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Precision era in neutrino oscillation phenomenoclogy

Standard 3v mass-mixing framework ?&rameﬁers

Whalt we khowin

om? ~ 734 x 107> eV?
Am? ~2.49 x 107> eV?
sin? @,, ~ 0.305

sin® 03 ~ 2.23 x 1072

sin” @,; ~ 0.56 X 1072

(2.2%)
(1.3%)
(4.4%)
(3.0%)

(5.2%)

What we skill do nob khnow

CP-violating Fkase )
Ockank O% (923

Absolube mass scale

Nature of v (Dirac/Majorana)

Mass Ordering —> sign(Am?)

Normal Inverted
Ordering Ordering
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Note that in our notation

Am? =

Am321 + Am322
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To understand how bounds on the oscillation parameter arise it is useful

to Look at their correlations and to consider the progressive contribution
of different daka sets

LBL accelerators (T2K and NOVA) are dc:-miman&i.j sensitive to (Am?, 055, 0,3)
but also probe § and NO vs 10, f (6m%6;,) are fixed by solar+KL,

Am? A — Am?
Plv, > v,) = sin? 053 sin? 2613 ( m ) sin? ( m a:)

A — Am? AE
+  sin 2653 sin 26013 sin 26014 (ATm?) (Af—rfm?) sin (%x) sin (A ;gmz :1:) cos (A4§2 a:) cos 0
—  sin 26093 sin 263 sin 2615 (A;nz) (A fﬂAﬂmﬁ ) sin (%x) sin (A ;gmz :1:) sin (Aéfgz :1:) sin
+ cos? 63 sin? 2015 (Azﬁ ) : sin? (%m) : (13)

where A = 24/2GrN.E governs matter effects, with A - —A and § — —§ for v — 7, and Am? —
—Am? for normal to inverted ordering. At typical NOVA energies (E ~ 2 GeV) it is |A/Am?| ~ 0.2,

Therefore we start combining

(1) LBL acc + Solar + KamLAND
Solar + KL data provide the necessary input for (Omz, 012), buk also
independent -although weale- constraints on 01a. The data set (1) provides,
by itself, a measurement of 01



SBL reactors (Daya Bay, RENG, Double Chooz) are dominantly
sensitive to (Am?, 913) and shrink the Y1z range drama&aaii.v,
with correlated effects on the other parameters

(2) LBL acc + Solar + KambLAND + SBL Reactors

SBL reactors not omtv prov&de Fhe wost accurake deberminakion
of 81z but also an independent determination of Am?

(3) LBL acc + Solar + KamLAND + SBL Reactors + Atmospheric

Atmospheric neutrine data (5K + ‘Dee[ch}re) sensitive in different
ways to all the oscillation parameters via dLsaP[oearamae and
appearance chanhels, Because of matter effects they depends on

all Parame&e_rs i the 3v framework, buk ciomimam?:i.v on (Amz, Uz3).
Also meor&am& to kestk NG vs 10



Bounds on sigle parameters, obtained after marginalisation over
all other parameter, shown in the following in terms of No =1/Ay”

Separate best fits for both NO and 10 Bounds for I0 move upwards
taking inte account that currently

Typical bounds would be Linear and
| NGO gives the absolute best fib

symmetric for gaussian errors
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Global fit results: 1804.09678 by F. Capozzi, E. Lisi, A. Marrone, A. Palazzo, PPNP 102, 48 (2018)



LBL Acc + Solar + KamLAND
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With the exception of § and 913, all parameters
bounded at wmore then 40 level

V23 Mearij maximal bub octant undetermined ok 1o
Maximal CP violation favoured

10 slightly disfavored with respect to NO at 1o level.



LBL Acc + Solar + KamLAND + SBL Reactors
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Range of smallest mixing angle 91z dramatically reduced

Largest mixing angle 923 close to n/4, but octant undetermined at 20

Max CPV at ~3rm/2 favored , CP conservation disfavored ok ~20 in NO

10 disfavored with respect to NO ot 20 level.



LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
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LBL Acc + Solar + KL
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LBL Acc + Solar + KL + SBL Reactors + Atmos
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Sktrong correlations (in the Lleft panels) mainly induced by the interplay between 5
and 013 in the subleading terms of the appearance probability for LBL experiments

In NG, the best fit of & remains very close to ~ 131 by adding
first SBL reactor and then atmospheric neutrino data

In I0 there is a slight decrease of & from Lleft to
middle panels, correlated to the decrease of 013

Consistency of all the datasets towards the same best-fit
values of both the Amz, 0:3, 015 and



Crlobal Fik - 201%

Table 1: Best fit values and allowed ranges at No = 1, 2, 3 for the 3v oscillation parameters, in
either NO or I0. The latter column shows the formal “lo accuracy” for each parameter, defined

as 1/6 of the 30 range divided by the best-fit value (in percent). r—
Parameter Ordering Best fit 1o range 20 range 30 range “lo” (%)
om?/107° eV? NO 7.34 7.20 — 7.51 7.05 — 7.69 6.92 - 7.91 2.2

10 7.34 7.20 - 7.51 7.05 — 7.69 6.92 — 7.91 2.2
sin® 65 NO 3.04 291 - 3.18 2.78 — 3.32 2.65 — 3.46 4.4
10 3.03 2.90 - 3.17 2.77 - 3.31 2.64 — 3.45 4.4
sin® 6,3/1072 NO 2.14 2.07-2.23  198-231  1.90 - 2.39 3.8
10 2.18 2.11 - 2.26 2.02 - 2.35 1.95 - 2.43 3.7
|Am?|/107° eV NO 2455 2423 —2.490 2.390 — 2.523 2.355 — 2.557 1.4
10 2441 2406 — 2.474 2.372 - 2.507 2.338 — 2.540 1.4
sin® fa3/1071 NO 5.51 4.81 — 5.70 4.48 — 5.88 4.30 — 6.02 5.2
10 5.57 5.33 — 5.74 4.86 — 5.89 4.44 - 6.03 4.8
d/m NO 1.32 1.14 — 1.55 0.98 — 1.79 0.83 — 1.99 14.6
10 1.52 1.37 — 1.66 1.22 — 1.79 1.07 - 1.92 9.3

Khnown parameters constrained at few % level
If trend continued, the unknown § could be khowin at 10% level

Hints for maximal nearly CP violation and NO



Partial Update - [Capozzi et al. 2019, preliminary, unpublished]

KENO arXiv:1¥06,0024-% v

Daya Bay arXiv:1¥09,02261 v

Double Chooz  arXiv:1901,094 4§ X

T2K Neukrino 201% + other conferences 201%/19 v
NOVA  Neulrino 201¥ + other conferences 201%/early 19 v
SK-IV abtmos, arXiv:1901,03230, {iTQuin reconstr. algorithm X
'D@.@.FCCN‘?. arXiv:1902.07771, ahod.vses “A” and “B” X

Few d&js ago: NOVA upd&&e arXiv:1906& 04907



LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
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LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
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NG - slight increase of best-fit values for (Am?, 6,,0,5)
with slightly smaller errors

NG - slight decrease of best-fit value of §
with weaker CPV significance

10 remains disfavoured at 30 level —> stable hink for NO



Covariances of (sin?6,;,sin’6,;) for NO

LBL Acc + Solar + KL + SBL Reactors + Atmos
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Covariances of (sin?6y, Am?) for NO

LBL Acc + Solar + KL + SBL Reactors + Atmos
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Covariances of (sin’6;;,6) for NO

LBL Acc + Solar + KL + SBL Reactors + Atmos
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Comparison of global analyses

Normal Ordering
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Comparison of global analyses
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Comparison of this 2019 partial update ("BARI") with NuFIT 4.0 resulkts ("NUFIT")
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Agreement as good as it can be expected from independent phenom. analyses

[except perhaps for the “bimodal” ~and relatively fragile- pdf of sindzs ]



New v + v Oscillation

Results from NOVA

Jeremy Wolcott (Tufts University)
52" Fermilab Users Meeting
June 13, 2019

NOVA upcia&e.

4.40 observation of 7, appearance

27 7, > 7, events (10 background)

Events / 0.1 GeV

Events / 0.1 GeV

. FNAL UM / June 13, 2019 -

0 —

FD data (with new v sample!)
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Now with

Best fit total prediction 96 78%
total bkgd.: 2.2 _more
l, cosmic bkgd. 0.8 v datal
L beam bkgd. 1.4

.
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FD data (with new v sample!)
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Expectations for JUNG reactor experiment
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JUNO + improved Am? from LBL accel. and Atmospheric expts

Complementarity: different measurements of Am? give better NO/
10 discrimination because of misfits differ in different expts

JUNO CDR, 1508.07166 Blennow & Schwetz, 1306.3988
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At lower significance, this complementarity
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(Very) Long term: JUNG (osc. in vacuum) + high-precision solar v data
(osc. in matter) might test the slight solar vs KamLAND “tension” (~V20)
currently emerging from global fits in the determination of sm?

Hypothetical outcome of a proposed DUNE-based solar v experiment vs JUNO:
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Expectations for DUNE, LBL accel. expt

Disappeamnce + appearance enable to probe
several 3v khnowihs and unkinowins

Sanford Underground

1° @53 resolution (fo3 = 42°) 29 1
CPV at 30 (dcp = —7/2) 77 3
MH at 50 (worst point) 209 6
10° 4¢cp resolution (dcp = 0) 252 6.5
CPV at 50 (é6cp = —7/2) 253 6.5
CPV at 50 50% of dcp 483 0
CPV at 30 75% of dcp 775 12.5
Reactor 65 resolution 857 13.5

(sin® 26,3 = 0.084 £ 0.003)

Am? ~249%x 1073 eV? (1.3%) - (0.3%)
sin*f); ~2.23x 1072 (3.0%) — (~3%)

5.2%) — (~1%)




Conclusions

¢ 3v framework established by convergence of many data sets
* Five known parameters are being measured with increasing accuracy
e Five unknowins remain to be determined, with hinks in favor of:

e NO vs I0 ot the level of ~30 from oscillation data
(+ cosmomgv)
o CPV with 5~1.2p (but CPC allowed at 1.30)
e 925 i 274 octant (bubk 15t octank allowed abk <20 level)
[ALl very interesting.. but not robust yet]

Absolute mass scale: —> sub-eV range, help from
cosmology in the next future

Dirac/Majorana nature: Frababiv need to wail much longer...

Thank you for your attention



