%  JUNOeDUNEeHKeSC reactor@beam

M ECR I T unknown SKetal NMO @ <30 @50 %ﬁiﬁﬂgim reactor®@beam
CPV unknown T2K+NOvA 32n@ <20 @507 DUNE@HK®SC beam driven

CPTYV assumed — — <1%? SC?? [studying] reactor+solar

W 1i #1414 assumed — — <1%?  scu[studying] reactor+solar

(reactor+solar+beam)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



all done?

by 2030, mixing @ ~ 1% level. ..
(no unknowns)
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‘despite major success so far..

. challenges |eads discoveries (and fun)! \

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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B % : sol. w/cos28<0 ——
- EPS'SI I l l ‘°"°";"CL’O"'5" I AN A A A A A I A R
_1-5 = R e | = ] L1 1 1 | — ] | .y i¥i 1 1
-1.0 -0.5 0.0 0.5 1.0 1:9 2.0 - 1 -0. 5 0 0. 5 1
. Re(z)

J(CKM)=3.1810.15x10-5  J(PMNS)=3.3310.06x10-2
‘ P-Conversation disfavoured @ ~20
[“Infancy” era— much to be done]
PMNS triangle (including CPV)...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




o S0 iEN N s 8
reactor no direct CPV, but. ..



. 1 2K@reactor best knowledge CP-Violation...

T2K Run 1-9
—

1 C L) [ J [
00 I 013 implications
0.032 |- : EZK Only
. : eactor

0.03
0.028
0.026

0024 CPV phase vs 613
0.022 1= 4 : [constrained by reactor]

0.02

, 0.65 68.27% CL

99.13% CL

0.6 EE

0.55

CPV phase vs 023

[octant ambiguity]

0.5

CPV phase vs (Atmospheric) Mass Ordering
PAgelligleSte]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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Uel UeQ UeS
U,ul U,LLZ U,uS ] Ve

UT]_ U7'2 UTS

consider matrix structure
(not just composition)

why shape? Usx3 unitary?

*large mixing but a small one!
*largest CP-Violation (5M) [next slides]
any symmetry behind? [Nature’s capricel?]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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elegance
(symmetry)

CKM vs PMNS. ..

stravaganzza
(anarchy?)

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)
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Uel UeQ UeS
U Upz Ups
UT]_ U7'2 UT3

)<

test PMNS Unitarity. ..

Vi V2 V3

/

= best precision

= OK precision

= poorest precision

l]l]T — l]T U — I = many equations!!

[Including the “triangles’]

since no CPV (yet) = test PMNS Unitarity via ‘“each row”

(U 1?+ U 12 + | Ugl* =1

‘ Uel ‘2 + ‘ Uez ‘2 + | Ue3 \2 = ] = explore “electron top-row”

only “e I 2” and “e I 39’

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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unitarity violation implications...

U, |2 — 0,5 only

iIf it existed = tiny!!(?) if it existed = less tiny(?)

(naive expectation) (naive expectation)

\few % precision enough!!

Unitarity Violation [major discovery]

non=standard v states
and/or
non-standard v interaction Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



well definition theory/experimental problem
eperfect prediction (“symmetry”)

sexperimentally precision accessible?
[challenge]

*nheutrino: direct & clean probe
[no “slippery” corrections!]

major!! discovery potential
[building blocks of SM]

- “ (if discovery) possible experimental redundancy

..‘A‘.- .\.- . 3 . -

Unrtarity violation test.. .
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y 2020 world status in 613...

Total Uncertainty

Double Chooz IV Statistical Uncertalnty:f

TnC MD (n-H®n-C®n-Gd) | sin*(26,,)=0.105:0.014 |—|—o—|—|

Daya Bay . :
PRD 95, 072006 (2017) n-Gd o :sin’(26,,)=0.084i-0.003
PRL 121,241805(2018) n-Gd jof] :sin (29 )=0 086*0 003

PRD 93,072011 (2016) n-H f—e—- sin (2@ )_0 071#0 011

RENO L :
PRL 116, 211801(2016) n-Gd —e—H sin’(20,)=0.0§220.011
PRL 121,201801(2018) n-Gd H—etH sin“(30,,)=0:090=0.007
NEW!! n-H arXiv: 91 | 04so|
T2K TR
PRD 96, 092006 (2017) Marginalisation (0p,0,,)
Am§2 > () I
Amg2 <0

ARTICLE

slightly
higher 6,3

before
(~2016)

!

after
@NWLIE)

First Double Chooz 613 Measurement via Total Neutron Capture Detection

Herve de Kerret et al (arXiv:1901.094451)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



» Summary on today's 013 knowledge/experiments...

reactor-013 experiments
[DCoDYB®RENO]

estatistics: ~105 (far) [<10¢]
esystematics:
eenergy control: <l % precision

<2010 | today [2010-2020] N
total total rate-only shape-only methodology
statistics ~0.19% ~100/day @ |.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]
esystematics: (each)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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UNO location...
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Yang Jiang & Taishan
(8 reactors: 26.6 GWy,)

simplistic schedule: data=-taking aim to start by ~late 2022
Anatael Cabrera (CNRS-IN2P3 & APC)



“ << JUNO PMT systems Large (20”) and Small (3”) PMTs

- -

£

JUNO a photocathode colosso— yicld energy resolution!

Anatael Cabrera (CNRS-IN2P3 & APC)



. solar” osclllation measured by both PMT systems...

SPMT sees the “solar” oscillation
(fast oscillation washes out)

no oscillations
20” PMT readout
3” PMT readout

Positron Energy [MeV]
sensitivity: 0;200m2

Anatael Cabrera (CNRS-IN2P3 & APC)



LPMT vs SPMT comparison...

JUNO: =17% + nominal
[~4.0% KamLAND] Y

JUNO: <1%

[~2.5% SNO®SK]
73 T T T T - T ﬂ-
0.290 0.295 0.300 0.305 0.310 0.315 0.320

sin2912

readout explore 01200m2 to per-mille precision (=1%)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)










38 reactor

1.2£ - 1 17| —%&— ND Data/ Model ratio
. Double Chooz IV Empirical Fit

L - - [ ] Model Systematics

11l %2/ dof: 21.2/ 21 (prob: 44.6%) 1

L)
ﬂ_
ﬂ—
ON
=
o
o
>
X

S

1.0 I p—

0.9 .

Data (ND) to MC Prediction Ratio

o
(o0

Hervé de Kerret et al

Visible Energy (MeV)
MC normalised to DYB-2017 (MCSpF per isotope)

nature ARTICLE

flux uncertainty...

®(reactor) [exp]

best precision
(~0.9%)

|R:O.925i0.0 10(exp)£0.023(model )|

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

Shape Uncertainty
~2.2%—6.0%?
[=10%]

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

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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today's e=row unitarity knowledge...

.
Am i are fixed

H. Nunokawa et al (arXiv:[609.08623v2)

3 (a) ;

1o (W. restrictions)
20 (w. restrictions)
30 (W. restrictions)

1-30 (W. unitarity)

D

s ‘flusz.O%\

o) »y ~
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even with JUNO, sub-perfect explorations IMPOSSIBLE!
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NuFit5.0

PREPARED FOR SUBMISSION TO JHEP IFT-UAM/CSIC-112, YITP-SB-2020-21

b
The fate of hints: updated global analysis of today s world data leads to...

three-flavor neutrino oscillations

NMO favoured to ~2.70 (2020)

Ivan Esteban,” M. C. Gonzalez-Garcia,*"° Michele Maltoni, Thomas Schwetz,*
Albert Zhou® ' '
main experiments so far...
@ Departament de Fisica Quantica i Astrofisica and Institut de Ciencies del Cosmos, Universitat
de Barcelona, Diagonal 647, E-08028 Barcelona, Spain [ ] SK
b Institucié Catalana de Recerca i Estudis Avangats (ICREA), Pg. Lluis Companys 23, 08010

Barcelona, Spain. * N OVA @TZ K

¢C.N. Yang Institute for Theoretical Physics, State University of New York at Stony Brook, Stony
Brook, NY 11794-3840, USA C O
4 Instituto de Fisica Tedrica UAM/CSIC, Calle de Nicolds Cabrera 13-15, Universidad Auténoma ¢ D @ DYB@ REN
de Madrid, Cantoblanco, E-28049 Madrid, Spain
¢ Institut fiir Kernphysik, Karlsruher Institut fir Technologie (KIT), D-76021 Karlsruhe, Germany
E-mail: ivan.esteban@fqga.ub.edu,
maria.gonzalez-garcia@stonybrook.edu, michele.maltoni@csic.es,
schwetz@kit.edu, albert.zhou@kit.edu

ABSTRACT: Our herein described combined analysis of the latest neutrino oscillation data s 3 .
presented at the Neutrino2020 conference shows that previous hints for the neutrino mass j U N o WI II prOVIde a s 3 0 resu It In 22028
ordering have significantly decreased, and normal ordering (NO) is favored only at the 1.60
level. Combined with the x2 map provided by Super-Kamiokande for their atmospheric

neutrino data analysis the hint for NO is at 2.70. The CP conserving value dcp = 180°

is within 0.60 of the global best fit point. Only if we restrict to inverted mass ordering, .Why |mp0rtantz

CP violation is favored at the ~ 30 level. We discuss the origin of these results — which n
*too late & too little?

esever enough?

are driven by the new data from the T2K and NOvA long-baseline experiments—, and the
relevance of the LBL-reactor oscillation frequency complementarity. The previous 2.2¢
tension in Am3; preferred by KamLAND and solar experiments is also reduced to the 1.1¢
level after the inclusion of the latest Super-Kamiokande solar neutrino results. Finally we

arXiv:2007.14792v1 [hep-ph] 27 Jul 2020

present updated allowed ranges for the oscillation parameters and for the leptonic Jarlskog
determinant from the global analysis.

NOTE: almost impossible to =30 alone!

KEYWORDS: neutrino oscillations, solar and atmospheric neutrinos

oday's MO status & JUNO...
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Earliest Resolution to the Neutrino Mass Ordering?

Anatael Cabrera*1?%, Yang Han'!2, Michel Obolensky!, Fabien Cavalier?, Jodo Coelho?, Diana Navas-Nicolas?,

Hiroshi Nunokawat?7, Laurent Simard?, Jianming Bian®, Nitish Nayak?®, Juan Pedro Ochoa-Ricoux?®,

Bedfich Roskovec?, Pietro Chimenti®, Stefano Dusini®®, Marco Grassi®?, Mathieu Bongrand®?2,
Rebin Karaparambil®, Victor Lebrin®, Benoit Viaud®, Frederic Yermia®, Lily Asquith?, Thiago J. C. Bezerra®,
Jeff Hartnell®, Pierre Lasorak?, Jiajie Ling!?, Jiajun Liao'®, and Hongzhao Yu'®

LAPC, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, Sorbonne Paris Cité University, 75205 Paris Cedex 13, France
21JCLab,, Université Paris-Saclay, CNRS/IN2P3, 91405 Orsay, France
3Department of Physics and Astronomy, University of California at Irvine, Irvine, California 92697, USA
4LNCA Underground Laboratory, CNRS/IN2P3 - CEA, Chooz, France
SDepartamento de Fisica, Universidade Estadual de Londrina, 86051-990, Londrina — PR, Brazil
62aINFN, Sezione di Padova, via Marzolo 8, I-35131 Padova, Italy
6bDipartimento di Fisica e Astronomia, Universita di Padova, via Marzolo 8, I-35131 Padova, Italy
"Department of Physics, Pontificia Universidade Catélica do Rio de Janeiro, Rio de Janeiro, RJ, 22451-900, Brazil
8SUBATECH, CNRS/IN2P3, Université de Nantes, IMT-Atlantique, 44307 Nantes, France
9Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, United Kingdom
10Sun Yat-sen University, NO. 135 Xingang Xi Road, Guangzhou, China, 510275

August 27, 2020 — v3.5

when can we resolve (=50) the neutrino Mass Order?
[earliest time scale]

which experiments (many planned, but minimal set) can yield the full resolution?

what physics exploited to yield the full resolution?
implications beyond the Standard Model?

NuFit5.0 (July 2020): Normal-MO favoured to ~30

our papers goal. ..

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




— 12 = T T T T | T T T T | T T T T | T > T | T T T T T T T T | T T T T E Y Y
ERTIRE L cton’y-1x e combination (JUNO®NOVA®T2K)
Q 10: I JUNO only (Ay =9 1) E
% 9 E PJFSE(; f?;l?+ NOvVA with fluctuation and 6&;‘53 =+7/2 E
: 2 E JUNO + T2K + NOVA with fluctuation and 8¢ unconstrained E
‘qé 8 E +10 range of 8, currently favored (NuFitS%)) B A . o
5o TS | ¢ iy i amaly s tunon) s first MO measurement @ =50 possible (>90% CL)
on 24 | i % e INGE
L ‘3‘? \. = 7N «combined both vacuum®matter MO information
@) y-_\\____—ﬂ/’_\‘\_
2 2 T =t - [less clean but powerful]
< r True MO: Normal T True MO: Inverted -
= F | | | F | | | E

0_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

12_ T T T T T T T T T T T T T I I 1 I I I I T T T T T T T T T T T T L [ ]
5 2ET | e | gramell < | UNO schedule: 22028 [T2K / NOVA stopped <2026]
8 10E ¥ ]
= o T 7 . .
g Z 1 : spreparation 3rd beam generation (DUNE & HyperK)
5 TE gy T = —DUNE the most powerful standalone MO experiment
g g
348 N = N
S 3?/-_\\\ = e & \\\_ . <
{20 neworema qua el combination (JUNO@oHyperK@®DUNE)
2 OE 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 IEEI 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 IE
—_— 12 o T T I( T | T T T T | T T T T | T 5 T | T T T T | T T T T | T T T T ]
O 11E e) o(Am”,,) =0.5% E
8 10E + -
= of : 3 DUNE (CPV depends, but any — >2years data)
RS/ = T 3
= § : e e —matter only 2506 MO
20 e Sl e e RSt S -7 ]
(go 25 + E . .
£ JE N = A~ 3 JUNOo®HyperK®DUNE(CPV rather insensitive)
o) -/ \ T pd N, ;
O 3 e — S —— s —vacuum only 2506 MO (only Am?3; disappearance)
é 215 True MO: Normal + True MO: Inverted ]

E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 IEEI 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 IE ° L] ' . ()
0% "5 oo 05 10 05 00 05 N hew physics? yes, if discrepancies found! [ 2 discovery!]
dtrue/ o S/ it
CP CP

UNO@®NOVA® T2K: MO >50 by 2028
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powerful synergy JUNO vs NOVA®T2K: high precision disappearance Am2z;...

JUNO: unique vacuum oscillations

50 |1 | | r I | L I ] I I I 1 I I I I I I I 1 1 1 | 1 1 I I 1 LI
— ¥ M : ' — Am? no fluctuation, 6¥7° = — 0.91z (NMO) —
- ' ; 32LBuB »Ocp : ]
45 —— (IR 1 1 ) —]
— “ W : : ------ Am32LByB no fluctuation, 5%0 = — 0.46x (IMO) E
40 :_ ‘| \ ‘\ : : ) o —]
| . . . _ —]
= \‘ : ' : ' Am32LBu B with & 1o fluctuation, 675p © = — 0.9127 (NMO) -
b} 35 __ “I \ 1 1 __
8 = " R, - - Am3, . with + 16 fluctuation, 310 = — 0467 (IMO) —
% 30 & A =
>< - | Y | 1 —
4 E : ‘\ : : —]
b 25E— -ty E
= — ' . —
S 20 : —
N}? _ 1 —
— g -
o — = L B ¥
4 1 5 __ 1 1
: | [ |
- ] 1
L8 oy R PR .
_— 1 1 1
5 — | | 1
— 1 I 1 2 2
— : : : = 0(AM3,)NuFiss.0 LBUB o(Am3,) ok 2019~
O [ 1 1 I 1 L1 1 1 I 1 1 1 g I 1 1 1 1 I 1 1 1 1 I 1 1 1 ]
0.5 1.0 1.5 2.0 2.5

G(Am:szz)LBuB (%)

physics: extra discriminator due to Am23; solutions slightly
different (i.e. synergy) between reactor-accelerator but only one

JUNO MO sensitivity boosted 30—=50

[leading order effect]

true MO solution forces equality
— powerful boosting with precision of Am23,.

Mass Ordering JUNO boosting...
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NuFit5.0

PREPARED FOR SUBMISSION TO JHEP IFT-UAM/CSIC-112, YITP-SB-2020-21

The fate of hints: updated global analysis of
three-flavor neutrino oscillations

Ivan Esteban,” M. C. Gonzalez-Garcia,*"° Michele Maltoni, Thomas Schwetz,*

Albert Zhou®

@ Departament de Fisica Quantica i Astrofisica and Institut de Ciencies del Cosmos, Universitat
de Barcelona, Diagonal 647, E-08028 Barcelona, Spain

b Institucié Catalana de Recerca i Estudis Avangats (ICREA), Pg. Lluis Companys 23, 08010
Barcelona, Spain.

¢C.N. Yang Institute for Theoretical Physics, State University of New York at Stony Brook, Stony
Brook, NY 11794-3840, USA

4 Instituto de Fisica Tedrica UAM/CSIC, Calle de Nicolds Cabrera 13-15, Universidad Auténoma
de Madrid, Cantoblanco, E-28049 Madrid, Spain

¢ Institut fiir Kernphysik, Karlsruher Institut fir Technologie (KIT), D-76021 Karlsruhe, Germany
E-mail: ivan.esteban@fqga.ub.edu,
maria.gonzalez-garcia@stonybrook.edu, michele.maltoni@csic.es,
schwetz@kit.edu, albert.zhou@kit.edu

ABSTRACT: Our herein described combined analysis of the latest neutrino oscillation data
presented at the Neutrino2020 conference shows that previous hints for the neutrino mass
ordering have significantly decreased, and normal ordering (NO) is favored only at the 1.60
level. Combined with the x2 map provided by Super-Kamiokande for their atmospheric
neutrino data analysis the hint for NO is at 2.70. The CP conserving value dcp = 180°
is within 0.60 of the global best fit point. Only if we restrict to inverted mass ordering,
CP violation is favored at the ~ 30 level. We discuss the origin of these results — which
are driven by the new data from the T2K and NOvA long-baseline experiments—, and the
relevance of the LBL-reactor oscillation frequency complementarity. The previous 2.2¢
tension in Am3; preferred by KamLAND and solar experiments is also reduced to the 1.1¢
level after the inclusion of the latest Super-Kamiokande solar neutrino results. Finally we

arXiv:2007.14792v1 [hep-ph] 27 Jul 2020

present updated allowed ranges for the oscillation parameters and for the leptonic Jarlskog
determinant from the global analysis.

KEYWORDS: neutrino oscillations, solar and atmospheric neutrinos

today’s world data leads to...

NMO favoured to ~2.70 (2020)

main experiments so far...
*SuperK
*NOVA® 12K
*DCeDYB®RENO

JUNO will provide a ~30 result in 22028

JUNO critical upon combination
*key player for discovery (=50)!
eunique vacuum boost to =50!
eunique explorations BSM? (thinking)

NOTE: almost impossible to =30 alone!

oday's MO status & JUNO...
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esson: avoid civil construction (reactor!!)...
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a novel neutrino detection®

antimatter (e+) tagging

BG active rejection

[only “mundane™ matter]



LiquidO active Particle=ID...

Imaging— powerful Particle-I1Dentification (PID)

narticles in LiquidO (simulation

/3

transparent I transparent

(washed out info) g (washed out info)

LiquidO = PID @ (high) Doping

physics'beyond detector “native composition” (H,C)

., diffusion—shaper images!
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LiquidO event-wise iImaging. ..

Hits per Fibre

i
10: 100

Opaque Medium

opaqgue scintillator—stochastic light confinement
(self-segmentation)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



| | | | |
4 o : : 104 ....................... o e S —
10% P po —&— NDData = [ — d No-oscillatted MC E
i = No-oscillatted MC - i =2 Accidentals -
- ] Accidentals _ ~ -
- T 1 103 .
| N [ Fast Neutrons - - ]
v

DC 1V

10

N .5.;:;
NN N ‘ N\ \ NN ! : : :
\ \ NN : : .
7 : : :
RIRX XX T 1 :
K 9 :
= S S S S S SSSSSSSSSSS AA >: \\\\\\\\\\\\\\\\\\\\\\\\ H
» .
= ’ S S A I \\\\\\\\\\\\\\ P NN T A I ULTTTI T T
PP Ve TSIV & VIVYYY. P, s & 94 Vi VPP - S B 7 . " -

OZIV,Near(ZSBIWe-dayS)

Events / 0.25 MeV

/////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////

1022077777777 T/ 4 101l Ttime®space coincidence & PlD(e+)]
5 10 15 20 5 10 15 20

Visible Enerqgy (MeV) Visible Eneragy (MeV)

state of the art LiquidO

Signal:Background ~30:1 (30m overburden) Signal:Background >100:I

Background rate few/day Background rate few/year

LiquidO breakthrough possible!
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mMost basic principle..
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“ the life of LiquidO optical photon...

100

80

60

40

photon’s behaviour...

0
*scattering—random walk (average: no displacement) 20
*collective energy deposition (1MeV: 1000's photons): a light ball [order |cm]
—> LiquidO must NOT be transparent 40

X

*overall scattering process: must be light-lossless [i.e. minimal absorption]
. achromatic (white effect) & very tiny losses [next]
*Raleigh scattering: chromatic (blue sky) & lossless
*Internal Reflection (Snell's law lossless): due to fibre-medium interfaces

60

80

*overall detection rather insensitive to scattering details — washed out
*BUT fancy physics lies here [R&D] 80

LiquidO: (mainly lossless) Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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scattering...a "milky business''

Computing the Scattering Properties of Participating Media
Using Lorenz-Mie Theory

Jeppe Revall Frisvad? Niels Jgrgen Christensen? Henrik Wann Jensen®

Informatics and Mathematical Modelling, Technical University of Denmark
2University of California, San Diego

Figure 1: Rendered images of the components in milk as well as mixed concentrations. The optical properties of the components and the milk have been

computed using the generalization of the Lorenz-Mie theory presented in this paper. From left to right the glasses contain: Water, water and vitamin B2, water
and protein, water and fat, skimmed milk, regular milk, and whole milk.

Mie scattering (well known) used to study samples

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



LiquidO theorem...

“milky” / “cloudy” / “waxy”
scintillator/cherenkov
(gas<>liquid<>solid)

(CNRS-IN2P3 @ LAL - LNCA)
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LiquidO’s multi-axes...

., LiquidO

up to 3 axes (unlike drift-TPC)—needed?

(T) x-y projection

3

50
00 Y[cm]

-50 0 -5
Xjem] 20
Z projection (not yet fully exploited)

| Transparent Scintillator®Fibres

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



lght readout via “'collectors ...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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doping stability via solidification...
(beyond chemical stability)



our digitisation electronics...

~ | 50pstper'sample

) time resolution: <100ps/PE
(L.e. <3cm/PE @ speed of light)

IEEE NSS (2014):The SAMPIC Waveform and Time to Digital Converter
NIM paper (201 6): Measurements of timing resolution of ultra-fast|silicon detectors with the SAMPIC Waveform Digitizer Anatael Gahrefa (CNRS-INZ2P3 @) jufidesal N @)


http://events.lal.in2p3.fr/conferences/wasiw2018/SAMPIC_IEEE_NSS_2014.pdf
http://events.lal.in2p3.fr/conferences/wasiw2018/SAMPIC_NIM_2016.pdf

63

(Instrumentation-wise)

LiquidO = “light” TPC ® 4n-ToF

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



“ LiquidO “bread & butter” physics. ..

t' ‘c"'

O technology

“ephemeral foam” of optical photons

light ball size: scattering®fibres
(stochastic light confinement)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



Neutrino Physics with an Opaque Detector
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'APC, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, Sorbonne Paris Cité University, 75205 Paris Cedex 13, France
2aUniversita di Milano-Bicocca, 1-20126 Milano, Italy
2PINFN, Sezione di Milano-Bicocca, 1-20126 Milano, Italy

3Centro Brasileiro de Pesqui

Fisicas (CBPF), Rio de Janeiro, R.J, 22290-180, Brazil

IC G, UMRS5797, Université de Bordeaux, CNRS/IN2P3, F-33170, Gradignan, France
SCIEMAT, Centro de Investigaciones Energéticas, Medioambientales y Tecnolégicas (CIEMAT), E-28040 Madrid, Spain

x Marseille Univ,

P3, CPPM, Marseille, France

“aDepartment of Physics and Earth Sciences, University of Ferrara, Via Saragat 1, 44122 Ferrara, Italy
INFN, Ferrara Section, Via Saragat 1, 44122 Ferrara, Italy
8Department of Physics and Astronomy, University of California at Irvine, Irvine, California 92697, USA

9LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Pari

wclay, Orsay, France

LNCA Underground Laboratory, CNRS/IN2P3 - CEA, Chooz, France

HDepartamento de Fisica, Universidade Estadual de Londrina, 86051-990, Londrina — PR, Brazil

12

Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany

BINFN, Sezione di Padova, via Marzolo 8, 1-35131 Padova, Italy
“Department of Physics, Pontificia Universidade Catélica do Rio de Janeiro, Rio de Janeiro, RJ, 22451-900, Brazil
5 Pontificia Universidad Catélica de Chile, Santiago, Chile
5 Department of Physics, Engineering Physics & Astronomy, Queen’s University, Kingston, Ontario K7L3N6, Canada

ITRCNS, Tohoku University, 6-3 Aoba,
ISSUBATECH, CNRS/IN2P3, Univ

YDepartment of Physics and Astronomy, Univ

Aramaki, Aoba-ku, 980-8578, Sendai, Japan
é de Nantes, IMT-Atlantique, 44307 Nantes, France

x, Falmer, Brighton BN1 9QH, United Kingdom

20INFN, Sezione di Torino, I-10125 Torino, Italy

August

The discovery of the neutrino by Reines & Cowan
in 1956 revolutionised our understanding of the uni-
verse at its most fundamental level and provided a
new probe with which to explore the cosmos. Fur-
thermore, it laid the groundwork for one of the most
successful and widely used neutrino detection tech-
nologies to date: the liquid scintillator detector. In
these detectors, the light produced by particle inter-
actions propagates across transparent scintillator vol-
umes to surrounding photo-sensors. This article in-
troduces a new approach, called LiquidO, that breaks

*Contact: anatael@in2p3.fr and suekane@awa.tohoku.ac.jp.
FAl Observatorio Nacional. Rio de Janeiro, Brasil

De ed.

§ e Paschal Chaire Fellow.

9, 2019

with the conventional paradigm of transparency by
confining and collecting light near its creation point
with an opaque scintillator and a dense array of fi-
bres. The principles behind LiquidO’s detection tech-
nique and the results of the first experimental valida-
tion are presented. The LiquidO technique provides
high-resolution imaging that enables highly efficient
identification of individual particles event-by-event.
Additionally, the exploitation of an opaque medium
gives LiquidO natural affinity for using dopants at un-
precedented levels. With these and other capabilities,
LiquidO has the potential to unlock new opportuni-
ties in neutrino physics, some of which are discussed
here.

Bongrand?, C. Bourgeois”, D. Breton?, C. Buck!?,
Chauveau?, M. Chen'®, P. Chimenti'!, F. Dal Corso'?, G. De Conto!!, S. Dusini'?,

;1AL Givaudan®,
f1A. Le Nevé?, P. Loaiza?, J. Maalmi®, F. Mantovax b,

quidO full release 2019...

Seminar@CERN — June 2019

Web: https://indico.cern.ch/event/823865/

Igniting publication — Aug 2019

LiquidO @ arXiv:1908.02859

‘new detection principle
first experimental proof-of principle
*vast neutrino physics prospect

Submitted for Publication

First Opaque Liquid Scintillator @ arXiv:1908.03334



https://arxiv.org/abs/1908.03334
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a novel neutrino detectior

what can LiquidO do for us?
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a secret underground...
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Super Chooz since the 605s...
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leptonic sector unitarity with LiquidO!

EEEEEEEEEEEEEEEEEEEEEEE HEP201 9

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/






neutrino reactor
013 et Am2 [WB]

neutrino solar
012 [WB?] — et 6m?2!

direct CPT violation?
[WB-v & BSM]
direct Unitarity violation?
[WB? & BSM]

neutrino supernova
all channels [WBZ?]

proton decay
multi-cannel (model independent)
[WB? & BSM]

Super Chooz
(LiquidO ~ | Okton)

Anatael Cabrera CNRS-INZP3 /'

WB = world best
(“?”: under study still)

Laboratories



— LiquidO would reveal GeV-neutrino interactions in extremely powerful way:

77
LiquidO-preliminary ~ Large event size High duty cycle +
Charge signA D ' (thanks to Low-2) fast timing E e
fromm—=y »e # Rich calorimetric info (>100 kPEs / GeV) —r -
(~us scale) F B [

@ Clear track before shower Higher energy gammas

i _ 4 (could enable charge sign  (and corresponding pair
Beautiful tracking ... ID with magnetic field) ~ production);

(2 GeV electron
antineutrino; 4mm fibre
pitch and 1 mm
scattering length;
inefficiencies associated oD
with photon detection

are accounted for) ~250

250

y (mm)

S
» L,
R 2
e

Can see neutrons!
- Measure their energy|via TOF!!
- Capture at the end (~O(10) us scale)

Halo of gammas from
EM shower and
positron annihilations

Imaging capabilities Complementary features
comparable to those of LArTPC unique to LiquidO

e ——

S—— R —

I

~ | GeV neutrino...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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750 - = 103

PRELIMINARY LiquidO
p—}Tl'O == e+

500

250

102

y (mm)

~250 - .

—750 - 4

~1000 - £ A T
4 101

proton-decay @ Super Chooz. ..

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



79

status on neutrino osclllation knowledge.. .

Standard Model (3 families)
[leptons & quarks]
&

PMNS-:(0/,,06:3,03)
&

+Am2 & +omz2

today =>2030
best knowledge | NuFIT4.0 | foreseen | dominant technique
02 3.0%  SKeSNO 23 % <1.0% JUNO & sC reactor
023 50% NOVA+T2K  2.0% <|1.0% DUNE®HK[®SC?] beam (octant)
03 |.8 9%  pre+DC+rRENO 1,5 % <|.0% Super Chooz (SC) reactor
+0m?2 2.5%  KamLAND 2.3 % <1.0% JUNO reactor
|Am?]| 309% T NEAS 3% =1.0%  JUNOeDUNEeHKeSC reactor@beam

M ECR I T unknown SKetal NMO @ <30 @50 %ﬁiﬁﬂgim reactor®@beam
CPV unknown T2K+NOvA 32n@ <20 @507 DUNE@HK®SC beam driven

CPTYV assumed — — <1%? SC?? [studying] reactor+solar

W 1i #1414 assumed — — <1%?  scu[studying] reactor+solar

(reactor+solar+beam)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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V's back to Europe...?

Super Chooz?|
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historical oEportunity for Europe science

82 Anatael Cabrera CNRS-IN2P3 / I|CLab (Orsay) - LNCA (Chooz) Laboratories
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since the Vv discovery, reactor Vv’s remain one of the most powerful tools...

future knowledge (strongly) shaped by reactor v...

Super Chooz: a powerful opportunity in Europe?

merci...
cnacubi...

BHODMES...

danke...
OESLICE...
obrigado...
Cnacubo...
grazie...

TS . .

hvala...
gracias...

anatael@in2p3.ir thanks. ..

questions, please!
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« LiquidO (imaging®@energy flow)= never before!
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