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Neutrino Mixing

_ & — €, U, T Llavor eiqenstakes
Vo = Uozz'Vi . { _ 3
1 =1,2,3 mass eigenstates

Mixing Makrix (PNMS)

1 0 0 C13 0 8136_?:5 C192 s1o0 0 1 0 0
U = 0 C23 S923 0 . 1 0 —S19 C12 0 0 €ia/2 0
0 —sS93 o3 —8136_7’(S 0 C13 0 0 1 0 0 €i5/2

(012,013,023) 2 mixing angles (Am=, dm”?)
. 2 mass squared
0 € 0,2rr] “CP” phase differences

+Am? —» Normal HLerarthv (NH)
—Am? — Inverked Hierarchy (IK)

(a, B) Two Majorana phases (unobservable with oscillations)



CGrlobal Analysis

To expwi,& parame&er correlations we
anhalyze increasingly reach data sets

Luv\gmbasetihe ace + constrain (6m?, 012 YD Am?, 023)D0:13
Solar + KamLAND some info on 623 ockant and §

add independent; strong

Shork-baseline reactors ,
conskrainks on 612

further constraints
SK Atmospheric on (Am?, 623) and info
on 023 ocktank and §

[No real senmsitivity yet to hierarchy in any data set]



Grlobal Av\&i.vsis (Preliminary)
(updated to summer 2015)

LBL (2015, added T2KT and NOVA,
appearance and disappearamce)

Solar + KamLAND + SBL (2014 )

WOTK U progress ko upda&e also
abkmw., + reactors ko 2018



Imp&&% of T2K7 and NOvVA
on the CP-phase §



Impact of T2K and NOVA on the CP-phase §
(2014)
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inbriguing sind~-1 preferred
CP-conserving values of § disfavoured ot ~1-20

no statistically significant info on the hierarchy



Impact of T2K and NOVA on the CP-phase §
(2014)
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semsi&w&%v to & sLLghEbj tnereased
CP-conserving values of § disfavoured at ~1-20

no statistically significant info on the hierarchy,
but NH preferred



Impact of T2K and NOVA on the CP-phase §
(2014)

| | FTRK v +NOVA
LBL+Sol+KL +SBL React. +SK abwm, (&W + dcsawb (LID)
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sensitivity to § slightly increased for IH
CP-conserving values of § disfavoured at ~1-20

no statistically significant info on the hierarchy,
but NH preferred



Impact of T2K and NOVA on the CP-phase §
(2014)

| | FTRK v +NOVA
LBL+Sol+KL +SBL React. +SK abm. (app. + disapp.) (LEM)
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(IH-NH)
sensitivity to § slightly increased (>30 for some values)

CP-conserving values of § disfavoured at ~20

Slight preference for NH



Grlobal Analysis 2014-186:
sthgle F&rame&evs



Crlobal Amatvsis 2014
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SnA® & %
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Sf.,M,z@lz 5a4’ %
SE¢M2613 51%’ %
sin203 V10 % Sce : inbriguing preference for sindce =-1

hierarchy: negligible sensitivity

adding T2K 7 and NOVA LID —>



Grlobal Analysis (added T2K7 and NOvA-LID)
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dm?/10° eV? AmM?/10° eV? sin? 612 sin? 823 sin? 613 o/m
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Si&'\z@lz 5a4’ %

SE¢M2613 51? %
SN2z ~10 % — ~o g Slight improvement

o Oce semsi&i\/iﬁv

adding T2K 7 and NOVA LEM —>

hierarchy: negligible sensitivity



Global Analysis (added T2K7T and NOVA-LEM)
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stn*012 54 %

sin2013 ¥ %

sz Y10 % — ~o % slight improvement
oW Sce semsiﬁvi&v

hierarchy: negligible sensitivity

from single parameters to 2-parameter correlations —
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(013, &) correlation including
T2K and NOvA-LIM

For the relatively "low” value sin?61570,02
preferred by Solar + KL data, appearance

signal in T2K and NOVA maximized by subleading
CP-odd term for sind < © [le., 1<6/m<2].
T2K+NOVA neutrine appearance signal consistent
with the moaxinmum allowed béj sink013~0.02

Best fit for 6/ ~ 1.5, for both hierarchies

The wealker MINOS sighal E?reafers sind » o,
“‘out of phase” wrkb. T2K+NOVA, Fluctuation?

NOVA mwore i phase wikh T2K Ehawn MINOS
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Another correlakion Fai.o%: 5 vs O:3. Note octant Lms&abiiiﬁvﬁ

(2014
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(2015)
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(20158)
NOvVvA-LEM
LBL Acc + Solar + KL + SBL Reactors + SK Atm

Allowed regions reduced in both hierarchies
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Hierarchy might remain undetermined

for quite some time, may need new
dedicated projects (e.9., PINGU/ORCA

and IJUNG/RENG-§0)




Hmramkfj deberminakion

Need precision studies of systematics that
could wealcen bhe sens&&iw',&v o Ehe H&erarakv

Two @.xampi.es: PINGU and JUNO

Cownsider flux errors and
non-linear enerqgy scale errors
parametrized in terms of (up to
sth order) polynomials 0.9
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The coloured bands reyresan&
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10 errors for the JUNO experiment
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...... + energy scale
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Stat + syst (osc+norm) + resolution (scale,width) + polynomial + uncorrelated

| Frd || N | L IR | Frd ||||| | L |||||
= ~ » - » - » - Z
10— 3 10— 3 10— ) 10— ] S
! 1 1 ! 1 3
» . » ~ » » . Q_J
NG - - - - - - - E
B > B = B B 4 D
5 4 5k 4 5F 5 S
» - » - » » o a
i i i i i i 1T =5
O— 1 L1 1 |||||- O— 1 L1 1 |||||- O— 1 ' A B O— I-
0 3 10 O 3 10 O 3 10 O 5 10
| Frd ||||| | L ||||| | Frd ||||| | L |||||
10 - - 10} - 10} -+ 10 +4 @
: 10 10 1 0 1@
No | T 1t 1t 1 =
» = » » - » - C—D-
5 4 5f 5 1 5 >
! i ! ! ! o
i i i i i -
i | i i i <
O ] O 0 1 ' A B O 1 I B B A A
0 5 10 O 5 10 O 5 10 O 5 10

Time (y) Time (y) Time (y) Time (y)

Phys.Rev. D91 (2018) 073011



Cownclusions

3v framework well established and (almost all)
oscillation parameters measured ot few % level

CP phase § and 023 octant still unknown bub preference
for sind~-1 strengthened by T2K antineutrino and NOvA

CP-conserving values =0, disfavoured at 20
5~1/2 now disfavoured ot more than 30

Still no statistically significant info
on Hierarchy (NH slightly preferred)

-~
- » -

\\

' — .

Hnerarakv might remain um«mown for qm&e some time (moij
need new exFaer:,mem& Like PINGU/ORCA and TJUNO/QENOmﬁO)
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