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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 ~ NuFIT4.0
CID SK@SNO 2.3 %
023 NOVA+T2K] 2.0 %
O3 DYB+DC+RENO 1.5 %
+0m?2 KamLAND| 2.3 %
|1Am?] T2|<+[[)\1YCB>VA& 3%

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 Orderin
A I A g means
— \/pt *the lightest v: m, or ms?
Normal Ve Inverted esimportant consequences to...
2 Cosmolo
mMy™—— | ] L e 4
3 A solar~7x10-eV?2 [V role in Universe formation]
atmospheric - -Particle Physics
~2%103eV?2 [ex. BB decay range]
atmospheric - et —
*discovery!? test new sics!
m,> | mam ~2x107%eV? f =~
solar~7x10 e V?2 -Standar Model: incomplete!
m12__ _ ] | I I — [not known where itd break first]
7 ? note: neutrino oscillations not sensitive
0 h 4 A 4 to the Vv absolute mass (other channels).

he Mass Ordering mystery...
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running experiments...

KAMI OKA
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Imminent experiments
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apologies: not all experiments mentioned
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The fate of hints: updated global analysis of
three-flavor neutrino oscillations

today’s world data |eads to...
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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

what are the leading experiments?

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¢ Wh at’s gOIng to happen nGXtZ
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

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

oday's NMO status...
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when can we resolve (=50) the neutrino Mass Order?
[earliest time scale]

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

what physics exploited to yield the full resolution?

MO to probe new physics? (discovery potential)

P

our studies goal. .. P2iO

Physique des 2 Infinis et des Origines
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Matter Effects Oscillations Vacuum Oscillations
(CP experiments— fake CP-violation) (no CP-violation)

-

™ »
_International Falls, MN -
\

: : ', Ve
sctor—, 7 who i () A TR
NOvVA Far Detector | O”‘@-‘j')ﬁ_ﬂ N v 7
Detector ) Nk ~— - 4

North Dakota <

!

Minnesota "k‘\ Y o s aa

y L AR
C Manitoulls Ysland

(8 \

\’
Wisconsin
\

SouthiDakota *
-

&
2
2

\

Michigan

) ' DOetroit _—
Fermilab (4 '

Vg g x i . Sl Taishan
Fermilab J : o AN ]

1
' Baisha Bay. Da Ludongwan
¢ R 1Tha

n N g & N ~ ol 4 3 T P
Illinois Indiana changsh (Nl N / v 7 S K500 g
Image © 2007 TerraMetrics \J | T \ 3
Image © 2007 DigitalGlobe Indianapolis
477 km © 2007 Europa Technologies < s il ol 7, 3
Image NASA ] 4

B
& N\ Sl
Pointer 44°25'37.220N.490°33'05.39" W Streaming 111111111 100% Eye alt 149965 km N
6x 2.9 GW¢n

B
(b) True MO: Inverted —- Do
Ocp» 053 dependent
;zoligucrfl?én t Yang Jiang & Taishan

BN TOK Future 0(sin2923) 2% (8 reactors: 26.6 GWi)
I NOvA Future

Colored Regions: sinzeg"e= 0.45 - 0.60

—-—- sin’01° = 0.565(0.568) for NMO(IMO)

; to reject wrong MO

2 AC
LBvVB-

Ay,

arXiv:2008.11280

Laboratories



NOVA & T2K: direct comparison of oscillation with neutrino & anti-neutrino

v, and vV, Data at the Far Detector
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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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JUNO ultra-precise oscillometry: 2 oscillations & interference terms (hard physics)
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he JUNO (hardest) way...
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in 2020...

Super-Kamiokande — no!

T2K (=2024) — no!
ittle =20— T2K designed for cleanest 8(CP)

NOvVA (=2026) — no!
not bad !! =40 (by 2026), only if lucky on &6(CP)!

JUNO (=2022) — no!
not bad !l robust ~36 (by 2028) — careless of 6(CP)!!

by 2030...

DUNE(=2028?) —
stunning >50 (by ~20307) — careless of 6(CP)!!

Hyper-K(=2028?) — no!
(like T2K) targets the cleanest O(CP) [minimal matter effects]

atmospheric neutrino — critical! (extra info maybe ~50)

atmospheric not addressed in our analysis (complex)— reinforce our conclusions

resolution (250) anybody. ..
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arXiv:2008.11280

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

= T2K + NOVA + JUNO =

—> T2K © NOVA @ JUNO =

still, ~50 before 2030...

12
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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
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Mass Ordering: [UNO®NOVA® T 2K.
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NOVA: strong matter effects

T2K: clean CPV information



all about the Am? synergy..

|5

(Ia) True: Normal Fit: Normal
Current LBvB 1o
Future LBvB with 1% error

Future LBvB with 0.5% error
True solution (assumption)

JUNO lo

(Ib) True: Normal Fit: Inverted

false
Expected Am’ L EB

JUNO lo

Am23,[reactor] vs Am23;[LBvB]

e JUNO alone ~30
standalone JUNO (intrinsic): “self Am23,”

JUNO alone

©=2026: JUNO®Am?23;[NOVA®T2K]

JUNO exploits Am23;[ NOVA®T2K] via PDG
JUNO marginalised

©=>2030: JUNO®Am?23;[ DUNEoHyperK]
JUNO exploits Am23;[DUNE®HYyperK] via PDG!
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= ~2 years...
50 @ 50% CL
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N i .
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RS o "y .
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~50 maybe even by >2026!! (if lucky)
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Vaccum Oscillation MO Sensitivity Evolution

—l
N

B JUNO only

JUNO @ Amg, . (0.75%)

—l
&)

00)

Mass Ordering Significance [o]

— Vacuum vs Matter

1meline (years

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

physics BSM?

me evolution.
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Earliest Resolution to the Neutrino Mass Ordering?

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

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.

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

008.11280v1 [hep-ph] 25 Aug 2020

neutrino mass hierarchy. Also, it provides 50 C.L. more or less to exclude CP conserving values

2

The discovery of neutrino (v) oscillations phenomenon non-trivial mixture of the known neutrino flavour eigen-

e i ’ - if true dcp~ %7 and more than 50% fractional region of true dcp values can be explored with
> have completed a remarkable scientific endeavour last- states (ve, v, vr) linked to the three (e, y, 7) respective

18

arxXiv

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

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

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-

our results (end of August 2020)

arXiv:2009.08585v2 [hep-ph] 4 Oct 2020

alidation«<>agreem

a significance of at least 30 C.L. Besides, the joint analysis can provide unprecedented precision
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

9 nhvan@iop.vast.ac.vn

** phantoquyen97@gmail.com

confirmation (end of September 2020)

[poster @ Nu2020]
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Neutrino Mass Ordering resolution...

*fully resolved (=50) by =2026: JUNO®NOVA®T2K
(current and extra atmospheric neutrino—ecven better)

first measurement a mixture of vacuum(JUNO)®matter(NOVA,T2K,etc),

including atmospheric

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

P20
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CPV phase vs (Atmospheric) Mass Ordering
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