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ABSTRACT: In this paper we study the synergy among the future accelerator (T2HK),
future atmospheric (ICAL) and future reactor (JUNO) neutrino experiments to determine
the neutrino mass ordering. T2HK can measure the mass ordering only for favorable
values of dcp, whereas the mass ordering sensitivity of JUNO is dependent on the energy
resolution. Our results show that with a combination of T2HK, ICAL and JUNO one
can have a mass ordering sensitivity of 7.2 ¢ even for the unfavorable value of écp = 0°
for T2HK and most conservative value of JUNO energy resolution of 5%/+/E(MeV). The
synergy mainly comes because different oscillation channels prefer different values of |Am§1|
in the fit when the mass-ordering x? is minimized. In this context we also study: (i) effect
of varying energy resolution of JUNO, (ii) the effect of longer run-time of ICAL, (iii) effect
of different true values of 623 and (iv) effect of octant degeneracy in the determination of
neutrino mass ordering.
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1 Introduction

Neutrino oscillation in the standard three flavour frame-work is defined by three mixing
angles: 019, fo3 and 613, two mass squared differences: Am3; and Am3, and one Dirac
type CP phase dcp. At this moment one of the major unknowns in the standard three
flavour paradigm is the neutrino mass hierarchy or the true ordering of the neutrino masses.
From the solar neutrino experiments we already know that msg > mi, which leads to
Am3; = m% —m? > 0. However, the sign of Am3; = m% — m? is still unknown. It can
be either greater than zero i.e., mg > mq, giving rise to normal ordering (NO) of the
neutrino masses or it can be less than zero i.e., mg < mq, giving rise to inverted ordering
(IO) of the neutrino masses [1]. Amongst the experiments that are currently running and
are somewhat sensitive to the neutrino mass ordering are the atmospheric based Super-
Kamiokande [2], and the accelerator-based T2K [3] and NOvA [4]. The combined analysis
of the data obtained from these experiments shows a preference for normal ordering over
inverted ordering [5]. Apart from neutrino mass ordering, the other two unknowns in the
three flavour scenarios are: the octant of the atmospheric mixing angle 623 which can be
either in the lower octant i.e., #o3 < 45° or in the higher octant i.e., 623 > 45°, and the
phase dcp. Regarding the octant measurement of the current experiments, there is a mild
preference towards the higher octant but the maximal value i.e., 23 = 45° is also allowed
at 3o0. Regarding Jcp, there is a mismatch between the values obtained from T2K and



NOvA. T2K provides a best-fit value of dcp around —90° [6] whereas the best-fit value
from NOvA is around +180° [7].

The major proposed future experiments which are designed to establish this hint
to a significant confidence level are: accelerator based T2HK [8] and DUNE [9], atmo-
spheric based ICAL detector of INO facility [10] (from now on we will refer to it as ICAL),
ORCA [11] and PINGU [12], and reactor based JUNO [13]. In this paper we study the
potential of the future experiments ICAL, JUNO and T2HK to determine the neutrino
mass ordering. Though each of them individually have good chances of pinning down the
neutrino mass ordering, they also have their limitations. In this work, we highlight those
limitations and show how one can overcome those limitations by invoking synergistic com-
bination of two or all three of them. In particular, we will probe the role of |[Am%,| when
we fit the simulated data to test neutrino mass ordering in these experiments. We will see
that since different oscillation channels when fitted return different values of |Am3,|, the
overall x? obtained in a combined analysis of two or all three of these experiments returns
a x? that is significantly larger than a simple sum of the individual x2.

Note that synergistic study between future atmospheric and future reactor experi-
ments, future accelerator and future atmospheric experiments and future accelerator and
future reactor experiments to determine neutrino mass ordering has been performed in the
past. For example, Ref. [14] studies the synergy between PINGU and JUNO, synergy be-
tween ORCA and JUNO is studied in Ref. [15], Ref. [16] studies the synergy between reactor
based Daya Bay II [17] and PINGU, Ref [18] studies the synergies among T2HK, DUNE
and Hyper-Kamiokande, Ref. [19] studies synergy between accelerator based ESSnuSB [20]
and ICAL, and synergy in T2K II, NOvA II and JUNO can found in Ref. [21]. The synergy
in the combined beam and atmospheric data of DUNE is studied in Refs. [22, 23] and the
same for ESSnuSB is studied in [24]. Recently in Ref. [25], we have studied the synergistic
effect of T2HK and JUNO to measure neutrino mass ordering. However, to the best of
our knowledge, a synergistic study among the accelerator, atmospheric and reactor exper-
iments considering these particular set of experiments i.e., ICAL, JUNO and T2HK has
not been performed in the past and this paper is the first of this kind. The mass ordering
sensitivity of T2HK experiment is dependent on the values of dcp and can have mass or-
dering sensitivity for only favourable values of dcp i.e., —180° < dcp < 0°. For JUNO, the
mass ordering sensitivity is dependent on the energy resolution whereas the mass ordering
sensitivity of ICAL is hardly dependent on dcp. Therefore, in this work we will show that
when these three experiments are combined, one can achieve mass ordering sensitivity at
a significant confidence level irrespective of the energy resolution of JUNO or the value of
dcp. The main synergy between the reactor experiment and the accelerator/atmospheric
experiment come from their sensitivity to the parameter Am%l. In addition we will also
explore (i) effect of varying energy resolution of JUNO, (ii) the effect of longer run-time of
ICAL, (iii) effect of different true values of f23 and (iv) effect of octant degeneracy in the
determination of neutrino mass ordering.

The paper is organized as follows. In the next section we will briefly describe the
experimental specification which we consider for our simulation. In Section 3 we will present
our detailed results. Finally in Section 4 we will summarize our results and conclude.



2 Experimental setup and simulation details

In this section we will briefly describe the specifications of the experiments which we use
in our simulation. For ICAL, we use the GEANT4-based geometry of ICAL detector with
specification given in Ref. [10]. ICAL is a 50 kton iron calorimeter with < 1.5 T magnetic
field which makes it world’s unique detector which can distinguish between charged current
atmospheric neutrino and antineutrino events. We use the Honda atmospheric neutrino
fluxes calculated for Theni site in India [26]. We use the GENIE event generator [27]
developed for ICAL by the INO collaboration. We generate 1000 years data for ICAL and
then normalize it to 10 years to reduce the Monte Carlo fluctuations. Neutrino oscillations
are calculated numerically and incorporated via the re-weighting algorithm. The detector
efficiency, muon energy and angle resolutions, the charge identification efficiency of the
muons, and the hadron energy resolution provided via simulation work done by the INO
collaboration are included [28, 29]. We bin the simulated events in bins of muon energy
(E.), muon angle (cosf,,) and hadron energy (Ehaq). The binning scheme used is shown in
Table 1 [30, 31]. The analysis is performed by defining a x? as given in [30]. For systematic
errors we use (i) flux normalization error of 20% (ii) cross-section normalization error of
10% (iii) 5% uncertainty on the zenith angle dependence of the fluxes (iv) 5% energy-
independent systematic uncertainty and an (v) energy dependent tilt factor. See [32] for
further details.

Observable Range Bin width | No. of bins

ESP5(GeV)(15 bins) | [0.5,4] 0.5 7
[4,7] 1 3

[7,11] 1

[11,12.5] 1.5 1

[12.5,15] 2.5 1

[15,25] 5 2

cos(5> (21 bins) | [-1.0,-0.4] |  0.0.05 12
[-0.4,0.2] 0.10 2

[-0.2,1.0] 0.2 6

EC™ (GeV) (4bins) [0,2] 1 2
2,4] 1

[4,15] 11 1

Table 1: Details of the three observable F,,, 6, and Ey,q which are used in the analysis.

The experiments T2HK and JUNO are simulated using GLoBES [33, 34]. For T2HK,
we follow the configuration as given in Ref. [8]. We consider two water-Cerenkov detector
tanks having fiducial volume of 187 kton each located at Kamioka which is 295 km from
the neutrino source at J-PARC having a beam power of 1.3 MW with a total exposure
of 27 x 10%! protons on target, corresponding to 10 years of running. We have divided
the total run-time into 5 years in neutrino mode and 5 years in anti-neutrino mode. For



systematic errors, we have considered overall normalization error of 4.71% (4.13%) for the
appearance (disappearance) channel in neutrino mode and 4.47% (4.15%) for the appear-
ance (disappearance) channel in antineutrino mode [8]. The systematic error is the same
for both signal and background.

For JUNO, we consider the same configurations as given in Ref. [13]. We consider a
liquid scintillator detector having 20 kton fiducial mass located at a distance around 53
km from Yangjiang and Taishan nuclear power plants. We have considered the energy
resolution of 3%/1/E(MeV') unless otherwise mentioned. In this analysis we consider all
the reactor cores are located at the same distance from the detector. We use 200 same-size
bins within the energy window of 1.8 MeV and 8.0 MeV. We have taken the backgrounds
and systematic uncertainties as presented in [13]. We consider the run-time to be 6 years.

Mass ordering sensitivity of an experiment is defined by its capability to exclude the
wrong mass ordering. As the global data shows a preference towards normal mass ordering
we will present our main results for normal ordering. For the estimation of the sensitivity,
we use the Poisson log-likelihood:

2 & 10 NO NO Nj©
Xstat:22|:Ni _Ni _Ni IOg <N11\I >:| ) (21)
i=1 i

where N'© is the number of events expected for the values of the oscillation parameters
tested for, NNO is the number of events expected for the parameter values assumed to
be realized in Nature (Asimov dataset) and i is the number of energy bin. The values
of the oscillation parameters used in this analysis is given in Table 2. We have kept the

Parameter Best-fit value 30 range
012 33.44° -
013 8.57° -
023 45° 40° to 52°
dcp —90°/0° —180° to 180°
Am3, 7.42 x 1075 eV? -
Am3, | 2.531 x 1073 eV? | (2.435 to 2.598) x1073 eV?

Table 2: The best-fit values and 30 ranges of the oscillation parameters used in our
calculation.

parameters 012, 013 and Am%l fixed in both the true and test spectrum and varied the other
parameters in the test spectrum. For values of dcp in T2HK, we will consider the values of
0° and —90°. Note that as the mass ordering sensitivity of ICAL is only mildly dependent
on dcp, and since simulating the ICAL data is computationally expensive, we will only
give results corresponding to dcp = 0° for ICAL. For 63, we will consider the value as
45° corresponding to maximal value of this mixing angle unless otherwise mentioned. For
JUNO, the oscillation probability is independent of #2353 and dcp.



3 Results

In this section we will present our simulation results. We will first begin by discussing the
main physics issue that is responsible for the synergy between the different experiments.
In order to highlight it, we consider one experiment at a time and show how the best-
fit value of |[Am%,| comes out to be different for each oscillation channel. Since different
oscillation channels are relevant for the different experiments, the |Am3;| that would give
minimum x? is also different for them. As a result, when we combine data from two or
three experiments and perform a joint analysis, the net mass ordering sensitivity obtained
is significantly higher than what one would get by simply adding the individual x?.

3.1 Mass Ordering Sensitivity - The Role of |Am%|

As discussed before, in order to determine the statistical significance of the neutrino mass
ordering in a given forthcoming experiment, we do the following. We simulate the prospec-
tive data for that experiment assuming, say, true normal ordering, and then fit it with a
theory of inverted mass ordering. In the fit we allow the value of |[Am3,| to vary freely
within its current 30 range. Hence, the minimum of the fit comes at a certain value of
|Am3,| that is different from the one assumed in the data. In this subsection we highlight
this aspect at the neutrino oscillation probability level. This is crucial to our understand-
ing of the physics behind the synergy between the different experiments that we will see
in the forthcoming sections. In particular, we will probe at what value of |[Am%,| we get
the minimum difference between the normal and inverted mass ordering in the oscillation
probabilities for the different experiments.

3.1.1 ICAL

The proposed ICAL is an atmospheric neutrino experiment which will be sensitive to large
energy range (0.5-25 GeV) and different baselines. In Fig. 1, we have plotted the difference
between the disappearance channel probabilities for the two different mass orderings i.e.
AP,, = P,,(NO) — P,,(I0) in the y-axis. Note that in ICAL, the sensitivity to mass
ordering mainly arises from the disappearance channel. In this figure, we have used the
value of Am3;(NO) = 2.531 x 1073 eV? for normal ordering and the different values of
Am3; (I0) for inverted ordering are plotted in the z-axis. The left panel is for neutrinos
and the right panel is for antineutrinos. Different curves in the figure correspond to different
combinations of baseline and energy, chosen because they have the maximum contribution
towards the mass ordering sensitivity [35, 36]. If the minimum value of AP,, occurs at
different values of Am%l (I0) for different bins, then it would give rise to synergy between
these bins. From the figure we see that the minimum of AP,, occurs at Am%, (10) ~
—2.3 x 1073 eV? (smaller values of |[Am%|) for neutrinos and at Am2, (I0) ~ —2.6 x 1073
eV? (larger values of [Am3|) for antineutrinos. This can also be seen in Fig. 2, where we
have plotted the mass ordering sensitivity x? for ICAL as a function of Am3;(I0). The
black curve corresponds to neutrinos and the red curve corresponds to antineutrinos. From
these curves we see that for neutrinos the y? minimum is at Am3,(I0) ~ —2.380 x 1073



eV?2 and for the antineutrinos the minimum is at Am#, (I0) ~ —2.480 x 1073 eV2. This is
in agreement with what we concluded from the probability level discussions. The combined
sensitivity coming from the neutrino data and antineutrino data is shown by the blue curve
in Fig. 2. From this curve we note that when the neutrino and antineutrino sensitivities
are combined, the x? minimum appears around Am3,(I0) = —2.419 x 1072 eV?, which is
different from the true value of Am3,(NO) = 2.531 x 1073 eV2.
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Figure 1. Left panel shows the P, ,, (NO) — P, ., (I0) for neutrino and right panel shows the
Py, 5,(NO) =Py 5, (I10) for anti-neutrinos. These combinations of the energy and baseline have the
maximum contribution towards the mass ordering sensitivity.
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Figure 2. Mass ordering sensitivity x? as a function of Am3, (10) for ICAL in v , ¥ and combined
analysis. Red line is for #, and black line for v,, data and combined results are shown in blue lines.

3.1.2 T2HK and JUNO

The dependence of x? minimum with respect to Am3; (10) for T2HK and JUNO was
recently studied in detail by us in Ref. [25]. We explored the synergy

e between the appearance and the disappearance channels of T2HK,
e between the different E bins of JUNO, and
e between T2HK and JUNO.

We summarise here the main points for completeness. T2HK has a baseline of 295 km
and a narrow-band beam peaked at neutrino energy of 0.6 GeV. Therefore, (1) low E



ensures that matter effects in the disappearance channel of T2HK can be neglected for
all practical purposes and (2) the narrow-band beam ensures that we can essentially work
at the oscillation maxima. It can be shown that for a true value of Am3,(NO), the x?
minimum for Am%, (I0) should appear at

Am?,(10) = —Am2;(NO) + z, (3.1)

with )
r = 2|Uu2|
‘UH1’2 + ’Uu2‘2

where U is the PMNS matrix. For our choice of oscillation parameters, we obtain

Am%l, (32)

Am?,(10) = —2.45 x 1072 eV2, (3.3)

It was shown in [25] that both at the probability level as well as the x? level, the minima for
the disappearance channel comes very close to the value obtained in Eq. (3.3). Indeed the
mass ordering x? goes to zero at the above value of Amgl (I0). The appearance channel on
the other hand, has matter effects and hence for this channel the mass ordering sensitivity
never goes to zero. Nevertheless it too has a distinct minima with respect to Am3,(10),
which is very different from the one for the disappearance channel. Hence, when we combine
the appearance and the disappearance channels, then the synergy coming from different
values of Am3;(IO) at which we get the individual x? minima results in a significantly
enhanced y? for T2HK.

In JUNO the situation is more complex due to its wide energy range of 1.8 MeV to
8.0 MeV. The condition for minima is given by the relation [25]

cos? 01 sin ZAé—lo + sin? 019 sin Q(Aélo — AQ]_)

2 : vo ARC . no AR
— cos” 012 sin 2A3577. N sin” 612 sin 2A 3y N (2 0,
31 31
where A;; = Am?jL/ 4F. Hence, every energy bin of JUNO has a mass ordering minimum
of ~ 0 but at a different value of Am3;(10). This leads to a synergy between the 200 bins
and when we do the full spectral analysis, we get a sizable sensitivity to mass ordering.
From the above discussion we see that all the three experiments ICAL, T2HK and
JUNO, exhibit different best-fit values of Am3, (10) for the same true value of Am3, (NO).
For this reason, when these experiments are combined, we expect a significant improvement
in the overall mass ordering sensitivity.

3.2 Combined sensitivity of ICAL and JUNO

We start with the combined sensitivity of ICAL and JUNO shown in Fig. 3. In this
figure (and all the subsequent figures) the lines corresponding to the different experiments
and different combination of experiments are clearly marked on the figure. The analysis
procedure used was outlined in the previous section. We have plotted the y-axis up to
x% = 250 to show the multiple local minima of JUNO. The sensitivity of ICAL alone for
10 years exposure is shown as a function of Am3,(I0) by the red line. We notice that



the dependence of the ICAL mass-ordering x? on Am32;(IO) is significantly shallow in
contrast to the one of JUNO, shown by the green line. The mass-ordering x? obtained
from the combined analysis of ICAL and JUNO is shown by the blue line. We note that
the best-fit Am3,(IO) of the combined fit is mostly determined by JUNO, owing to its
sharp dependence on Am3,(I0). However, the inclusion of ICAL does play a role and
brings a synergy, which raises the overall x2. The exact values of Am%1 (I0) for which the
mass-ordering x? is minimum is given in Table 3 while the y? minimum values are given in
Table 4. We see that the combined analysis gives us about 14% increase in the sensitivity
as compared to a simple sum of the x? of the two experiments.
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Figure 3. Mass ordering sensitivity expected from a combined analysis of JUNO and ICAL, shown
as a function of Am3,(10).

Am32; (True) | Am2; (JUNO) | Am3; (ICAL) | Am3; (Combined)
2.531 -2.503 -2.419 -2.503

Table 3: Column 1 shows the true value of Am3;(NO) (in units of 1073 eV?) while columns
2, 3 and 4 show values of Am3,(IO) (in units of 1073 eV?), for which we get mass-ordering
x? minimum for ICAL, JUNO and (ICAL and T2HK) Combined.

XJuno | Xicarn | XJuno T XfoAL | Xeombined | /o increase
10.23 9.12 19.35 22.01 13.7

Table 4: Mass-ordering x? for true NO and test I0. The last column shows the percentage
increase in sensitivity we get from a combined analysis (column 4) as compared to a simple
sum (column 3).

3.3 Combined sensitivity of ICAL and T2HK

Next we perform a combined study of long baseline experiment T2HK and atmospheric
experiment ICAL. The results are shown in Fig. 4. As seen before, ICAL gives us 30 mass
ordering sensitivity with 10 year data for 33 maximal. T2HK also gives us mass ordering
sensitivity but it is dcp dependent (Fig. 4). This leads to the well known hierarchy - dcp



degeneracy [37-39]. In T2HK we get mass ordering sensitivity below 20 for dcp = 0° (left
panel) and 5o for dcp = —90° (right panel). When we combine ICAL and T2HK data we
get 3.680 sensitivity for cp = 0° and 5.90 for dcp = —90° . Synergy effect between ICAL
and T2HK is very small. The reason is that the combined best-fit value of Am3,(10) is
governed almost entirely by the T2HK and INO is unable to make much impact on it.
Thus the synergistic effect is very weak. We can see in Fig. 4 and Table 5 that the best-fit
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Figure 4. Mass ordering sensitivity as a function of Am3; (10). Left panel is for §cp = 0° and the
right panel is for dcp = —90° corresponding to T2HK.

Am3, (True)

Am3, (ICAL)

Am2, (T2HK)

Am3, (Combined)

ocp =0

2.531

-2.419

-2.431

-2.431

dcp = —90

2.531

-2.419

-2.428

-2.428

Table 5: Column 2 shows the true value of Am3; (NO) (in units of 1072 eV?) while columns
3, 4 and 5 show values of Am3,(IO) (in units of 1073 eV?), for which we get mass-ordering
x? minimum for ICAL, T2HK and (ICAL and T2HK) Combined.

Xfoar | Xromk | Xhouk + XicAL | XCombined | 70 increase
bcp =0 9.12 3.77 12.89 13.55 5
ocp = —90 9.12 25.09 34.21 34.84 1.8

Table 6: Mass-ordering x? for true NO and test 10. The last column shows the percentage
increase in sensitivity we get from a combined analysis (column 5) as compared to a simple
sum (column 4).

values are similar for both experiments. Also, ICAL has a very flat curve corresponding
to Am%l(IO). So this leads to very small synergy effect as can be seen in Table 6. The
percentage increase as compared to a simple sum of the x2 is 5% for dcp = 0° and 2% for
docp = —90°. However, it is important to note that by combining T2HK and ICAL, the
sensitivity to mass ordering improves to about 4o even for dcp = 0°, while for dcp = —90°
we have close to 60 sensitivity.

3.4 Combined sensitivity of ICAL, JUNO and T2HK

In this section we will see that by combining atmospheric data (ICAL) with long baseline
(T2HK) and reactor (JUNO) data, we can achieve more than 10 ¢ sensitivity for dcp = 0°



and 11 o sensitivity for cp = —90°. The results are presented in Fig. 5, as a function
of Am%, (1I0). In the left (right) panel we have considered dcp = 0° (—90°). The values
of Am3,(I0) for which the mass-ordering x? is minimum is given in Table 7 while the x?
minimum values are given in Table 8.

250 7

250 s i - - 7
C i L) v [ H * v
N TR LY : LAY
2005 True Np BCP:oo ‘ | : -‘_") 2005 True N:p Sep= 90% '-,"
“““ ICAL . o ICAL 3 I,
150 JUNO ] L ~mnd 150F . jJUNO A b o
N pomr JUNOHICAL E %  F-w JUNO+ICAL §
ool - T2HK ; E— T2HK ' ; /!
----- T2HK + ICAL d loof --- T2HK + ICAL "—. g E
- T2HK+JUNO % 4 J F---T2HK+JUNO & %
500 — T2HK + ICAL + JUNO g S0[ — T2HK + ICAL + JU’NO A
o T AR P =] o e o
2.7 —2 6 —2 5 -2.4 -2.3 2.7 —2 6 —2 5 2.4 -2.3

AmZ{(10) (10° eV?) AmZ(10) (10° eV?)

Figure 5. Mass ordering sensitivity as a function of Am3; (10). Left panel is for §cp = 0° and the
right panel is for écp = —90° corresponding to T2HK.

Am3; (True)

Am32, (ICAL)

Am32, (JUNO)

Am2, (T2HK)

Am3, (Combined)

dcp =0°

2.531

-2.419

-2.503

-2.431

-2.48

dcp = —90°

2.531

-2.419

-2.503

-2.428

-2.479

Table 7: Column 2 shows the true value of Am3;(NO) (in units of 1072 eV?) while
columns 3, 4, 5 and 6 show values of Am3;(I0) (in units of 1073 eV?), for which we get
mass-ordering x? minimum for ICAL, JUNO, T2HK and (ICAL and JUNO and T2HK)
Combined.

Xicar | XJuno | XTomx | Xjuno + Xfomk T XfoAL | XGombined | %0 increase
dcp = 0° 9.12 10.23 3.77 23.12 99.76 331
dcp = —90° 9.12 10.23 25.09 44.44 125.79 183

Table 8: Mass-ordering x? for true NO and test I0. The last column shows the percentage
increase in sensitivity we get from a combined analysis (column 6) as compared to a simple
sum (column 5).

As we discussed earlier, for JUNO the mass-ordering x? is about 10 and for ICAL the
mass ordering sensitivity is about 9. The sensitivity of T2HK is about 4 for dcp = 0° and
25 for dcp = —90°. We again stress upon the fact that though the true value of Am%l is
same for all these experiments, the x? minimum occurs at different values of Am3; (I0) for
different experiments. For the combination of ICAL, JUNO and T2HK, the mass-ordering
x? increases to about 100 (126) for dcp = 0°(—90°). We had seen that for the combination
of JUNO+ICAL and T2HK+ICAL, the improvement due to synergy was rather mild. We
had explained that this was because the ICAL y? was shallow and was therefore unable
to really change the best-fit Am%, (IO) significantly. On the other hand, both JUNO and
T2HK have well-defined and sharp x? with best-fit Am%,(I0) distinctly different. This

was discussed in Ref. [25]. As a result, when we combined data from all experiments, we
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get a big synergistic boost leading to the staggering improvement as can be seen in the last
column of Table 8.

3.5 Effect of energy resolution of JUNO

121
10
8- =i JUNO+ICAL )
- — = JUNO+T2HK (3.,=0°T == —
b 6L JUN0+|CA|_+T2°ﬁK(6G =)
C e —— JUNO+T2HK (5.5=-90% .. .|
) R JUNO+ICAL+TZHK (3.5=-90°)
— . TTrmmmmmmmmemmmiseisien
o - -
T Il Il Il ‘ l\
03 35 4 45 5

JUNO Resolution(%)lv E(MeV)
Figure 6. Neutrino mass ordering sensitivity as a function of energy resolution of JUNO.

Next we discuss how the mass ordering sensitivity changes if we vary the energy reso-
lution of JUNO. In Fig. 6, we have presented the mass-ordering sensitivity as a function of
the energy resolution of JUNO. From this figure we clearly see that the sensitivity of JUNO
goes from x? = 10 to less than 1 when the energy resolution is varied from 3%/\/E(MeV)
to 5%/+/E(MeV). But when it is combined with other experiments we can see that the
sensitivity is significantly improved. For ICAL+JUNO+T2HK the 2 is expected to come
around 52 (76) for dcp = 0°(—90°) even if the JUNO energy resolution is 5%/+/E(MeV).
This shows that even for poorer resolutions of JUNO, with the combination of T2HK and
ICAL, one can achieve a mass ordering sensitivity of 7.20 even for the unfavourable value
of ocp. For JUNO+ICAL, the sensitivity is expected to be around 40 for JUNO energy

resolution of 5%/\/E(MeV').

3.6 Effect of ICAL run-time

121
-= ICAL
F - --- ICAL+JUNO
C ICAL+T2HK (5Cp:00)
r True NO ICAL+T2HK+JUNO (5.,=0°)
8 — © ICAL+T2HK (34,=-90%)

b E —— JUNO+ICAL+TZHK (3,790
R = e
[ — e e
g
ol ‘ | | | |

6 8 10 12 1‘4 1‘6 18 20
ICAL Run Time(years)

Figure 7. Neutrino mass ordering sensitivity as a function of run-time of ICAL.
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In this section we explore the effect of extending the run-time of ICAL on the mass
ordering sensitivity. As atmospheric neutrinos are available without any cost !, one can in
principle run an atmospheric neutrino experiment for a longer time. In Fig. 7, we present
the mass-ordering sensitivity as a function of run-time of ICAL. For a 20 years running of
ICAL, the x? for ICAL goes up to 16. When it is added with JUNO the x? reaches 36.
We can see that 50 sensitivity for mass ordering could be achieved with just JUNO and
12 years of running of ICAL. For the combination of ICAL+JUNO+T2HK one can have
a mass-ordering x? of 100 (144) for écp = 0°(—90°) for 20 years running of ICAL.

3.7 Effect of true values >3 on combined analysis

120p True NO 3.,=0° 120?
100}= 100(- True NO §,=-90°
80 o T ITCz?—ilk
T ICAL o f L T2HK+ICAL
60 s T2HK < 60 T2HK+JUNO
g — — T2HK+ICAL F T2HK+ICAL+JUNO
40 T2HK+JUNO o2 e ————
r T2HK+ICAL+JUNO T
20— 20—
OB e e e e T Bononomnnoene Semenezoenees Sorenisoennenoo |
42 43 44 45 46 47 48 49 42 43 44 45 46 47 48 49

6,, [True] (degree) 6,5 [True] (degree)

Figure 8. Neutrino mass ordering sensitivity as a function of 65 (true). Left panel is for dcp = 0°
and the right panel is for cp = —90° corresponding to T2HK.

Now let us see how the mass ordering sensitivity varies when we vary the true value
of f23. In Fig. 8 we have plotted the mass-ordering y? as a function of fa3 (true). The
value of dcp for T2HK is 0° in the left panel and —90° in the right panel. In general as
023 increases, the mass ordering sensitivity increases [30, 32]. We can see this general
trend in most of the curves, except for the T2HK+JUNO curve for both the values of dcp
and ICAL4+JUNO+T2HK curve for écp = 0°. For these curves, the y? increases as 6o3
increases from 42° to 45° and when 693 increases further from 45°, the sensitivity decreases.
To understand this, in Fig. 9, we have plotted x? vs Am3;(IO) for three true values of a3
i.e., 42°  45° and 49°. The value of dcp for T2HK is 0° in the left panel and —90° in the
right panel.

e For dcp = 0°, we note that though y? for T2HK increases as fp3 increases, the x?
minimum tends to shift towards the left. As a result when it is combined with JUNO,
the x2 corresponding to fa3 = 49° becomes lower than the x? for o3 = 42°. However
for ICAL+JUNO+T2HK, the x? for f3 = 49° is higher than y? for 3 = 42° but
lower than x? for fa3 = 45°.

e For dcp = —90°, the shift of the T2HK curve towards left for the value of fy3 = 49°
is less prominent as compared to dcp = 0°. As a result, for T2HK-+JUNO, the 2 for

'For the detector of course there will be running costs such as maintaining the magnetic field, electronics
and power supply for cooling.
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Figure 9. Mass ordering sensitivity as a function of Am3,(IO) for different values of 3. Left
panel is for cp = 0° and the right panel is for cp = —90° corresponding to T2HK.

03 = 49° is higher than 2 for fa3 = 42° but lower than y? for fs3 = 45°. However,
for the combination of ICAL+JUNO+T2HK, the x? for f3 = 49° is higher than y?
for O23 = 42° and 45° establishing the general trend.

3.8 Effect of octant degeneracy in ICAL and T2HK on mass ordering
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Figure 10. Neutrino mass ordering sensitivity as a function of a3 (test). Left panel is for dcp = 0°
and the right panel is for cp = —90° corresponding to T2HK.

Finally let us discuss the effect of octant degeneracy in the mass ordering sensitivity
of T2HK and ICAL. In Fig. 10, we have plotted the mass-ordering x? as a function of 63
(test). The left panel is for fa3 (true) = 42° and the right panel is for #a3 (true) = 49°.
From the panels we see that for true 623 in the lower octant, the x? minimum always occurs
with the correct octant for both T2HK and ICAL. However for 053 in the higher octant, the
x? minimum occurs at the wrong octant for ICAL. But when ICAL is added with T2HK,
the minimum of the combined y? occurs at the correct octant. Therefore, one can say that
for 693 in the higher octant, T2HK resolves the octant degeneracy of ICAL to improve the
mass ordering sensitivity. However, this effect is very small as the ICAL x? with respect
to B3 (test) is almost flat.

4 Summary and conclusions

In this paper we have studied the capability of ICAL, JUNO and T2HK experiments to
measure neutrino mass ordering. Though studies on synergy in neutrino oscillation exper-
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iments have been performed in the past, in this work we took the opportunity to study
the synergy between future accelerator, future atmospheric and future reactor neutrino
experiment T2HK, ICAL and JUNO, to determine the neutrino mass ordering. We ex-
pounded the synergy in mass ordering determination at these experiments. Mass ordering
sensitivity comes from the difference in the oscillation probabilities between normal and
inverted ordering. The sensitivity to mass ordering is calculated by simulating the data
for an assumed true mass ordering, say normal, and fitted with the wrong mass ordering
(say) inverted. In the fit we allow dcp, f23 and |Am3,| to vary within their allowed ranges
and the x? is minimized over this entire grid. In particular, we showed that the effect of
minimization of the x? over |[Am?%, | leads to synergy between the experiments. The best-fit
|Am3,| for which the mass ordering x? is minimized depends on the oscillation channel,
neutrino energy, as well as matter effects. Since T2HK, ICAL and JUNO have different
specifications with respect to these, they have synergy with respect to neutrino mass or-
dering. For this reason, the same true value of Am3; leads to different values of Am3; (fit)
for the x? minimum. Therefore, when different experiments are added, the x? minimum
of the added 2 occurs at a different value of Am%l leading to an enhanced mass ordering
sensitivity.

We presented results for joint analyses of ICAL+JUNO, ICAL+T2HK and finally
ICAL+JUNO-+T2HK. We showed that for ICAL+JUNO we can expect about 14% increase
in sensitivity due to synergy as compared to a simple sum of the individual x?. However,
the enhancement in the case of ICAL+T2HK was not seen to be significant. Finally,
when we combined all three ICAL4+JUNO+T2HK, we found a staggering increase in the
sensitivity. For dcp = 0° ( dcp = —90°) this increase was shown to be 331% (183%). The
ICAL sensitivity has a rather flat dependence on Am%,, while JUNO and T2HK senitivity
have a very sharp Am3; dependence. As a result adding JUNO and T2HK brings the
most spectacular increase in the sensitivity. Nonetheless ICAL does play a role and brings
additional enhancement to the sensitivity.

We studied the effect of JUNO energy resolution on the mass ordering sensitivity. We
showed that JUNO mass ordering x? would plummet from about 10 to less than 1 if the
energy resolution was to worsen from 3%/+/E(MeV) to 5%/+v/E(MeV'). However, when
performing a combined analysis, the synergy between experiments stabilizes the y? and
we would have an assured determination of mass ordering at greater than 7o significance
even if JUNO has a resolution of 5%/+/E(MeV) and T2HK dcp = 0°. We also studied
the impact of ICAL run-time on mass ordering. We showed that more than 50 sensitivity
would be easily achievable from different combinations of these experiments and different
run times for ICAL. We showed that if ICAL run-time is increases to 20 years, then the
combined x? for ICAL+JUNO+T2HK reaches 100 (144) for dcp = 0°(—90°). Finally,
we studied the impact of f23 on the mass ordering sensitivity and the role of doing the
combined analysis. We also show that if 823 belongs in the upper octant, then x? minimum
for ICAL appears in the wrong octant and the addition of T2HK data resolves this octant
degeneracy.

In summary, we showed that ICAL+JUNO-+T2HK is a powerful combination of exper-
iments which can establish the true nature of the mass ordering with a significant confidence
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level irrespective of true values of dcp and energy resolution of JUNO.
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