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2 status on neutrino osclllation knowledge.. .

Standard Model (5 families)
[leptons & quarks]

>
. any extension so farll
unitary PMNS:,5(612,623,613,0cp) .

(inconsistencies vs uncertainties)
&
TAm?2 & +omz2

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

today
best knowledge  NuFit-5.0
CID SK@SNO 2.3 %
023 NOVA+T2Kl 2.0 %
O3 DYB+DC+RENO 1.5 %
+0om?2 KamLAND 2.3 %
1Am?| T2|<+[[)\1YCB>VA& 13 9%

L ERIN eI Ty unknown | SK et 3

NMO ~30

(o] AT IFTd [ 18 unknown | T2K+NOvVA

<20
(now) (reactor-beam)

soon JUNO®DUNE®HK will lead precision in the field—= sub=-percent precision & CPV!

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



Mass Ordering means...

A -V, A
— ethe lightest v: vi(m),) vs vi(ms)?
| w
Normal . V_ Inverted simportant consequences to...
) *the lightest known particle Universe
—+ =
ms I ry | ——— —
solar~7x107"eV -Cosmology
atmospheric — [V role in Universe formation]
~2x1073eV? . -Particle Physics
atmospheric lex. BB decay range]
m22__ ! ~Sul V" ediscovery? test new physics!
solar~7x102eV?2 : '
m.2 _ Y
|- —— A I Standar Model: incomplete!
[not known where itd break first]
? ?
note: neutrino oscillations not sensitive
0 Y Y to the v absolute mass (other channels).

he Mass Ordering mystery...
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NuFit5.0
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The fate of hints: updated global analysis of
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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
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

NEUTRINO

AJ

today’s world data |eads to...

NMO favoured to ~2.70 (2020)

*Super-Kamiokande (most info so far)
*1.60 (NOVA®T2K & DCe®DYB®RENO)

*some fragility?
what are the leading experiments?

what’s going to happen next?

NuFitv5.0: today’s world knowledge — what about tomorrow?

oday's NMO status...
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Synergies and prospects for early
resolution of the neutrino mass

ordering

Anatael Cabrera'%*, Yang Han'?, Michel Obolensky!, Fabien Cavalier?, Jodo Coelho?,

Diana Navas-Nicolas?, Hiroshi Nunokawa?®, Laurent Simard?, Jianming Bian3, Nitish Nayak?,
Juan Pedro Ochoa-Ricoux3, Bedfich Roskovec’, Pietro Chimenti®**, Stefano Dusini®*,
Mathieu Bongrand?®, Rebin Karaparambil®, Victor Lebrin?, Benoit Viaud®, Frederic Yermia®,
Lily Asquith'?, Thiago J. C. Bezerra®?, Jeff Hartnell'?, Pierre Lasorak®?, Jiajie Ling",

Jiajun Liao'! & Hongzhao Yu'!

P2i0 institution
sabbatical @ P2iO institution

when can we resolve (250) the neutrino Mass Order?
[earliest time scale]

which experiments (i.e. the minimal set) to yield the full resolution?

Cors

what physics exploited to yield the full resolution?

Iréne Joliot-Curie

MO to probe new physics? (discovery potential)

P

our studies goal. .. P2iO

Physique des 2 Infinis et des Origines
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nature

Abstract

S C | E N T | F | C The measurement of neutrino mass ordering (MO) is a fundamental element for the

R E P g} R T S understanding of leptonic flavour sector of the Standard Model of Particle Physics. lts
determination relies on the precise measurement of Amg1 and Amg2 using either neutrino

vacuum oscillations, such as the ones studied by medium baseline reactor experiments, or
matter effect modified oscillations such as those manifesting in long-baseline neutrino beams
s ci e ntifi c r e p O rt S (LBvB) or atmospheric neutrino experiments. Despite existing MO indication today, a fully
resolved MO measurement (> 5¢) is most likely to await for the next generation of neutrino
experiments: JUNO, whose stand-alone sensitivity is ~ 30, or LBVB experiments (DUNE and
Explore content v AbOUt the journal v PUb“Sh Wlth us v Hypc..er-Kami?kanc‘ie). Upc?ming at.mospheric neutrino experir.nents are also expecte<‘:i to
provide precious information. In this work, we study the possible context for the earliest full
MO resolution. A firm resolution is possible even before 2028, exploiting mainly vacuum
oscillation, upon the combination of JUNO and the current generation of LBvB experiments
nature > SCientiﬁC reports > articles > artiCIe (NOVA and T2K). This opportunity is possible thanks to a powerful synergy boosting the

overall sensitivity where the sub-percent precision of Am%2 by LBVB experiments is found to

be the leading order term for the MO earliest discovery. We also found that the comparison
Article | Open Access | Published: 30 March 2022 between matter and vacuum driven oscillation results enables unique discovery potential for

Synergies and prospects for early resolutionofthe |
neutrino mass ordering
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Most discussion based on. ..
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@ Universite
de Paris

Université de Paris
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Laboratoire Astro-Particules et Cosmologie

Dual Calorimetry for High Precision Neutrino
Oscillation Measurement at JUNO Experiment
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Laboratories



running experiments...

KAMI OKA
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Imminent experiments
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apologies: not all experiments mentioned
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direct : combined
. i nuisance Do
sensitivity sensitivity

“

<

Va.CUU!'Tl ultra.pre.CISe e|3? Am2 with
— oscillation |  oscillation precision <I%

&

matter fake CPV
effects (due to Earth)

-

CPV and 0633 revolve CPV

NuFitv5.0: maginilise today’s world knowledge — CPV, 023, 813, ...

.
3t
225}

the building blocks. .
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Matter Effects Oscillations Vacuum Oscillations
(CP experiments— fake CP-violation) (no CP-violation)

-
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Yang Jiang® -

Yang Jiang & Taishan

Appearance Channel [6:3®0,3,0cp,MO]. 266 oW

Vu—Ve [V and anti-v] — CPV & fake-CPV
Disappearance Channel [023, Am23;]:

Vu—Vy ‘survival probability”

arXiv:2008.11280

only 2 ways to measure...
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NOVA & T2K: direct comparison of oscillation with neutrino & anti-neutrino

v, and vV, Data at the Far Detector

[Foeam | NOVA Prellmmary
| L L
2 - Low PID High PID
3 B Ve |
o) | ¢ FDdata —
Cl_l) —— 2020 best-fit )
i 1-c syst i 0|2 |
c?' 201 [ ] Wroiéssirga: gig i o -§. ]
S ™ I Total beam bkg | © o ]
< | [cCosmicbkg | o 1
o B ]
© B i
L —
4\9 | -t
C B .
() | .
>
L | i
5 .
il 2 3 4 i 2 3 4
Reconstructed neutrino energy (GeV)
Total Observed 82 Range
Total Prediction 85.8 52-110
Wrong-sign 1.0 0.6-1.7
Beam Bkgd. 227
Cosmic Bkgd. 3.1
Total Bkgd. 26.8 26-28

Events / 12.50x10°° POT

i ? %UTRINO

[V-beam] NOVA Preliminary
....... ————
" LowPID | HighPID E
[ ¢ FDdata [ Wrong sign bkg i
15

[ —— 2020 best-fit
1-c syst range

[ Total beam bkg @
Cosmic bkg 8

Peripheral

;

T 2 G A g @
Reconstructed neutrino energy (GeV)

Total Observed 33 Range

Total Prediction 3302 25-45
Wrong-sign Z:3 1.0-3.2
Beam Bkgd. 10.2
Cosmic Bkgd. 1.6

Total Bkgd. 14.0 13-15

>40 evidence of v, appearance

60

00

(0

30

Total events -|lantineutrino beam

NOVA Prellmlnary

—NOVA FD

| 13.60x10%° POT-equiv (v) i
- 12.50x10%° POT (v) .

| | | | | I 1 I I I | | I | I | |

| | | | | | | I | | | | I

i «©

- ol al
0 85p=0  ® 8p= /2 N 0
0 8= % dgp=3u2 ok 2020bestfit
20 40 60 _ 80 100 120

Total events -|neutrino beam

Appearance Channel [6::®63,0cp,MO]. Vy— Ve [V and anti-V]

Disappearance Channel [023,Am23;]: vy,—Vy “survival probability” (not shown)

NOVA/T 2K observables.
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W
-

Ocp, 053 dependent

E (a) True MO: Normal

(b) True MO: Inverted

[\
)
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-

.2
---—-8in O

S T2K Current

NOvVA Current

23

BN T2K Future
B NOvVA Future

—————— Colored Regions: sin262tgue= 0.45 - 0.60
e _ 0.565(0.568) for NMO(IMO)

o(sin’,,,) = 2%

e
-

-_—— T T~

2 AC .
A gemy tO reject wrong MO
O

5 ,
91 0 -0.5 0.0
true
6(:13 / Tt

—————

accelerator sensitivity now
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JUNO ultra-precise oscillometry: 2 oscillations & interference terms (hard physics)

T I T T T T I I: T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

lllustration only

0.30

NMO is true

III|IIII|IIII|I
D
[\

Oscillation parameters

Disappearance Channel [0,,6m?2;,Am23;,MO — 0)3]: Ve Ve [anti-V]

Baseline: 52.5km

o
=
Z
kS
S
o
>
e | —
S 0.98— —
< _ _
a2 N _
0.96 — —
Bl energy resolution (sece wiggles) & energy control (distort pattern) [l
o 1 2 3 4 5 8 7 8

Visible Energy (MeV)

he JUNO (hardest) way...
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arXiv:2008.11280

*T2K Appearance (=2024) — no!
*NOVA Appearance (=2026) — unlikely!
* JUNO (=2022) — no!

— T2K + NOVA + JUNO = — but no!

— T2K @ NOVA ® JUNO =

still, ~50 before 2030...
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|7

270\

— 0.034
0.032
0.03
0.028
0.026
0.024
0.022

0.02
- 0.65

0.6 N

;55

0.5

1 2K@reactor powerful symmetry: CP-Violation

T2K Run 1-9

2K+ Reatr 013 implicationsJ

T2K Only

Reactor .
powerful constraint

CPV phase vs 013

[constrained by reactor]

68.27% CL
99.13% CL

CPV phase vs 023

[octant ambiguity]

CPV phase vs (Atmospheric) Mass Ordering

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



S

8

direct : ... .| combined

Ren nuisance SenS|t|V|t)’ C . .
sensItivIty SenS|t|V|t)’
JUNO  |Uitraprecision| g 30 | 5(Am?)=<0.5%

oscillation
~3-40 & o)
NOVA (~800km baseline) 6(Am2) 1.0%
O(Am2)~1.0%
T2K mainly CPV <20 ( )

fake CPV (923 too) (~250km baseline) ) "
HyperK Ly TR 5(Am?2)~0.5%
>50! _ )
DUNE (~1200km baseline) 0(Am?)~0.5%
B 1\ ospherics mainly 823 ~3-60 | 5(Am?) poor

P (CPV too) (many baselines) P

Anatae

the buillding blocks...

[
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arXiv:2008.11280

JUNODLBLrB-Disappearance [6(Am?2)=0.75%] & LBrB-Appearance

E L I L A L L B N NN (R s m 2| —— — e R B R N L U
- B () Oo(Am™ ) =075% | d) =
C == -
T BN JUNOonly (Ax =9 =1) 7
— I T2K + NOvA 7
I e, JUNO +T2K + NOVA with fluctuation and 083 =2 | 7
— JUNO + T2K + NOVA with fluctuation and 8215¢ unconstrained Z
IO tlo range of 8, currently favored (NUFit5.0) L ]
— ) projection by the data currently favored (NuFit5.0)) —
[ sinzeg“e = 0.565 (0.568) + 2% for NMO (IMO) -

Mass Ordering Significance [O]
O N WAL OO =

he power of synergies. ..
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synergy | (JUNO vs NOVA®T2K): high precision disappearance Am?23; measurement

50: ‘I ‘I r\ I I l I I ! -
a5 T\ ultlmate DUNE@HyperK |t #2000 =
= v s n, 6210 = — 0.46x (IMO) ]
40:_ “ ¢ : I A 1 0, 091 —:
— 0 |“ : m32LB Bwnhi o fluctuation, évlj,}"(): —0.91z WNMO) E
g (M P N — JUNO: unique vacuum oscillations
N — B e
80 [N ultimate T2KoNOVA + all others!! (=50
+ 25 5__ = h\l-. = h
Q — . 1t
2 1 . 1 1 -~
S 20bgost®: N . s &
F sE- - - T noWH | Am?2 boosting is blinded to matter-effect
10:_ \4 : ___________________________
- < » ___  TTTTTTTTETTEEEmEAmEEEEEEE
= |LBvB disappearance statistics 6(A|m322>m<2019
0.5 1.0 1.5 2.0 2.5

4 (Am322)LBuB (%)

NOVA and T2K

30 [ T T T T
[ (a) True MO: Normal

25F
20

15F

to reject wrong MO

2 AC
LBvB-II

Ay

10 48

] I
: (b)TrueMOI verte d

T2K Current
NOvVA Current

. 2
BN T2K Future olsin';,) =2%

I NOvVA Future
Colored Regions: sinzﬂzlg“e= 0.45 - 0.60

- sipBI=T565(0.568) for MO)

arXiv:2008.11280

Mass Ordering: [UNO®NOVA® T 2K.

20

10

14

NOvVA — ]
T2K+NOVA —

NOVA: strong matter effects

T2K: clean PMNS-CPV info

N
. S\ 4

-150 -100 -50 0 100

True dpp(°
T2K @ PTEP (2015)
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(Ia) True: Normal Fit: Normal

Current LBVB 1o Am?23,[reactor] vs Am23;[LBVB]

Future LBvB with 1% error
Future LBvB with 0.5% error

True solution (assumption) .jUNo alone ~3o-
JUNO 1o ; standalone JUNO (intrinsic): “self Am23,”

JUNO alone

¢22026: JUNO®AM?23;[NOVA®T2K]
(b) True: Normal Fit: Inverted JUNO exploits Am23:;[NOVA®T2K] via PDG

JUNO marginalised

false
Expected Am’ L EB

*=2030: JUNO®Am2;3;;[DUNE®HYyperK]
JUNO exploits AmZ3;[DUNE®HyperK] via PDG!

JUNO is world best Am2 (~0.1%!!)— Accelerator experiments improving <1.0% NOvA®T2K

all about the Am? synergy..
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by NuFit5.0

= ~2 years...
50 @ 50% CL

1 2 3 4 5
JUNO Timeline (years)

N i .
12K data (2026) and NOVA data (2024)— release most precise Am?3;
RS o "y .
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~50 maybe even by >2026!! (if lucky)
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1 4 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

- Vaccum Oscillation MO Sensitivity Evolution -

0

E 0 B B 1UNO only -

= — 5 ]
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s 8f :

%) B i

2T i

£ 6 _
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o

—

@)

9}
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<

>

— Vacuum vs Matter

1meline (years

first? MO @ =50 possible (>90% CL) — follow JUNO [2028]

physics BSM?

me evolution.
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nature

Abstract
S C | E N T l F | C The measurement of neutrino mass ordering (MO) is a fundamental element for the
R E P {:} R T S understanding of leptonic flavour sector of the Standard Model of Particle Physics. Its
Q determination relies on the precise measurement of Amg1 and Amg2 using either neutrino

vacuum oscillations, such as the ones studied by medium baseline reactor experiments, or
matter effect modified oscillations such as those manifesting in long-baseline neutrino beams
scie ntific re po rtS (LBvB) or atmospheric neutrino experiments. Despite existing MO indication today, a fully
resolved MO measurement (> 5¢) is most likely to await for the next generation of neutrino
experiments: JUNO, whose stand-alone sensitivity is ~ 3o, or LBVB experiments (DUNE and
Explore content v AbOUt the journal v Publish Wlth us v Hypc.er-Kami?kanée). Upc?ming at.mospheric neutrino experir.nents are also expectec':i to
provide precious information. In this work, we study the possible context for the earliest full
MO resolution. A firm resolution is possible even before 2028, exploiting mainly vacuum
oscillation, upon the combination of JUNO and the current generation of LBvB experiments
nature > scientific reports > articles > artiCIe (NOVA and T2K). This opportunity is possible thanks to a powerful synergy boosting the

overall sensitivity where the sub-percent precision of Amg2 by LBVB experiments is found to

be the leading order term for the MO earliest discovery. We also found that the comparison
Article ‘ Open Access ‘ Published: 30 March 2022 between matter and vacuum driven oscillation results enables unique discovery potential for

Synergies and prospects for early resolutionofthe |
neutrino mass ordering
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atmospheric neutrinos were not covered — extra info— even more significance!
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We hereby illustrate and numerically demonstrate via a simplified proof of concept calculation tuned
to the latest average neutrino global data that the combined sensitivity of JUNO with NOvA and
T2K experiments has the potential to be the first fully resolved (>50) measurement of neutrino Mass
Ordering (MO) around 2028; tightly linked to the JUNO schedule. Our predictions account for the
key ambiguities and the most relevant +10 data fluctuations. In the absence of any concrete MO
theoretical prediction and given its intrinsic binary outcome, we highlight the benefits of having such
a resolved measurement in the light of the remarkable MO resolution ability of the next generation
of long baseline neutrino beams experiments. We motivate the opportunity of exploiting the MO
experimental framework to scrutinise the standard oscillation model, thus, opening for unique discovery
potential, should unexpected discrepancies manifest. Phenomenologically, the deepest insight relies on
the articulation of MO resolved measurements via at least the two possible methodologies matter effects
and purely vacuum oscillations. Thus, we argue that the JUNO vacuum MO measurement may feasibly
yield full resolution in combination to the next generation of long baseline neutrino beams experiments.

008.11280v1 [hep-ph] 25 A
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The discovery of neutrino (v) oscillations phenomenon non-trivial mixture of the known neutrino flavour eigen-
have completed a remarkable scientific endeavour last- states (ve, v, V) linked to the three (e, y, T) respective

arxiv

ing several decades that has changed forever our under-
standing of the phenomenology of the leptonic sector
of the standard model of elementary particles (SM). A
few modifications were accommodated to account for the
new phenomenon [1]. This means the manifestation of
massive neutrinos and leptonic mixing along with an em-
bedded mechanism for the intrinsic difference between v
and 7 due to the violation of charge conjugation parity
symmetry, or CP-violation (CPV); e.g. review [2].
Neutrino oscillations imply that the neutrino mass
eigenstates (v4, V2, v3) spectrum is non-zero and non-
degenerate, so at least two neutrinos are massive. Each
mass eigenstate (v;; with i=1,2,3) can be regarded as a

charged leptons. Since no significant experimental ev-
idence beyond three families exists so far, the mixing
is characterised by the 3x3 so called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) [3, 4] matrix, assumed uni-
tary, thus parametrised by three independent mixing an-
gles (612, 023, 613) and one CP phase (dcp). The neutrino
mass spectra are indirectly known via the two measured
mass squared differences indicated as 6m3; (= mi —m?)
and Am3, (= m%—m2), respectively, related to the vo /11
and v3/vs pairs. The neutrino absolute mass is not di-
rectly accessible via neutrino oscillations and remains
unknown, despite major active research [5].

As of today, the field is well established both exper-

Physics potentials with a combined sensitivity of T2K-II, NOvA
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Abstract

Leptonic CP violation search, neutrino mass hierarchy determination, and precision measurement
of oscillation parameters for an unitary test of the neutrino mixing matrix are among the major
targets of the ongoing and future neutrino oscillation experiments. The work explores the physics
reach for these targets by around 2027, when the 3rd generation of the neutrino experiments
starts operation, with a combined sensitivity of three experiments T2K-II, NOvA extension, and
JUNO. It is shown that a joint analysis of these three experiments can conclusively determine the
neutrino mass hierarchy. Also, it provides 50 C.L. more or less to exclude CP conserving values
if true dcp~ %7 and more than 50% fractional region of true dcp values can be explored with

a significance of at least 30 C.L. Besides, the joint analysis can provide unprecedented precision
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measurements of the atmospheric neutrino oscillation parameters and a great offer to solve the 63

octant degeneracy in case of non-maximal mixing.

* cvson@post.kek.jp
t ankur04@tezu.ernet.in
¥ tranngocapc06@ifirse.icise.vn

§ francisQtezu.ernet.in

*Contact: anatael@in2p3.fr
Contact: yang.han@apc. in2p3.£r
iContact: nunokawa@puc-rio.br

9 nhvan@iop.vast.ac.vn
** phantoquyen97@gmail.com

our results (end of August 2020) confirmation (end of September 2020)

[poster @ Nu2020]

alidation«<>agreem

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




Combined sensitivity of JUNO and KM3NeT/ORCA to the

neutrino mass ordering

S. Aiello* A. Albert®®® M. Alshamsi® S. Alves Garre? Z. Aly® A. Ambrosone®®
F. Ameli® M. Andre' G. Androulakis®’ M. Anghinolfi* M. Anguita'! M. Ardid™ S.
Ardid™ J. Aublin® C. Bagatelas’ B. Baret® S. Basegmez du Pree® M. Bendahman®°
F. Benfenati®?d E. Berbee® A. M. van den Berg® V. Bertin® S. Biagi®* M. Boettcher®
M. Bou Cabo" J. Boumaaza® M. Bouta¥ M. Bouwhuis® C. Bozza" H.Branzag*
R. Bruijn™¥ J. Brunner® R. Bruno® E. Buis* R. Buompane®** J. Busto® B. Caiffi®
D. Calvo? S. Campion®®® A. Capone®®® V. Carretero? P. Castaldi?® S. Celli®>"
M. Chabab?! N. Chau®" A. Chen®® S. Cherubini®?*f V. Chiarella®® T. Chiarusi?
M. Circella?® R. Cocimano® J. A. B. Coelho® A. Coleiro® M. Colomer-Molla®4
R. Coniglione® P. Coyle® A. Creusot® A. Cruz® G. Cuttone® R. Dallier® B. De Martino®
I. Di Palma®® A.F. Diaz' D. Diego-Tortosa™ C. Distefano® A. Domi™¥ C. Donzaud®
D. Dornic® M. Dérr®* D. Drouhin®®? T. Eberl®' A. Eddyamoui® T. van Eeden®
D. van Eijk® I. El Bojaddaini" A. Enzenhéofer® V. Espinosa™ P. Fermani®*®
G. Ferrara®* M. D. Filipovié®™ F. Filippini®? L. A. Fusco® T. Gal®' J. Garcia Méndez™
A. Garcia Soto? F. Garufi’® Y. Gatelet® C. Gatius® N. GeiRelbrecht®' L. Gialanellaf22
E. Giorgio® S.R. Gozzini? R. Gracia® K. Graf*! G. Grella®® D. Guderian®® C. Guidi**
B. Guillon® M. Gutiérrez®® J. Haefner® S. Hallmann® H. Hamdaoui® H. van Haren®
A. Heijboer® A. Hekalo®* L. Hennig® J.J. Herndndez-Rey? J. Hofestadt® F. Huang®
W. Idrissi Ibnsalih®#* G. Illuminati®® C. W. James® D. Janezashvili** M. de Jong™®'
P. de Jong™¥ B.J. Jung® P. Kalaczynski®® O. Kalekin® U.F. Katz?!
N.R. Khan Chowdhury? G. Kistauri®® F. van der Knaap” P. Kooijman¥"
A. Kouchner®® V. Kulikovskiy® M. Labalme® R. Lahmann® M. Lamoureux®*
G. Larosa® C. Lastoria® A. Lazo? R. Le Breton® S. Le Stum® G. Lehaut® O. Leonardi®
F. Leone®® E. Leonora® N. Lessing® G. Levi®® M. Lincetto® M. Lindsey Clark®
T. Lipreau® C. LLorens Alvarez™ F. Longhitano® D. Lopez-Coto®d A. Lygda/
L. Maderer® J. Majumdar® J. Maniczak? A. Margiotta®9 A. Marinelli’ C. Markou’
L. Martin® J. A. Martinez-Mora™ A. Martini®® F. Marzaioli®* S. Mastroiannif
K. W. Melis® G. Miele"® P. Migliozzi! E. Migneco® P. Mijakowski®" L. S. Miranda®"
C.M. Mollof M. Moser® A. Moussa® R. Muller® M. Musumeci® L. Nauta® S. Navas?
C. A. Nicolau" B. Nkosi* B. O Fearraigh™ M. O’Sullivan® M. Organokov® A. Orlando®
J. Palacios Gonzalezd G. Papalashvili** R. Papaleo® A. M. Paun* G.E. Pavilag*
C. Pellegrino®d M. Perrin-Terrin® V. Pestel® P. Piattelli® C. Pieterse? O. Pisanti®s
C. Poiré™ V. Popa* T. Pradier® I. Probst® S. Pulvirenti® G. Quéméner®® N. Randazzo®
S. Razzaque®™ D. Real? S. Reck® G. Riccobene® A. Romanov* A. Rovelli®
F. Salesa Greus? D.F.E. Samtleben™® A. Sanchez Losa?™? M. Sanguineti®®°
D. Santonocito® P. Sapienza® J. Schnabel® M. F. Schneider® J. Schumann® H. M.
Schutte! J. Seneca® I. Sgura®® R. Shanidze® A. Sharma®* A. Sinopoulou! B. Spisso®™!
M. SpurioP® D. Stavropoulos’ S. M. Stellacci®™f M. Taiuti®*2° Y. Tayalati® H. Thiersen®
S. Tingay® S. Tsagkli’ V. Tsourapis’ E. Tzamariudaki! D. Tzanetatos’
V. Van Elewyck®®":" G. Vasileiadis® F. Versari®? D. Vivolo®® G. de Wasseige®
J. Wilms** R. Wojaczynski*® E. de Wolf*¥ T. Yousfi" S. Zavatarelli® A. Zegarelli?>®
D. Zito® J.D. Zornozad J. Zuafigad N. Zywucka®
(KM3NeT Collaboration)

S. Ahmad!® J. P. A. M. de André*" E. Baussan® C. Bordereau'®® A. Cabrera? C.
Cerna'® G. Donchenko® E. A. Doroshkevich® M. Dracos? F. Druillole!? C. Jollet!® L. N.
Kalousis? P. Kampmann' K. Kouzakov® A. Lokhov®>® B. K. Lubsandorzhiev® S. B.
Lubsandorzhiev® A. Meregaglia!® L. Miramonti® F. Perrot'® L. F. Pifieres Rico? A. Y T

Popov® R. Rasheed!® M. Settimo!! K. Stankevich® H. Steiger’'? M. R. Stock!? A.
Studenikin® A. Triossi* W. Trzaska!* M. Vialkov® B. Wonsak® J. Wurtz* F. Yermial!!
(JUNO Collaboration members)

PINGU®JUNO (2019) & ORCA®JUNO (2022)
26

accelerator

atmospheric

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



main nuisance: the B>3 octant. ..

Combination

True Normal Ordering

max @23 mixing
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023 octant ambiguity withholds much (up to ~2x in NMO) of the atmospheric potential...
oif normal-MO sensitivity (best): combined [5,8]o
oif inverted-MO sensitivity (worse): combined [5,6]c
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ORCA®|UNO sensitivity. ..

True NMO | JUNO, 8 cores | ORCA ||Simple Sum | Combination
NO 2.30 6.50 6.90 7.80
10 2.40 3.60 4.30 5.10

JUNO ORCA Combination

baseline systematics = ——— optimistic systematics

True Normal Ordering

[ T T /I | T T

True Inverted Ordering
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Asimov sensitivity [o]

B optimistic 023
6 8 10 6 8 10
Time [years] Time [years]

“time” assumes completed both JUNO and ORCA full array

combination goes beyond the simple sum of X2... boosting term but less strong
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ORCA®|UNO: poorer boost

— JUNO —— ORCA ——— Combination

baseline systematics  ——— optimistic systematics

True Normal Ordering (test 10) {50 True Normal Ordering (test NO)

y

24 -23
Am2, [x 107 eV
True Inverted Ordering (test 10)

. . 2.5 2.6
Am2, [x 107 eV?] Am2, [x 10° eV

ORCA'’s intrinsic precision on Amz2 is limited — instead JUNO is world best!
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Mass Ordering: benetits from all. ..
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Neutrino Mass Ordering resolution...

*fully resolved (=50) by 2026-2028: JUNO®NOVA®T2K — plus atmospheric!
*role of atmospheric very important — full exposure needed for statistical power.
first measurement a mixture of vacuum(JUNO)@®matter(all others)

*ultimate vacuum(JUNO) vs matter(DUNE): discovery!?
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