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Abstract: A high-precision measurement of ∆m2
31 and θ23 is inevitable to estimate the

Earth’s matter effect in long-baseline experiments which in turn plays an important role in
addressing the issue of neutrino mass ordering and to measure the value of CP phase in 3ν

framework. After reviewing the results from the past and present experiments, and discussing
the near-future sensitivities from the IceCube Upgrade and KM3NeT/ORCA, we study the
expected improvements in the precision of 2–3 oscillation parameters that the next-generation
long-baseline experiments, DUNE and T2HK, can bring either in isolation or combination.
We highlight the relevance of the possible complementarities between these two experiments
in obtaining the improved sensitivities in determining the deviation from maximal mixing of
θ23, excluding the wrong-octant solution of θ23, and obtaining high precision on 2–3 oscillation
parameters, as compared to their individual performances. We observe that for the current
best-fit values of the oscillation parameters and assuming normal mass ordering (NMO),
DUNE + T2HK can establish the non-maximal θ23 and exclude the wrong octant solution of
θ23 at around 7σ C.L. with their nominal exposures. We find that DUNE + T2HK can improve
the current relative 1σ precision on sin2 θ23 (∆m2

31) by a factor of 7 (5) assuming NMO. Also,
we notice that with less than half of their nominal exposures, the combination of DUNE and
T2HK can achieve the sensitivities that are expected from these individual experiments using
their full exposures. We also portray how the synergy between DUNE and T2HK can provide
better constraints on (sin2 θ23–δCP) plane as compared to their individual reach.
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1 Introduction and motivation

Current oscillation experiments in the three-neutrino paradigm depict potent complementarity.
The Solar experiment’s precision measurements of solar mixing angle have been combined
with KamLAND’s ability to determine solar mass splitting well, enabling their synergy
to be utilized in the neutrino community for a very long time. The combination of these
data and those from long-baseline (LBL) accelerator and atmospheric neutrinos represents
the minimal dataset for the characterization of oscillation parameters. The unprecedented
precision obtained on the reactor mixing angle (θ13) from short-baseline reactor data like
Daya Bay [1] has further alleviated the uncertainty in the measurements of other unknowns
like θ23, δCP, and the sign of ∆m2

31 indirectly by reducing the correlations. The atmospheric
neutrino data, when complemented with the long-baseline data, allows us to gain valuable
insight into the atmospheric parameters. For example, Super-K, with its extensive statistics,
can impose strict constraints on the measurements of θ23, while MINOS/MINOS+, benefiting
from a precisely known L/E ratio, can offer more accurate measurements of the atmospheric
mass splitting, as illustrated in figure 1. In this context, recently, the Super-K experiment
has enhanced its precision on atmospheric neutrino oscillation parameters by using the
number of tagged neutrons to enhance the separation between neutrino and antineutrino
events, improving the efficiency to classify the multi-ring events using a boosted decision
tree algorithm, and adding 48% exposure by analyzing events from an expanded fiducial
volume and from 1186 additional live-days, including the data which were collected after a
major refurbishment of the detector in 2018 [2].
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The presently running accelerators [3, 4] and atmospheric experiments [5, 6] along with
the high-precision measurements from reactors [7, 8] have helped to achieve the current
relative 1σ precision of about 1.1% and 6.7% in the atmospheric parameters: ∆m2

31 and
sin2 θ23, respectively [9]. The upcoming medium-baseline reactor oscillation experiment
JUNO [10] is expected to achieve considerable improvement in the precision of atmospheric
mass-squared difference ∆m2

32 as compared to the current precision from Daya Bay [1] reactor
experiment, as can be seen from figure 1. The DeepCore array consisting of 8 dedicated
strings with denser spacing in the central region of IceCube has enabled the detection and
reconstruction of atmospheric neutrinos with energies as low as a few GeV, providing high-
precision measurements of 2–3 oscillation parameters. Using convolutional neural networks
with 9.3 years of data, the IceCube DeepCore has provided a new high-precision measurements
of ∆m2

32 = 2.40+0.05
−0.04 × 10−3 eV2 and sin2 θ23 = 0.54+0.04

−0.03 [11] assuming normal mass ordering
(NMO), which are compatible and complementary with the existing measurements from the
long-baseline experiments. A new extension of IceCube, namely the IceCube Upgrade to
be deployed in the polar session of 2025/26 with seven new strings in the central region
of DeepCore detector and an energy threshold of around 1 GeV is expected to improve the
precision of 2–3 oscillation parameters by (20–30)% [12]. In ref. [13], the combined sensitivity
of the future JUNO, IceCube Upgrade, and PINGU data was estimated to resolve the pressing
issue of neutrino mass ordering. The under-construction water Cherenkov neutrino detector
KM3NeT/ORCA also has the potential to shed light on neutrino mass ordering and 2–3
oscillation parameters [14]. In fact, recently, they announced their measurements of 2–3
oscillation parameters using an initial configuration with 6-detection units of photo-sensors
corresponding to an exposure of 433 kt·yr, collected in 510 days of data taking [15]. They
reveal a best-fit of sin2 θ23 = 0.51 and ∆m2

31 = 2.14×10−3 eV2 with their initial configuration,
referred to as ORCA6. Further, in the Neutrino 2024 conference, the KM3NeT/ORCA
collaboration showed slightly improved measurements of 2–3 oscillation parameters using an
updated exposure of 715 kt·yr [16]. In ref. [17], a combined analysis of the prospective JUNO
and KM3NeT/ORCA data was performed to determine the correct neutrino mass ordering.

The present hints of non-maximal θ23 from the global oscillation data [9, 22–24] give rise
to two probable solutions: θ23 < 45◦ or the lower octant solutions (LO) and θ23 > 45◦ or the
higher octant solutions (HO) [25–29]. Prior to delving into the determination of the correct
octant, it is imperative to eliminate the possibility of maximal mixing with a high level of
confidence. This investigation was undertaken earlier, taking into account the forthcoming
DUNE (Deep Underground Neutrino Experiment) [30]. In this study, we explore the synergies
between the two prominent upcoming neutrino experiments: DUNE [31, 32], designed to
receive a wide-band on-axis neutrino beam traversing a distance of around 1300 km with
substantial Earth matter effect, and T2HK (Tokai to Hyper-Kamiokande) [33, 34], which
proposes the use of a narrow-band off-axis neutrino beam with a baseline of 295 km having
minimal Earth matter effect. We investigate how the collaborative synergy of these setups
enhances their individual sensitivities. Additionally, we assess the expected sensitivities of
currently running long-baseline experiments: T2K (Tokai to Kamioka) [35] and NOνA (NuMI
Off-Axis νe Appearance) [36], considering their full projected exposures. Our findings indicate
that the combined DUNE + T2HK configuration can detect a departure from maximal θ23
with exceptional significance. Moreover, their complementarity turns out to be essential for
achieving degeneracy-free and significantly precise measurements of both sin2 θ23 and ∆m2

31.
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This work: Sensitivity (3σ, 2 d.o.f.) Measurements (90% C.L.)

DUNE [2.5 yr + 2.5 yr]

T2HK [1.25 yr + 3.75 yr]

DUNE + T2HK

DUNE [5 yr + 5 yr]

T2HK [2.5 yr + 7.5 yr]

DUNE + T2HK

MINOS+ (2020)

Super-K (2023)

DeepCore (2024)

NOvA (2022)

T2K (2023)

Global fit from Capozzi et.al. (3σ)

Figure 1. Allowed ranges at 3σ (2 d.o.f.) in the atmospheric mixing parameters, sin2 θ23 and ∆m2
32,

using DUNE, T2HK, and DUNE + T2HK. DUNE is expected to have an exposure of 480 kt·MW·yr
and T2HK, an exposure of 2431 kt·MW·yr. We assume DUNE (T2HK) running for 5 (2.5) yr in ν

and 5 (7.5) yr in ν̄ mode while estimating nominal exposure. We also depict the allowed ranges for
the same when only half of the total projected exposure is considered (DUNE: [2.5 yr in ν + 2.5 yr in
ν̄], T2HK: [1.25 yr in ν + 3.75 yr in ν̄]). Existing allowed ranges are from: Super-Kamiokande [2],
Tokai-to-Kamioka (T2K) [18], NuMI Off-Axis νe Appearance (NOνA) [19], Main injector neutrino
oscillation search (MINOS+) [20], and IceCube DeepCore [11, 21] at 90% C.L. We also show existing
(expected) bounds on ∆m2

32 from Daya Bay [1] (Jiangmen Underground Neutrino Observatory; JUNO
[10]). To have a complete picture, we also show the present global fit, following ref. [9] at 3σ (1dof).
Our projected allowed ranges improve from the existing bounds by manifold. See appendix A for a
detailed discussion. Further, figure 10 elaborates on the importance of both neutrino and antineutrino
modes in this sensitivity separately. Also, see figure 11 for a few additional sensitivity curves.
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Experiment
Best-fit

Exposure Span Statussin2 θ23
∆m2

32
[10−3] eV2

T2K [18] 0.56 2.49
P.O.T.

2010–2020 Ongoing16.3 × 1020 (ν)
19.7 × 1020 (ν̄)

NOνA [19] 0.57 2.41
P.O.T.

Ongoing13.6 × 1020 (ν) 2016–2019
12.5 × 1020 (ν̄) 2014–2020

MINOS/ 0.43 2.4 23.76 × 1020 P.O.T. 2005–2016 CompletedMINOS+ [20] 60.75 kt·yr 2011–2016
Super-K 0.49 2.4 484.2 kt·yr 1996–2020 Ongoing(I–V) [2]
IceCube- 0.54 2.4 9.3 yr 2012–2021 OngoingDeepCore [11]

Daya Bay [1] — 2.466 3158 live days 2011–2020 Completed
JUNO [10] — 2.52 6 yr — Upcoming

Table 1. Existing and expected best-fit values, collected exposure, runtime, and the present status of
atmospheric parameters using long-baseline, atmospheric, and reactor experiments. Collected exposure
is expressed in protons on target (P.O.T.) for long-baseline experiments and in kt·yr for atmospheric
experiments. For certain cases, we give the number of years of data collection. Using these details,
currently allowed regions in the sin2 θ23 and ∆m2

32 plane is shown in figure 1.

As mentioned before, figure 1 shows a part of our main results exhibiting the expected
precision in 2–3 oscillation parameters: sin2 θ23 and ∆m2

32 at 3σ confidence level (C.L.) using
the projected full and half exposures of standalone DUNE and T2HK, and their combination
(DUNE + T2HK). To have a better comparison, we also include the currently allowed regions
from the ongoing (T2K, NOνA, IceCube DeepCore, Super-Kamiokande), completed (Daya
Bay and MINOS+), and upcoming (JUNO) experiments at 90% C.L. assuming NMO. The
details of these experiments (such as exposures, runtime, and current status) and the best-fit
values of the oscillation parameters obtained from them are given in table 1. In figure 1, we
also show the allowed region from the global fit of all the available oscillation data following
ref. [9] at 3σ, assuming NMO. More details related to this figure can be found in appendix B.
Note that in figure 1, we compare the sensitivities of various experiments in terms of ∆m2

32 (see
the y-axis). However, we present all our results in terms of ∆m2

31 in the present manuscript.
The other main results include sensitivity towards deviation from maximal sin2 θ23,

exclusion of wrong octant solutions of sin2 θ23, and precision on atmospheric parameters,
studied as a function of exposure. We find that the complementarity between DUNE and T2HK
plays a crucial role in reducing the dependency on large projected exposures of standalone
experiments by manifold. Furthermore, the synergy between them helps in removing the
degeneracies introduced by the individual setups, if any.

The manuscript is laid out as follows. In section 2, we summarize the characteristic
features of DUNE and T2HK and discuss the effect of wrong-sign contaminations and variation
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of 2–3 oscillation parameters on the total event statistics and event spectra, respectively.
Next, section 3, elaborates on our results and discussions. We compute the sensitivities in
establishing deviation from maximal sin2 θ23, exclusion of wrong octant solutions of sin2 θ23,
and the precision of sin2 θ23 and ∆m2

31, using DUNE and T2HK in both isolation and
combination. We also analyze the effect of scaled exposure on the above-mentioned sensitivity
studies. Then, section 4 shows projected allowed ranges in (sin2 θ23 − δCP) plane, using
half and full exposures in DUNE, T2HK, and their combination. Finally, in section 5,
we summarize our findings and provide concluding remarks. Additionally, we have two
appendices. While appendix A comprehends the individual roles of ν and ν̄ modes, using
DUNE, T2HK, and DUNE + T2HK in (sin2 θ23 − ∆m2

31) plane; appendix B depicts past,
present, and upcoming projected sensitivities in (sin2 θ23 − ∆m2

32) plane.

2 Experimental details and total event rates

We initiate our discussion by comparing and contrasting the two upcoming long-baseline
experiments under consideration: DUNE and T2HK. Following this, we compute the expected
total appearance and disappearance event rates in both the ν and the ν̄ modes for the presently
allowed 3σ ranges in θ23 and ∆m2

31 [9] using GLoBES [37, 38]. Since the far detectors in
both DUNE and T2HK are unable to differentiate between neutrinos and antineutrinos,
we also discuss the effect of “wrong-sign” contamination, which is considered a part of the
signal in both the experiments.

2.1 Complementarities between DUNE and T2HK

DUNE and T2HK are two promising long-baseline experiments expected to achieve significant
aspects of physics beyond the three-neutrino oscillations. We consider a single-phase state-of-
the-art 40 kt Liquid Argon Time Projection Chamber (LArTPC) far detector in DUNE and a
187 kt Water Cherenkov far detector in T2HK as referred in their cumulative design reports,
respectively [39, 40]. The neutrino flux in DUNE is expected to be wide-band on-axis, ranging
from a few hundreds of MeV to a few tens of GeV, peaking at 2.5 GeV. This wide-band
nature enables DUNE access to an envelope of various L/E ratios, where L corresponds to
the distance that neutrino travels from source to detector and E refers to the neutrino beam
energy. Contrastingly, T2HK is expected to use a 2.5◦ off-axis J-PARC neutrino beam, the
flux expected to peak at 0.6 GeV. The higher baseline in DUNE (1285 km; from Fermilab to
South Dakota) ensures sufficient matter effect, while the relatively shorter baseline in T2HK
(295 km; from J-PARC proton synchrotron facility to Hyper-Kamiokande) secures better
precision in measurements of the intrinsic CP phase. The line-averaged constant Earth matter
density (ρavg) in DUNE is considered to be 2.848 g/cm3, while in T2HK, it is taken as 2.8
g/cm3. In DUNE, we consider 2% detector systematic uncertainties in the appearance and
5% in disappearance signal events following ref. [41]. The binned events in T2HK have been
matched with ref. [40], considering 5% in appearance and 3.5% in disappearance systematic
uncertainties in signal events. Recently, apart from considering 5% of conservative systematic
uncertainties in appearance events, the T2HK collaboration is expecting to improve this
uncertainty to about 2.7% by the time they start taking their data in real-time [42]. Thus we
compare our results with both of these choices in figure 5. For the runtime in DUNE, they
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Parameter ∆m2
21/10−5

sin2 θ12/10−1 sin2 θ13/10−2 sin2 θ23/10−1 ∆m2
31/10−3 δCP

(eV2) (eV2) (◦)
Benchmark 7.36 3.03 2.23 4.55 2.522 223

3σ range — — — 4.16–5.99 2.436–2.605 139–355

Table 2. The benchmark values of the oscillation parameters and their corresponding 3σ allowed
ranges considered in our study assuming normal mass ordering (NMO) following the ref. [9].

expect to witness a balanced run between neutrino and antineutrino modes following [5 years
in ν + 5 years in ν̄], T2HK aims instead to have an almost equal number of events in both
the modes, thus following the 1:3 ratio of [2.5 years in ν + 7.5 years in ν̄]. Owing to the
much higher detector fiducial mass, T2HK expects to accumulate about 2.7 × 1022 P.O.T.
per yr, providing a benchmark exposure of 2431 kt·MW·yr, while DUNE envisions a P.O.T.
of around 1.1 × 1021 per year with a benchmark exposure of 480 kt·MW·yr. In table 2, we
mention our assumed benchmark values and the ranges, which are taken from ref. [9].

As the far detector deployment schedule and beam power scenarios are both subject to
change, the results shown in this work are consistently given in terms of exposure in units of
kt·MW·yr, which is agnostic to the exact staging scenario but can easily be expressed in terms
of experiment years for any desired scenario. For having a complete summary, we present the
sensitivity studies of DUNE and T2HK along with the full potential of ongoing long-baseline
experiments: T2K and NOνA. We present our findings using the entire projected exposures
of 84.4 kt·MW·yr, generating 7.8×1021 P.O.T. with a 750 kW beam power, evenly distributed
between neutrino and antineutrino modes, as outlined in the ongoing long-baseline experiment
T2K [43]. Additionally, we conduct simulations for the full projected exposure of NOνA,
amounting to 58.8 kt·MW·yr and producing 3.6 × 1021 P.O.T. with a 700 kW beam power,
equally divided between neutrino and antineutrino modes, in accordance with refs. [36, 44].
In both experiments, we assume uncorrelated 5% and 10% systematic errors on signal and
background events for both appearance and disappearance event rates.

2.2 Events due to wrong-sign contamination

In principle, reconstructing the charge of muons (to identify and segregate neutrinos from
antineutrinos), event-by-event, is not feasible in DUNE and T2HK. There is always the
occurrence of “wrong-sign” ν̄µ (νµ) charged-current (CC) events when the primary beam is
νµ(ν̄µ). Similarly, there is the contamination of “wrong-sign” ν̄e (νe) charged-current (CC)
events in neutrino (antineutrino) modes.

For the energy range under consideration, there is suppression in both the antineutrino
cross section and flux than a neutrino, which leads to a relatively more contribution of wrong-
sign νµ CC events in antineutrino mode than its counterpart. Apart from this, in Nature,
positive mesons are more abundant than their negative counterpart as they are produced
following the pp or the pn collisions [45]. Therefore, the neutrino beam is more intense
than the antineutrino beam, and hence, the contamination of wrong-sign neutrinos in the
antineutrino beam is higher. Both DUNE and T2HK follow horn current terminology, where
the neutrino-enhanced beam is coined as forward horn current (FHC), and the antineutrino-
enriched beam is the reverse horn current (RHC). In FHC, the wrong-sign flux is concentrated

– 6 –
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Experiment
Number of events (NMO)

Appearance Disappearance
ν mode ν̄ mode ν mode ν̄ mode

DUNE

w/ 1592 294 14598 8270wrong-sign
w/o 1576 186 13413 4360wrong-sign

T2HK

w/ 1598 919 10064 13949wrong-sign
w/o 1588 755 9487 8985wrong-sign

Table 3. Total (Signal) appearance and disappearance event rates in DUNE and T2HK assuming
480 kt·MW·yr and 2431 kt·MW·yr of exposure, respectively. We fix the values of the standard mixing
parameters to their benchmark values from [9]; see table 2.

in the high-energy tail of the flux spectrum, where leptons are more likely to be forward and
energetic due to the kinematics of neutrino and antineutrino scattering, while in RHC, they are
concentrated around the low reconstructed energies [31, 46]. Therefore, in general, we expect
that the number of ν̄ events in ν beam to be way lesser than contamination of ν beam with ν̄.

In table 3, we compute the total event rates (signal) in νµ → νµ disappearance channel
and νµ → νe appearance channel for both neutrino and antineutrino modes in DUNE and
T2HK, using benchmark oscillation parameters (refer to table 2) with and without the
inclusion of wrong-sign events. From the illustrative events shown in table 3 under two
scenarios, we observe that the contribution from wrong-sign events is more in the RHC
(ν̄ mode) than in FHC (ν mode). Moreover, in RHC, this contamination is more for the
disappearance event rates (50% in DUNE, 35% in T2HK) than appearance rates (36% in
DUNE and 17% in T2HK). Consequently, given its larger size, T2HK is likely to exhibit
greater effects from this contamination than DUNE. Following the general convention, in
all our analyses henceforth, we have considered the wrong-sign contributions in both FHC
and RHC signal events for both DUNE and T2HK.

2.3 Total appearance and disappearance event rates

Figure 2 illustrates the total disappearance and appearance event rates in DUNE and T2HK.
While the disappearance rates are affected mostly by uncertainty in ∆m2

31 and sin2 θ23, the
uncertainty in δCP and sin2 θ23 affects appearance rates predominantly, therefore we show
bands of currently allowed 3σ in ∆m2

31 for disappearance and δCP in appearance event rates.
The disappearance rates follow a U-shaped distribution when studied as a function of sin2 θ23.
This is because the disappearance rates ∝ (1 − sin2 θ23). This points towards multiple
combinations of sin2 θ23 − ∆m2

31 with same number of events [30, 47]. Further, we observe
that for values of sin2 θ23 in the HO but close to 0.5, the curves show a flat behavior in both
DUNE and T2HK. This hints that for these values of sin2 θ23, sensitivity towards deviation
from maximality will mostly come from the appearance rates, while disappearance rates may
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Figure 2. Total (only signal) disappearance and appearance event rates as a function of sin2 θ23
in DUNE and T2HK assuming NMO. The left and right panel depicts the same in neutrino and
antineutrino modes for 480 kt·MW·yr and 2431 kt·MW·yr of exposure in DUNE and T2HK, respectively.
Band depicts 3σ uncertainty in ∆m2

31 (upper panel) and δCP (lower panel).

dominate later. Also, the minimum is not exactly at 0.5; instead, it is seen slightly shifted
towards HO due to finite θ13 correction [48]. Following higher runtime, more expected flux in
neutrino mode, and substantial matter effect, we expect higher neutrino statistics in DUNE
than T2HK, keeping NMO fixed. Similarly, higher runtime in antineutrino mode for T2HK
implies higher antineutrino statistics. Having access to a wide-band beam makes DUNE
capable of analyzing several L/E ratios and more susceptible to a change in the value of
∆m2

31, unlike T2HK. This explains the higher neutrino disappearance statistics and a wider
band when we vary ∆m2

31 in DUNE relative to T2HK. Further, DUNE’s access to both the
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first and second oscillation maxima assures high disappearance rates in neutrino mode [31]
than T2HK, which has relatively fewer events at the second oscillation maximum [34]. In
antineutrino mode, a higher runtime overcomes cross section suppression in T2HK, which
is not observed in the case of DUNE. Considering the appearance events in neutrino mode,
DUNE has a higher runtime but lesser exposure, while T2HK has a lesser runtime but higher
exposure; therefore, both experiments have almost similar event rates. In contrast, T2HK
has higher statistics in ν̄ mode due to more runtime than DUNE.

Below, we show how the above contrasting features grant DUNE and T2HK the capability
to probe atmospheric parameters organically, complementing each other.

3 Projected sensitivities and its variation with total exposure

We project the expected sensitivities in DUNE, T2HK, and their combination to study the
atmospheric parameters based on the detailed computation of event rates discussed above.
Our results and analyses are based upon the current scenario in 3ν paradigm from the global
oscillation data answering three crucial questions: (i) establishing deviation from maximal
θ23, (ii) precision measurements in the 2–3 sector; sin2 θ23 and ∆m2

31 , and (iii) rejecting the
wrong octant solutions of sin2 θ23. Following the definition of Poissonian χ2 [49], we estimate
the median sensitivity [50] of a given experiment in the frequentist approach [51] as

χ2(ω⃗, κs, κb,l) = min
(λ⃗, κs, κb,l)

{
2

n∑
i=1

(
ỹi − xi − xiln

ỹi

xi

)
+ κ2

s +
∑

l

κ2
b,l

}
, (3.1)

where n is the total number of reconstructed energy bins and λ⃗ is the set of oscillation
parameters that are marginalized in the fit. The choice of set λ⃗ is discussed later in every
subsection. Further,

ỹi (ω⃗, {κs, κb,l}) = N th
i (ω⃗)[1 + πsκs] +

∑
l

N b
i,l(ω⃗)[1 + πbκb,l] . (3.2)

Here, N th
i (ω⃗) is the number of signal events predicted in the i-th energy bin for a given set

of oscillation parameters ω⃗ =
{
θ23 , θ13 , θ12 , ∆m2

21 , ∆m2
31 , δCP

}
. N b

i,l (ω⃗) denotes the number
of background events in the i-th energy bin where the neutral current (NC) backgrounds are
independent of the oscillation parameter ω⃗, while the charged current (CC) backgrounds is
dependent on the oscillation parameters. πs is the pull term for systematic uncertainty on
signal events. πb,l is the pull term for the systematic uncertainties on the l-th background
contribution for any given channel in signal. These pull terms are uncorrelated with one
another and have the same values in neutrino and antineutrino modes. We incorporate the
corresponding data in eq. (3.1) using the variable xi = N ex

i + N b
i,l, where N ex

i indicates the
observed CC signal events in the i-th energy bin via νµ → νµ and ν̄µ → ν̄µ disappearance
channels and νµ → νe and ν̄µ → ν̄e appearance channels. Here, N b

i,l represents the l-th
background contribution for a given channel. Throughout the simulation, we use publicly
available software GLoBES [52–54]. We fix the mass ordering to NMO while generating
data, as there are weak hints from global oscillation data favoring NMO at ∼ 2.5σ [9, 24].
In the fit, we marginalize over the allowed regions in oscillation parameters as mentioned
in table 2. We do not include any correlations among them as by the time these future
experiments start taking data, these correlations will likely weaken [55]. We consider the
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Figure 3. Sensitivity of DUNE, T2HK, DUNE + T2HK, and T2K [2.5 yr (ν) + 2.5 yr (ν̄)] + NOνA
[3 yr (ν) + 3 yr (ν̄)] to exclude non-maximal solutions of sin2 θ23 as a function of sin2 θ23 in the data.
For benchmark choices of oscillation parameters and the allowed ranges in ∆m2

31 and δCP over which
we marginalize in the fit, refer to table 2. We assume exposures of 480 kt·MW·yr in DUNE, 2431
kt·MW·yr in T2HK, 84.4 kt·MW·yr in T2K, and 58.8 kt·MW·yr in NOνA. For illustrative purpose,
the benchmark choices of sin2 θ23 is shown by a vertical brown line, projecting out the statistical
confidence at the intersection with each curve. If in Nature, sin2 θ23 is around the lower value of
current 1σ uncertainty (∼ 0.473), then the combination is the only solution to achieve 3σ with current
benchmark values..

benchmark choices for θ12 and θ13 fixed [9], as we do not expect the precision (2.8%) achieved
by Daya Bay to improve in the coming years [1]. Although the present-day uncertainty in
θ12 is 4.5% [9], we do not expect the sensitivity in our study to get affected by it. We also
fix the mass ordering in the fit as in the next decade, DUNE is expected to determine the
mass ordering within initial years of data.

3.1 Establishing deviation from maximal sin2 θ23

We compute the statistical confidence with which DUNE, T2HK, and DUNE + T2HK can
establish a deviation from maximal sin2 θ23 by following

∆χ2
DM = min

δCP , ∆m2
31

{
χ2

(
sin2 θtest

23 = 0.5
)
− χ2

(
sin2 θtrue

23 ∈ [0.4, 0.6]
)}

, (3.3)

where, λ⃗ = {δCP, ∆m2
31} is the set of oscillation parameters over which ∆χ2

DM gets marginal-
ized in the fit. So we generate the data for allowed uncertainty in sin2 θ23 (refer to table 2),
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Figure 4. 3σ (5σ) sensitivity of non-maximal sin2 θ23 as a function of scaled (ratio of the chosen to
the benchmark value of) exposure, assuming true NMO in the left (right) panel. The ratio reaches 1
at the benchmark choices of the corresponding experimental setups. We generate data by fixing all
other oscillation parameters except sin2 θ23 to their best-fit value (see table 2). We marginalize over
δCP and ∆m2

31 in the test-statistics using the ranges of marginalization in table 2. Dashed orange
lines and solid blue circles are used to project and compare the maximum sensitivity attainable by
standalone DUNE and T2HK using their nominal exposures with the exposure needed by DUNE
+ T2HK to achieve the same sensitivity. We find that using approximately 40% of their exposures,
DUNE + T2HK together achieves comparable sensitivity to each experiment independently running at
their nominal exposures..

while fixing it to 0.5 in the fit. There have been previous studies along this direction in
ref. [56] , however here we consider the current best-fit values from ref. [9] which are similar to
other global oscillation studies [22–24]. We also incorporate the latest collaboration estimates
and ancillary files while using GLoBES.

Figure 3 depicts the sensitivity in establishing deviation from maximality (∆χ2
DM in

eq. (3.3)) as a function of true sin2 θ23 for DUNE, T2HK, and their combination. As expected,
it is smallest when the true and test equals for sin2 θ23, increasing on both sides as we go
away, implying the major contribution from sin2 2θ23 in the leading term of disappearance
channel (refer to an elaborate discussion in ref. [30]). However, the U-shape around the
sin2 θ23 = 0.5 is not symmetric because of the non-zero value of θ13. We observe that
even after using the projected full exposure in the present-day long-baseline experiments:
T2K and NOνA; they have lesser sensitivities. One of the major drawbacks in the present-
generation experiments is much higher systematic uncertainties in both νµ → νµ and ν̄µ → ν̄µ

disappearance rates (refer to last paragraph in section 2.1 for corresponding values). The
spread of curve around sin2 θ23 = 0.5 in all the experimental setups is less when sin2 θ23 < 0.5
than sin2 θ23 > 0.5. This can be explained due to the finite θ13 corrections [48, 57, 58] (Also,
refer to discussion around figure 2 in section 2.3). Establishing sensitivity to deviations from
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maximality primarily depends on the disappearance statistic. In ref. [30], we also analyze and
infer that uncertainty in the values of δCP have minimal impact on this sensitivity. While
T2HK, owing to huge disappearance statistics and corresponding lesser expected systematic
uncertainties (refer to section 2.1), is able to achieve better sensitivity than DUNE, DUNE
provides better measurements of ∆m2

31. Their combination (DUNE + T2HK) makes use
of the complementary features among them and achieves a nearly 8σ statistical confidence
in establishing non-maximal sin2 θ23, considering full exposures in the two experiments and
the benchmark values. Furthermore, if in Nature, sin2 θ23 is around the upper value of
current 1σ uncertainty (∼ 0.473), then the combination is the only solution to achieve 3σ

with current benchmark values.
The product of runtime, fiducial detector mass, and beam power provides the expected

experimental exposure. The quantity of exposure is often considered interchangeably with
runtime in phenomenological studies of neutrino oscillation. Currently, the DUNE collabora-
tion also envisions a staged approach instead of undertaking the mammoth task of setting up
a full-fledged DUNE detector of 40 kt fiducial mass [31]. Therefore, it becomes imperative to
discuss sensitivity study as a function of exposure. In figure 4, we study the nature of ∆χ2

DM
at 3σ and 5σ in eq. (3.3) as a function of scaled exposure for the standalone DUNE, T2HK,
and their combination. We observe that initially, with an increase in exposure, the sensitivity
to establish the deviation from maximal θ23 increases. However, the sensitivity after reaching
half of their individual benchmark exposures reaches almost saturation. Horizontal illustrative
dashed orange lines are drawn to depict the values of true sin2 θ23 beyond which T2HK cannot
differentiate between MM and the true values of sin2 θ23 at its standard exposure, while the
blue dots represent the intersection of the dashed orange line with the projected sensitivity
curve of DUNE + T2HK. This implies that given the current benchmark choices of oscillation
parameters in table 2 , the range of true values of sin2 θ23 that can be differentiated from MM
choices, by DUNE + T2HK with just ∼ 0.5 of their nominal exposures, cannot be achieved
by either of the individual experiments even with their respective projected exposures. When
statistics are less, systematics become crucial. Therefore, at lower exposure, T2HK always
performs better than DUNE to establish non-maximal sin2 θ23, irrespective of the lower
or higher octant of true choices of sin2 θ23, because of better systematic uncertainties in
disappearance rates. However, with the increment in exposure, the disappearance statistics
in both DUNE and T2HK become similar. The complementary between DUNE + T2HK is
essential to achieve a significant sensitivity at 5σ, even with high exposure. While the high
precision measurements of DUNE in ∆m2

31 (due to substantial matter effect), complements
the sensitivity of DUNE + T2HK at lower exposure, figure 4 clearly shows that after a
certain exposure, this study is no longer statistics-driven for achieving the sensitivity at 3σ.
Nevertheless, a higher confidence level (5σ) is predominantly statistics-driven.

3.2 Exclusion of wrong octant solutions of sin2 θ23

Following the discussion of deviation from maximality, we study in this section the efficiency
in establishing the octant of sin2 θ23 by rejecting the hypothesis of wrong octant solutions.
For this, we define

∆χ2
octant = min

(λ⃗)

{
χ2

(
sin2 θtest

23

)
− χ2

(
sin2 θtrue

23

)}
, (3.4)
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Figure 5. Sensitivity towards exclusion of wrong octant solutions in DUNE, T2HK, their combination,
and T2K [2.5 yr (ν) + 2.5 yr (ν̄)] + NOνA [3 yr (ν) + 3 yr (ν̄)] as a function of sin2 θ23 in data. The
sensitivity of T2HK with an estimated improvement of nominal appearance systematic uncertainties
to 2.7% is also shown. In the fit, we marginalize over ∆m2

31 and δCP, keeping others fixed at their
best-fit values (refer to table 2). For illustrative purposes, we project out the statistical confidence for
each curve, when sin2 θ23 = 0.455 in data.

where sin2 θtrue
23 refers to one octant, say LO; then, we generate data with [0.4, 0.5), while

in the fit, we use the opposite octant, which in this case is HO ∈ (0.5, 0.6]. Similar changes
can be made by generating data with HO and excluding the LO hypothesis in the theory. In
eq. (3.4) , λ⃗ = {∆m2

31, δCP}. We use the corresponding allowed ranges from table 2. Figure 5
depicts ∆χ2

octant as a function of sin2 θ23 with which we generate data. It shows that alone
DUNE and T2HK have similar sensitivity. T2HK is more stringent at lower significance,
and DUNE is stronger at higher confidence. Large appearance systematic uncertainties in
T2HK do not deteriorate the sensitivity, at least for lower significance due to comparable
neutrino and antineutrino statistics [30]. However, for attaining a higher significance, better
systematic uncertainties in appearance rates are essential, which is a characteristic feature
in DUNE (refer to section 2). The complementarity between DUNE and T2HK improves
the standalone experiments’ performance by almost ∼ 1.5 times for the benchmark values
from table 2. The effect of improved appearance systematic uncertainties is distinctly visible
when we consider the expected 2.7% in T2HK [42] instead of the nominal 5%. Once the
systematics are improved, T2HK performs better than DUNE irrespective of the true values of
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Figure 6. 3σ (5σ) exclusion of wrong octant of sin2 θ23 as a function of scaled exposure is shown
in left (right) panel. 1 depicts the benchmark exposure. We marginalize over the allowed regions of
δCP and ∆m2

31 in the fit. Refer to table 2. At lower exposure, the complementarity between DUNE
+ T2HK is the only solution to attain a 5σ discovery in ruling out the wrong octant solutions for a
significant range of sin2 θ23 in Nature.

sin2 θ23 in Nature. Sensitivity towards the exclusion of the wrong octant is dependent on both
disappearance and appearance statistics, with the latter being dominant. For consistency,
we have also checked the octant exclusion sensitivity using the best fit values and their
corresponding allowed 3σ ranges for minimization in the test-statistics from ref. [59]. We
find that the results align closely with those shown in figure 5.

In figure 6 , we study the efficacy of experiments in isolation and combination in ruling
out the wrong octant of sin2 θ23 as a function of scaled exposure. We observe that with 0.25
of their nominal exposures, DUNE alone will be able to differentiate about ∼ 45% of sin2 θ23
from wrong octant solutions; this improves to ∼ 50% in T2HK, while their combination,
DUNE + T2HK can differentiate ∼ 60%. So with just 0.25 of their individual exposures, it is
possible in the combined setup to exclude the wrong octant for more than half of currently
allowed sin2 θ23 (refer to table 2) at 3σ. Increasing beyond half of the nominal exposure does
not help much, as the exclusion of the wrong octant solutions no longer remains statistics-
driven. Further improvement in the allowed ranges of δCP from the ongoing long-baseline
experiments: T2K [18] and NOνA [60] may help to remove (sin2 θ23 − δCP) degeneracy and
thus improve the sensitivity in wrong octant exclusion. We also notice that at 3σ about
∼ 73% of sin2 θ23 ∈ [0.4, 0.6] can differentiate between correct and wrong octant solutions
using the combined DUNE + T2HK setup, given the current benchmark values and projected
exposure holds. For a higher confidence level (5σ), DUNE + T2HK is the only solution to
attain sensitivity towards the exclusion of wrong octant solutions. We also observe that
the discovery potential of DUNE + T2HK in excluding wrong octant solutions of sin2 θ23,
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Figure 7. Expected achievable precision on sin2 θ23 and ∆m2
31 around the respective benchmark

values (refer to table 2) using DUNE, T2HK, DUNE + T2HK, T2K [2.5 yr (ν) + 2.5 yr (ν̄)] + NOνA
[3 yr (ν) + 3 yr (ν̄)], and global-fit from ref. [9]. In the fit, we marginalize over allowed region in δCP
and ∆m2

31 while determining precision on sin2 θ23. Similarly, we perform marginalization over δCP
and sin2 θ23 while determining precision measurements in ∆m2

31. Refer to table 4 for the computed
values of the relative 1σ precision, following eq. (3.7).

Parameter
Relative 1σ precision (%)

T2HK DUNE T2HK+DUNE T2K+NOνA Capozzi et al. JUNO
sin2 θ23 1.18 1.40 0.88 7.10 6.72 —
∆m2

31 0.25 0.31 0.20 0.99 1.09 0.2

Table 4. Relative 1σ precision computed from figure 7, following eq. (3.7). In addition, we also give
present-day global-fit precision from ref. [9] and expected relative 1σ precision using JUNO with an
estimated 6 years of run [61].

achievable with just ∼0.45 times of their individual exposures, is comparable to the sensitivity
attained by standalone experiments using their nominal exposures.

3.3 Precision measurements of sin2 θ23 and ∆m2
31

Following the exclusion of wrong octant solutions, it is imperative to question the precision
in determining the value of atmospheric parameters: sin2 θ23 and ∆m2

31. We compute the
statistical confidence for determining precision measurements on sin2 θ23 by defining

∆χ2
PM = min

(λ⃗)

{
χ2

(
sin2 θtest

23 ∈ [0.4, 0.6]
)
− χ2

(
sin2 θtrue

23 = 0.455
)}

, (3.5)

while precision on ∆m2
31 is evaluated using

∆χ2
PM = min

(λ⃗)

{
χ2

(
∆m2,test

31 ∈ [2.436,2.605]×10−3
)
−χ2

(
∆m2,true

31 = 2.522×10−3
)}

. (3.6)
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Figure 8. Precision on sin2 θ23 and ∆m2
31 around their benchmark values (refer to table 2) as a

function of scaled exposure is shown. The upper (lower) panel depicts the precision on sin2 θ23 (∆m2
31)

at two different C.L. In the fit, we marginalize over the allowed ranges in δCP and ∆m2
31 (sin2 θ23)

while producing upper (lower) panel. Considering the benchmark choices, high statistical confidence
(5σ) precision on both sin2 θ23 and ∆m2

31 that can be achieved by DUNE + T2HK with just 0.25 of
their individual exposures cannot be attained by standalone experiments even with their full exposures.
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Here, test choices represent the corresponding allowed ranges of values, while the true choice
is kept fixed at the benchmark choices (refer to table 2). λ⃗ defines the set of oscillation
parameters over which we perform marginalization in the fit given by λ⃗ = {δCP, ∆m2

31} in
eq. (3.5) and λ⃗ = {δCP, sin2 θ23} in eq. (3.6), respectively. For ease of quantifying, table 4
computes relative 1σ-precision, defined as,

p(ζ) = ζmax − ζmin

6.0 × ζtrue × 100% . (3.7)

Here, ζmax and ζmin depict the allowed upper and lower test values of each curve in the
corresponding parameters (refer to figure 7) at 3σ, respectively. We also quote the expected
relative 1σ-precision on ∆m2

31 from the upcoming reactor experiment, JUNO [61] with the
projected 6 years of runtime.

From figure 7 , we observe that precision measurements in sin2 θ23 allow a weak (∼ 1.2σ)
clone solution in higher octant with the present global fit of oscillation data [9]. Although,
with the full exposures of T2K + NOνA, we expect subtle improvement in it. However, the
precision around the benchmark value of sin2 θ23 is better using the present global fit oscillation
data than the full projected exposures of present long-baseline experiments. This is because
of huge disappearance statistics from other ongoing atmospheric experiments like Super-K
and IceCube DeepCore. Similarly, we observe that the precision on ∆m2

31 using the global
fit of oscillation data has already surpassed the expected precision using the full projected
exposure of T2K + NOνA. This is mostly because of the input from reactor experiments like
Daya Bay in the global fit. Additionally, we observe that due to the high energy resolution
and large statistics in DUNE and T2HK, respectively, the standalone experiments can rule
out the clone solution in sin2 θ23. Comparatively, T2HK outperforms DUNE in precision
measurements because of its extensive disappearance statistics and superior disappearance
systematic uncertainties. A longer runtime in antineutrino mode also benefits T2HK, as both
neutrino and antineutrino modes are crucial for achieving better precision measurements [62].
Table 4 helps in quantifying this improvement, showing the benefit of the interplay between
DUNE and T2HK. Combining them improves the present-day [9] achievable precision on
sin2 θ23 and ∆m2

31 by a factor of ∼7 and ∼5, respectively. Further, we also make a comparison
with the upcoming reactor experiment, JUNO [61]. The achievable precision on sin2 θ23 due
to these next-generation experiments is truly remarkable.

In figure 8 , we study precision on both the atmospheric parameters as a function of scaled
exposure. While the appearance channel is dominated by sin2 θ23, disappearance channel
is mostly influenced by sin2 2θ23 [63–66]. Hence, in resolving the issue of the wrong octant,
appearance events play a crucial role, while for achieving better precision around the correct
octant, disappearance events are essential. While standalone DUNE and T2HK bearing
low exposures (∼ 0.25 times nominal exposure) cannot rule out clone solutions in sin2 θ23
at 3σ, the combined DUNE + T2HK provide degeneracy-free measurements. Furthermore
for achieving a discovery potential (5σ), standalone DUNE is unable to rule out the clone
solutions in sin2 θ23 even after achieving the projected exposure, T2HK needs ∼ 0.8 of nominal
exposure for excluding the wrong octant solutions. However, DUNE + T2HK can provide
degeneracy-free precision on sin2 θ23 at 5σ by considering only ∼ 0.3 times of their individual
benchmark exposures. In the standalone setup, DUNE performs better than T2HK because

– 17 –



J
H
E
P
1
0
(
2
0
2
4
)
2
4
3

of the higher systematic uncertainties assumed in the appearance events of T2HK (5% refer
section 2.1) than DUNE (2%). As discussed earlier, appearance events are responsible for
fixing the correct octant of sin2 θ23 and thus removing any clone solutions. The combined
precision displays the benefit of synergy between DUNE and T2HK, which can accomplish
5σ precision around the correct octant. Furthermore, we observe that reaching 3σ precision
becomes saturated after a while; thus, it is no longer statistics-dominated. However, a
degeneracy-free precision can be achieved by DUNE + T2HK at 5σ even at lesser exposures if
sin2 θ23 turns out to be in LO in Nature. Similarly, in the case of ∆m2

31, using approximately
20% of the individual exposures of DUNE and T2HK together can achieve an impressive
relative 1σ precision of 0.25%. However, at the same exposure level, standalone DUNE and
T2HK cannot distinguish between the benchmark values of ∆m2

31 and the currently allowed
ranges from table 2 when analyzed at 5σ.

4 Allowed regions in (sin2 θ23 − δCP) plane

As discussed previously, appearance events are necessary for extracting the correct octant of
sin2 θ23, while disappearance events are essential in obtaining a high-precision around the
correct octant of sin2 θ23. In this section therefore, we study the correlation between sin2 θ23
and δCP in light of the current allowed oscillation parameter space. For this, we follow

∆χ2 = min
(λ⃗,∆m2

31)

{
χ2

(
sin2 θtest

23 ∈ [0.4,0.6], δtest
CP ∈ [0◦,360◦]

)
−χ2(sin2 θtrue

23 , δtrue
CP )

}
, (4.1)

where we use the benchmark values, ±2σ in δCP = 169◦ and 313◦, and + 2σ in sin2 θ23 = 0.581,
following ref. [9] to generate data in each panel while scanning over the mentioned ranges
in eq. (4.1) of sin2 θ23 and δCP. We marginalize over allowed ranges in ∆m2

31 (refer table 2)
in the fit.

In figure 9 , the benefit of exploiting the complementarity between DUNE and T2HK
is clearly visible. DUNE with wide-beam is able to analyze various L/E ratios. It also
has access to the second oscillation maximum and 2% appearance systematic uncertainties
due to the magnificent LArTPC detector. These attribute to a better precision around
the CP phase. Moreover, the large matter effect due to the long baseline helps in better
precision measurement of ∆m2

31. However, more matter effect also induces extrinsic CP,
which deteriorates the precision measurements in CP phase. This can be resolved by T2HK;
with less matter effect, it provides better access to the intrinsic CP phase. Further, the huge
disappearance statistics help in obtaining a better precision on sin2 θ23. For comparison, the
efficacy of DUNE + T2HK is visible in excluding the clone solutions hinted by the standalone
experiments (in middle and lower panels), even with just half exposure. Further increasing
the exposure from half to full in DUNE + T2HK leads to a quantitative decrement in the
allowed region. For the upper panel, we observe that the allowed region is more or less
similar in DUNE, T2HK, and the combination for the CP phase but varies with exposure
for sin2 θ23. This is because both DUNE and T2HK have better precision on δCP when it
is away from the CP-violating phases [67–69]. However, for achieving better precision on
sin2 θ23, large disappearance statistics are needed (therefore, T2HK consistently performs
better than DUNE in this respect). Hence, a significant difference is visible when half
exposure is increased to full exposure in the case of DUNE. However, the combination of
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Figure 9. Allowed regions of the test atmospheric mixing angle, sin2 θ23 and CP phase, δCP. The true
values correspond to the benchmark values and other illustrative choices following ref. [9] (see section 4
for detail). The test-statistics is scanned over sin2 θ23 and δCP (refer to eq. (4.1)). Combination is the
only solution to exclude clone solutions hinted by the standalone experiments at half exposures.
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both experiments is already performing well with their half exposures combined. While in the
middle panel, we observe that the standalone experiments are hinting toward clone solutions

— T2HK in δCP and DUNE in sin2 θ23, the combination is able to precisely measure around
the true values. The case in the lower panel is similar. Therefore, with half the exposures
in each experiment, the combination is the only solution for better precision around the
illustrative true values considered.

5 Summary and conclusions

The present generation of neutrino experiments have undoubtedly paved the way for precision
studies in neutrino physics. The reactor mixing angle (θ13) measured by Daya Bay has
achieved a remarkable precision of 2.8% [1]. Solar parameters: θ12 and ∆m2

21 have long
been measured and stand presently with a relative 1σ error of 4.5% and 2.3% , respectively
from the global fit [9]. The most precisely measured oscillation parameter is, ironically, the
magnitude of atmospheric mass-squared difference (∆m2

31), while determining its sign still
remains one of the big questions in neutrino physics left unanswered. The two most uncertain
parameters are the atmospheric mixing angle, θ23, and Dirac CP phase, δCP.

In this work, we address the issue of maximal mixing solution of sin2 θ23 and if non-
maximal, then ruling out the wrong octant solutions of sin2 θ23. We also study the achievable
precision on (sin2 θ23 − δCP) and (sin2 θ23 − ∆m2

31) planes. To analyze the mentioned issues,
we compare and contrast the standalone DUNE and T2HK with their complementarities in
the combined DUNE + T2HK setup. While DUNE and T2HK, individually, should be able to
improve on the sensitivity studies of deviation from maximal sin2 θ23, exclusion of its wrong
octant solutions, and precision measurements, their individual sensitivities are hampered by
degeneracies due to uncertainties in sin2 θ23, δCP, and ∆m2

31. However, DUNE and T2HK
have complementary capabilities: while T2HK is especially well-suited to measure sin2 θ23 and
δCP, DUNE is especially well-equipped to measure ∆m2

31. Thus, combining DUNE and T2HK
brings many novelties. We find that the combined DUNE + T2HK increases the sensitivity to
establish a deviation from maximality to ∼ 8σ if in Nature, sin2 θ23 is same as the benchmark
value mentioned in table 2, following present global fit in ref. [9]. However, if this present
best-fit shifts to its present 1σ allowed upper bound (∼ 0.473), then the combination is
the only solution to achieve sensitivity to deviation from maximality greater than 3σ. The
study of sensitivity towards deviation from maximal sin2 θ23 as a function of exposure reveals
that following the benchmark values, the discovery potential that combined DUNE + T2HK
can reach with just 0.5 times the nominal exposure, is unattainable by either DUNE or
T2HK even with their full exposures. In analyzing the sensitivity towards excluding incorrect
octant solutions of sin2 θ23, we find that the synergy of combined experiments significantly
outperforms individual ones. While no single experiment achieves 5σ, the combination reaches
approximately 8σ, assuming the true value of sin2 θ23 is the same as the benchmark. Yet again,
the discovery potential that standalone experiments attain with full exposure in eliminating
the wrong octant, can be achieved by combining with just 0.4 times the full exposure. The
estimated precision by alone DUNE and T2HK in both atmospheric parameters: sin2 θ23 and
∆m2

31 improves present global fit precision by an approximate factor of 5 and 4, respectively.
Furthermore, we find that the range of 5σ precision that the combined DUNE + T2HK can
achieve with only 0.25 times the exposure in ∆m2

31 is a level of precision that individual
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experiments cannot reach even with full exposures. Moreover, while studying the allowed
ranges in (sin2 θ23−δCP) plane, we notice that the weak hint towards clone solutions shown by
standalone experiments at 3σ can be resolved by the combination with just half the exposure.

Therefore, this study brings about novel perspectives of the upcoming high-precision LBL
experiments DUNE and T2HK, stressing how their combination and hence, the possible com-
plementarities among them may alleviate the need of a very high exposure from these individual
experiments in obtaining the desired sensitivities towards different oscillation parameters.
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A Allowed regions in (sin2 θ23 − ∆m2
31) plane

We follow

∆χ2 = min
(λ⃗, sin2 θ23)

{
χ2

(
sin2 θtest

23 , ∆m2 test
31

)
− χ2(sin2 θtrue

23 , ∆m2 true
31 )

}
, (A.1)

for generating figure 10, where true values correspond to the benchmark values as mentioned
in table 2, while scanning over the test-statistics for sin2 θ23 ∈ [0.4, 0.6] and allowed ranges of
∆m2

31 in table 2. Further, we also perform marginalization over allowed ranges of sin2 θ23 in
the fit. We perform this study, separately for neutrino, antineutrino, and combined modes.

As discussed previously with respect to DUNE [31] and many other references in litera-
ture [62] , both neutrino and antineutrino modes are essential for breaking the sin2 θ23 − δCP
degeneracy and ruling out the wrong octant solutions in standalone experiments, while
running in only antineutrino mode performs differently for the combined DUNE + T2HK.
Alone, DUNE, when run in only antineutrino mode, is unable to expel even the MM solution
of sin2 θ23, T2HK has a clone solution at higher octant apart from the true octant. However,
the complementary features in the combination are sufficient for breaking the sin2 θ23 − δCP
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Figure 10. Allowed regions of the test atmospheric mixing angle, sin2 θ23 and mass-squared splitting,
∆m2

31. The true values correspond to the benchmark values as mentioned in table 2. The test-statistics
is scanned over sin2 θ23 and ∆m2

31 (refer eq. (A.1)). We marginalize over the allowed ranges in sin2 θ23
in the fit. In only antineutrino mode, DUNE + T2HK is the only solution to exclude the clone
solutions in sin2 θ23.

degeneracy in only antineutrino mode, which was not possible in standalone experiments. This
is because, in the combined scenario, while T2HK has higher ν̄ statistics (refer to section 2.1)
leading to a majority of appearance events free of contamination from matter-induced CP
phase, DUNE provides better precision measurement in ∆m2

31. The third panel shows the
same curves as depicted in figure 1 with full exposures. Isolated DUNE and T2HK are already
able to achieve good precision around the best-fit breaking the sin2 θ23 − δCP degeneracy,
which gets more stringent around the best-fit with the combination.

B Sensitivity in (sin2 θ23 − ∆m2
32) plane with near-future experiments

In addition to the details in table 2, in figure 11, we also show the expected allowed ranges using
the near future development in the two giant atmospheric experiments: IceCube DeepCore and
KM3NeT/ORCA. In ref. [12], the expected sensitivity in atmospheric parameters is studied
for 12 years of IceCube with 86 strings along with extra seven strings of IceCube Upgrade
from 2026 onwards for three years. Strong improvements can be observed with the expected
Upgrade in IceCube DeepCore. In ref. [14], the expected sensitivity of KM3NeT/ORCA
after three years of data taking is studied, which we show in figure 11. The present scenario
hints that the ongoing experiments in the near future will be able to obtain further precision
on the (∆m2

32 − sin2 θ23) plane. For comparison, we also show the assumed best-fit values
by the two experiments: IceCube Upgrade (sin2 θ23 = 0.451, ∆m2

32 = 2.49 × 10−3 eV2) and
ORCA (sin2 θ23 = 0.563, ∆m2

32 = 2.45 × 10−3 eV2). It should be noted that since their
benchmark value for sin2 θ23 corresponds to the opposite octant, the allowed region they
expect seems complementary.
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Figure 11. Allowed ranges at 3σ (2 d.o.f.) in the atmospheric mixing parameters, sin2 θ23 and ∆m2
32,

using DUNE, T2HK, and DUNE + T2HK. DUNE is expected to have an exposure of 480 kt·MW·yr
and T2HK, an exposure of 2431 kt·MW·yr. Same as figure 1, we show existing allowed ranges from:
Super-K [70], T2K [18], NOνA [19], MINOS [20], and IceCube DeepCore [11]. We also show existing
(expected) bounds on ∆m2

32 from Daya Bay [1] (JUNO [10]). Additionally, we also show expected
sensitivity from IceCube Deepcore (12 yr) + Upgrade (3 yr) [12], and ORCA (3 yr) [14]. Refer to the
text for details.
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