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Neutrino oscillation experiments, both ongoing and upcoming, alongside their synergies, lay the
cornerstone for resolving key issues within the framework of the three-flavor neutrino paradigm.
The present complementarities between atmospheric and long-baseline experiments have reduced
the span in atmospheric oscillation parameters and the CP phase. Further, the persistent discrep-
ancy between Solar and KamLLAND data regarding Am%1 has now been almost resolved. The
remarkable precision on 63 attained by the current reactor experiment, Daya Bay is unprece-
dented. The notable precision attained in ongoing oscillation experiments not only lays a solid
foundation for future research but also offers the potential for substantial advancements and the
revelation of significant phenomena within the neutrino sector. This work briefly highlights the
recent advancements and outlines the promising future directions in the field of neutrino oscilla-

tions.
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Neutrino Oscillation Parameters: Present and Future Sanjib Kumar Agarwalla

1. Introduction

In recent decades, extensive experimental efforts and theoretical advancements have deepened
our understanding of neutrino oscillations. Notably, in the past few decades, precision studies
focusing on the interactions of first and second-generation neutrinos have led to two Nobel prizes
in this field. This talk will analyze recent measurements from global experiments and explore how
upcoming experiments will continue to enhance our understanding of neutrino properties.

2. Present synergies and tensions in neutrino oscillation parameters
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Figure 1: Present 1o~ and 30 allowed ranges, following global neutrino oscillation data in Ref. [1-3].

Figure 1 provides an overview of our current knowledge on the six parameters governing
neutrino oscillations within the standard 3v framework by three global fit studies [ 1-3]. It highlights
the remarkable precision in determining solar oscillation parameters: Am%l (4.5%) and sin’ 6>
(3%), atmospheric mass splitting: |Am§1| (~1%), and reactor mixing angle: 613 (3%). However,
the atmospheric mixing angle (sin2 6>3) and CP phase (6cp) remain the most uncertain parameters.
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By comparing the 10 confidence levels (C.L.) and the 30~ allowed regions, we offer a comprehensive
overview of the parameter space of the global oscillation data by the three global fit studies, thus
confirming to the robustness of our current understanding of neutrino oscillations. Following [1],
we find that there is a slight preference for normal ordering (NO) at approximately 2.50-, preference,
at a 90% C.L. for the angle sin” 3 to be in the lower octant (LO) compared to the secondary best
fit in the higher octant (HO), and for dcp to be approximately 1.24 times n, deviating from the
CP-conserving value of 7. Conversely, having maximal sin® 6,3 mixing is less likely by about
1.80, and the range of dcp between 0 and 0.77x is unlikely by more than 30~ under NO. These
achievements have laid the foundation for neutrino research to enter a new era of precision.

2.1 The Solar and KamLLAND
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Figure 2: Previous [4] and present [1] allowed regions in the solar oscillation parameters, using Solar and
KamLAND experiments.

The joint assessments from the Solar and KamLAND experiments have been pivotal in de-
termining solar parameters. Over the past decade, there has been a notable discrepancy at about
20 globally in the preferred best fit for Am%1 between these experiments, with KamLAND favor-
ing a relatively higher value. This tension arises from two significant disparities [4]: (a) Solar
experiments (SNO, SK, and Borexino) found no evidence of the low-energy upturn predicted by
the standard LMA-MSW solution for the favored Am% , value by KamLAND. (b) Super-K observed
a non-vanishing day-night asymmetry, supporting a higher Am%l value compared to KamLAND.
With the addition of the latest Super-K solar data that prefers smaller day-night asymmetry, the gap
in Am%1 measurements has decreased to around 1.10 [1] (refer to Fig. 2).

2.2 Correlation between sin’ 6»3 and 6cp

The octant ambiguity results in two nearly equally favorable solutions, each surrounded by
While the Inverted
Ordering (I0) consistently leans towards 6cp = m/2 across all data combinations, indicating a

permissible regions that converge at 20~ or 30 C.L. (refer to Fig. 3) [1].

negligible correlation with sin® 6,3, the NO exhibits a broader range for 6cp, encompassing the
CP-conserving scenario dcp = & at 20-. Furthermore, with the addition of short-baseline (SBL)
reactor data, NO exhibits best-fit around dcp = n, disfavoring dcp = 37/2 at ~ 20. In terms
n stands at a 90%

of numerical assessment, the likelihood of the CP-conserving value 6cp
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Figure 3: Current allowed regions in (6cp — sin’ 6»3) plane, using global oscillation data [1].

C.L. corresponding to approximately 1.60 deviation from the favored range. However, recent

analyses that omitted SK-IV atmospheric data allowed for acceptance of this value with less than

1o significance [2, 3]. Despite the current data showing relatively minor correlation effects, these

effects are expected to become more pronounced with the advancement of statistical precision and

accuracy in long-baseline (LBL) accelerator experiments.

2.3

Results from T2K and NOvA
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Figure 4: Allowed regions in (6cp — sin’ 63) plane, exhibiting current tension in T2K-NOvA [6].

The two ongoing LBL experiments exhibit both tension and complementarity while determin-
ing the two most uncertain parameters: sin’ 6»3 and 6cp. These experiments have access to both
vy — Vv appearance and v, — v, disappearance channels with a very well-determined initial

muon neutrino flux (the same is true for the antineutrino mode as well). While both T2K and NOvA

have a slight preference for NO over IO and HO over LO, the preference for CP phase defers under
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the NO assumption [5, 6]. As illustrated in the left panel of Fig. 4, the T2K experiment’s optimal
fit point aligns with the NO but falls within a region that is disfavored by NOvA. Nevertheless,
there are still areas of overlap between the two experiments. The right panel in Fig. 4 confirms that
both the experiments consistently favor dcp € [7,27]. However, both experiments are currently
statistically limited. Recently, they announced the results from their joint-fit analysis [7].

2.4 Latest Oscillation Results from IceCube DeepCore
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Figure 5: Comparing IceCube DeepCore with other oscillation experiments at 90% C.L. assuming NO [8].

LBL experiments in operation have established set baselines and neutrino beam energies that
are finely tuned to enhance the examination of neutrino oscillations. Conversely, atmospheric
experiments like Super-Kamiokande, KM3NeT-ORCA [9], and IceCube DeepCore have access to
a wide range of energies (£) and baselines (L). This allows them to probe neutrino oscillation at
several L/E values in presence of Earth matter effect. In Fig. 5, we exhibit the currently allowed
ranges in (sin’ 63 — Am%z) at 90% C.L. from all the leading oscillation experiments, assuming
NO [8].

The competitive sensitivity of DeepCore compared to the other leading measurements world-
wide has reduced the span in Am%2 the most. Notably, the analysis in IceCube explores a higher
energy (5-100) GeV range compared to other experiments and utilizes a unique detector technology,
introducing a distinct set of systematic uncertainties. Therefore, the observed consistency serves as
robust validation for the standard model of three massive neutrino oscillations.

3. Upcoming experiments and their physics reach

As the quest for deeper understanding and precision studies continues, a new wave of upcoming
neutrino oscillation experiments emerges, promising unprecedented insights into the uncertainties
of neutrino physics. There are several candidates like Deep Underground Neutrino Experiment
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Figure 6: Relative precision of the oscillation parameters as a function of runtime in JUNO [9].

(DUNE), Tokai-to-Hyper-Kamiokande (T2HK), T2HK with a second detector in Korea (T2HKK),
Jiangmen Underground Neutrino Observatory (JUNO), IceCube Upgrade, India-based Neutrino
Observatory (INO), and the next-to-next generation European Spallation Source neutrino Super
Beam (ESSvSB). Armed with cutting-edge technology and innovative methodologies, these exper-
iments are poised to extend the frontiers of knowledge, probing elusive phenomena such as neutrino
mass ordering, leptonic CP violation (CPV), and precision measurements of oscillation parameters.
In the subsequent sections, we explore the exciting landscape of some of these experiments.

3.1 JUNO

JUNO, situated in Kaiping, Jiangmen, within China’s Guangdong province, is a reactor neutrino
experiment currently in the deployment phase. Positioned at a distance of 52.5 km from two nuclear
power plants, its primary objective is to ascertain the neutrino mass ordering through the observation
of reactor antineutrino disappearance. It can detect not only v, neutrinos from reactors and Earth but
also the atmospheric neutrinos. JUNO is poised to achieve world-leading precision measurements
with sub-percent in Am%l, Am%l, and 61, measurements, as depicted in Fig. 6 [9]. Collaborating
with TAO, a satellite detector stationed adjacent to the Taishan reactors to regulate the flux, JUNO
anticipates achieving a 30~ C.L. in NO with six years of exposure equivalent to 26.6 GW.

3.2 IceCube Upgrade

For the past decade, the IceCube Neutrino Observatory has been actively monitoring at-
mospheric neutrinos within the GeV energy range, utilizing its low-energy extension known as
DeepCore. To enhance its capabilities, a new extension named the IceCube Upgrade is set to be de-
ployed during the polar season of 2025/26. This upgrade involves the installation of seven additional
strings within the DeepCore fiducial volume. By more than tripling the number of Photomultiplier
Tube channels compared to the current IceCube setup, the Upgrade will significantly bolster its
capabilities within the GeV energy range, lowering the threshold value to approximately 3GeV.
Figure 7 depicts the sensitivity achieved at the 90% C.L. following three years of operation with
the new strings. Crucially, the addition of new strings boosts IceCube’s sensitivity to atmospheric
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Figure 7: Joint projection of DeepCore and upcoming Upgrade in (Am%1 —sin? 6,3) plane assuming NO [10].

parameters by around (20-30)% and increases its capability to resolve the mass ordering by a factor
of four [10].

3.3 DUNE, T2HK, and their complementarity

DUNE and T2HK represent the next-generation LBL experiments, offering unprecedented
statistics, intense beams, and reduced systematic uncertainties. These advancements promise
to greatly improve precision measurements in oscillation parameters and may open avenues for
exploring New Physics in the lepton sector. With a proposed long baseline of 1285 km, DUNE
will be heavily influenced by matter effects, while T2HK, with a shorter baseline of 295 km, will
experience conditions closer to vacuum. DUNE’s flux peaks at higher energies (around 2.5 GeV),
allowing for potential v, appearance searches, whereas T2HK’s flux peaks around 0.6 GeV. DUNE’s
far-detector, a 40 kt LArTPC, offers remarkable imaging capabilities, reducing signal normalization
uncertainties to 2% in appearance and 5% in disappearance. Conversely, T2HK’s 187 kt water
Cherenkov detector will accumulate extensive statistics, albeit with slightly higher expected signal
normalization uncertainties (5% in appearance and 3.5% in disappearance). T2HK’s proposed
runtime ratio, operating in a 1:3 ratio of v : ¥ mode, contrasts with DUNE’s approach [11, 12]. In
the subsequent sections, we detail the potentials of DUNE and T2HK, both independently and in
combination, highlighting their complementary nature.

3.3.1 Leptonic CP violation

The strong correlation between sin® >3 and dcp ensures large uncertainties in the measurements
of the CP phase in the present generation of experiments (Sec. 2.2). The superior detector systematics
and ability to probe varied L/E ratios in DUNE, coupled with the shorter baseline and larger fiducial
volume in T2HK, promises substantial complementarity in resolving the (sin” 623 —5cp) degeneracy.
InFig. 8, left, we depict this in terms of CP coverage, which denotes the values of true ¢cp (in %) in its
entire range of [—180°, 180°], for which leptonic CPV can be established at > 30 confidence level.
We observe that around maximal mixing (MM) choices of sin® 6»3, CP coverage tends to reduce in



Neutrino Oscillation Parameters: Present and Future Sanjib Kumar Agarwalla

T — T T T T T T T 20 ; . ;
8 NO (true) [ sin®0y(true) = 0.5, NO

—— DUNE
—— T2HK

E E L T2HK: App. Sys. (5%) ——— DUNE+T2HK
r 1 r DUNE App. Sys. (2%

80 | r pp. Sys. (2%)
i 1 1sf

75 femmmm oo .

ABcp [Deg.]

70 ¢

CP coverage = 30 (%)

10}

DUNE ——
T2HK ——

65 -

DUNE + T2HK DUNE:[5v +5 ¥ ]yrs g i
| | T2HK: [25v + Tsvwrs ] 5 [ [PRELIMINARY 10 precision
! | | | . I I I 1 ! L :
s 045 05 055 06 180 -135 -90 -45 0 45 90 135 180

6cp (true) [Deg.]
sin0,3 (true)

Figure 8: Left panel: coverage in dcp for > 30 leptonic CP violation as a function of sin’ 6>3 [13]. Right
panel shows the relative 10 precision in dcp assuming NO, which is taken from a work in preparation [14].

DUNE because of the extrinsic CP phase that induces (sin2 023 — dcp) degeneracy. However, T2HK
with a smaller baseline remains unaffected, attaining better CP coverage than DUNE around MM.
Furthermore, the complementarity between DUNE + T2HK can enable us to achieve more than
77% CP coverage irrespective of the values of 6,3 and mass ordering. For more insights, refer [13].
On the right panel of Fig. 8, we exhibit relative 1o precision in dcp. For a fixed dcp (true), Ad is
defined as one-half of the reconstructed 1o range (1 d.o.f.), after marginalizing over atmospheric
parameters and systematic uncertainties. We find that DUNE + T2HK can measure any value of
Ocp with a relative 1o precision of <~10°.

3.3.2 Deviation from maximal sin” 0,3

Several neutrino mixing models have ruled out the MM of 6,3 due to  — 7 asymmetry. DUNE
and T2HK individually have bright prospects to establish this non-maximality with more than 30
C.L. based on the present global fit [1, 15] in NO. The left panel in fig. 9 depicts that the combination
of DUNE and T2HK has the potential to establish this phenomenon at more than 70~ C.L. whereas,
the full exposures expected from the currently running LBL experiments: T2K and NOvA can
jointly attain sensitivity of only 1.60~. T2HK’s huge statistics have a crucial input in enhancing this
potential. Conversely, if the best fit of sin® 6,3 shifts to the upper bound of present 1o fluctuations,
then DUNE + T2HK remains the only solution to obtain non-maximality at 3c.

3.3.3 Discovery of 2-3 octant

The ambiguity of 8,3 octant remains unsolved with current oscillation experiments. Utilizing
either T2ZHK or DUNE can resolve this issue with more than 407, using the current global oscillation
data from Ref. [1] in NO. Moreover, the right panel in fig. 9 depicts that their complementarity
can excel from their standalone capabilities in excluding wrong octant exclusion by ~1.5 times.
This is mostly because of their upgraded systematics in the appearance channel. T2HK plays the
leading role in resolving the issue of octant at lower significance due to its dominance in statistics.
Whereas improved systematic uncertainties in v appearance channel enable DUNE to perform well



Neutrino Oscillation Parameters: Present and Future Sanjib Kumar Agarwalla

Deviation from Maximality Exclusion of wrong octant of sin2923

T I T T T TbuNe'— 3‘74(‘7““DUNE“‘
60 [ 7.60 T2HK —— b 50 E : T2HK —— 7
i DUNE + T2HK —— BIRISG RS =
r r T2K + NOVA :
50 | T2K + NOvA . [ T2HK (2.7% app. syst) =
i 40 - : -
40 C 8cp (true) = 223° 1 i 5.90 Scp (rue) = 223°
NE NO (irue) N% 30 * 5.20 NMO (true) *
< 30 ¢ . é :
: oo [ 44 1
20 r :
i I B 4°
10 | 10 ¢
i i 260\,
ot 0 [, . 189 \ .
0.4 0.45 0.5 0.55 0.6 0.4 0.45 05 0.55 0.6

sin20,3 (true)

sin20,3 (true)

Figure 9: Sensitivity towards establishing deviation from maximal mixing of sin? 63 (left) and resolving
the issue of octant of sin” 6,3 (right) assuming NO. These figures are taken from a work in progress [16].

at a higher C.L. Furthermore, considering better systematics in T2HK ( ~ 2.7%) [17] will enhance
its capability even better than DUNE.

3.3.4 Precision measurements in atmospheric oscillation parameters
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Figure 10: Precision in atmospheric oscillation parameters assuming NO. These figures are taken from a
work in preparation [16].

DUNE and T2HK will be the pioneers in achieving precision at high C.L. Figure 10 reveals
that the solo performance of T2HK in achieving precisions on sin® 6,3 and Am%1 is better than
DUNE. This is because of its huge statistics and lesser systematics in the disappearance channel.
Remarkably, the combined setup of DUNE and T2HK improves the present precision status (in [1])
of sin’ 6,3 and Am%1 by 7 and 5 times, respectively [15].
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4. Concluding Remarks

Present and future neutrino oscillation experiments establish the cornerstone to address the
pressing issues in the three-flavor neutrino paradigm. Besides the achievement of excellent precision
on 613 by Daya-Bay, the long-standing tension between Solar and KamLAND on Am%1 also got
resolved with the inclusion of Super-K solar data. The precision currently achieved in ongoing
oscillation experiments has paved the way for future experiments to make substantial improvements
and potentially uncover significant discoveries in the neutrino sector.
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