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One of the major open problems of neutrino physics is mass ordering (MO). We discuss the prospects
of measuring MO with two under-construction experiments T2HK and JUNO. JUNO alone is expected
to measure MO with greater than 3o significance as long as certain experimental challenges are met. In
particular, JUNO needs better than 3% energy resolution for MO measurement. On the other hand, T2HK
has rather poor prospects at measuring the MO, especially for certain ranges of the CP violating parameter
dcp, posing a major drawback for T2ZHK. In this article we show that the synergy between JUNO and T2HK
will bring twofold advantage. First, the synergy between the two experiments helps us determine the MO
at a very high significance. With the baseline setup of the two experiments, we have a greater than 9¢
determination of the MO for all values of 6.p. Second, the synergy also allows us to relax the constraints on
the two experiments. We show that JUNO could perform extremely well even for an energy resolution of
5%, while for T2HK the MO problem with “bad” values of §-p goes away. The MO sensitivity for the
combined analysis is expected to be greater than 6¢ for all values of 6c-p and with just 5% energy resolution

for JUNO.

DOI: 10.1103/PhysRevD.106.115013

I. INTRODUCTION

Despite the big strides made in the field of neutrino
physics, we still lack knowledge of some of the important
neutrino parameters. The neutrino mass ordering (MO) is a
prime example and measuring it will have far-reaching
consequences both theoretically as well as experimentally.
By MO we essentially mean the structure of the neutrino
mass spectrum. For three generations of neutrinos, one can
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define two mass-squared differences, which we call Am3,
and Am%1 (Amgj =m? - m?) While it is experimentally
known that Am3, > 0, the sign of Am3, is still not
statistically confirmed. The case with Am3, > 0 is referred
to as the normal mass ordering (NO), while Am%l <0is
called inverted mass ordering (IO) [1].

Experiments are being built that would be able to shed
light on MO. Such experiments are expensive as well as
challenging. The JUNO experiment [2] is being built in
China specifically to determine the MO [3-6]. JUNO
would observe electron antineutrinos from powerful
Chinese reactors and must reach an energy resolution of
at least 3% or better in order to achieve a modest statistical
significance. This is a major technological challenge and
so-far unprecedented. On the other hand, the T2HK experi-
ment [7] under construction will be observing muon- and
electron-type neutrinos (and antineutrinos) from accelerator
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facilities in Japan [8-22]. This experiment has measure-
ment of the CP violating phase dcp as its major goal.
However, the unresolved MO is a major challenge for this
experiment that leads to a deterioration of its sensitivity. In
fact, T2ZHK’s MO sensitivity is rather low, particularly for
Ocp = 0°. In this article we will study the synergy between
these two experiments and show for the first time that
combining the data from just these two experiments will
(i) determine MO to very high significance and (ii) reduce
the challenges they face. In particular, we will show that
JUNO would be able to perform remarkably well for
energy resolutions of even 5%, for which even the current
technology suffices. This will bring down both the tech-
nological demand as well as costs on JUNO.

In this article we will focus on the role of |Am3,| in the
MO determination. Data corresponding to NO can be
mimicked (or fitted) by a theory corresponding to IO by
changing the value of |Am3,| in the fit. We will show, both
analytically as well as numerically, how different neutrino
oscillation channels change |Am3,| differently in the fit.
This change is also dependent on the neutrino energy;
therefore, different neutrino energy bins would require
different amounts of shift in |Am3,|. Since the experiments
depend on different oscillation channels and since we also
have spectral information in these experiments, this leads to
a spectacular synergy between different experiments, as
well as between different data bins of the same experiment.

In another study [23] we will include the future atmos-
pheric neutrino experiment ICAL at the INO facility [24]
and will be focusing on how its sensitivity is affected due to
synergy with JUNO and T2HK. However, the main focus
of the present work is twofold. First, we study quantita-
tively how much the synergy between JUNO and T2HK
improves the MO sensitivity of the combined setup.
Second, and even more importantly, we study how the
synergy helps in reducing the energy resolution require-
ment on JUNO. We will quantitatively show that, even if
JUNO is unable to reach its design energy resolution of 3%,
we would still be able to measure the MO with high
significance. Therefore, the two papers are complementary
to each other.

II. THE METHOD

The expected MO sensitivity for these future facilities is
estimated by the following method. The prospective data
are calculated for these experiments assuming NO. This
simulated data are then statistically fitted with a theory of
IO by defining a y>. We simulate both T2HK and JUNO
using the GLoBES software [25,26]. For details of the
experimental parameters used in this work, we refer the
reader to [7] for T2HK and [2] for JUNO. For T2HK we
have two kinds of datasets. The data on muon (and
antimuon) events depend on the v, — v, survival proba-

bility P,,, which is referred to as the “disappearance

TABLE I. The best-fit values and 30 ranges of the oscillation
parameters used in our calculation.

Parameter Best-fit value 30 range

01, 33.44°

013 8.57° e

013 45° 40° to 52°

Ocp -90°/0° —180° to 180°

Am3, 7.42 x 1075 eV? e

Am3, 2531 x 1073 eV2  (2.435 to 2.598) x1073 eV?

channel.” On the other hand, the data on electron (and
positron) events depend on the v, — v, conversion prob-
ability P,, and is referred to as the “appearance channel.”
JUNO has only a dataset for positrons, which depends on
the v, — v, survival probability P; ;.

The “data” for T2HK and JUNO are simulated for NO at
the values of the oscillation parameters given in column 2
of Table I. We fit the data with 10 and allow 8,3, 6-p, and
|Am2,| to vary in the range given in column 3 of Table I.
The parameters 0),, 0,3, and Am3, are kept fixed in the fit
at their values given in column 2.

III. THE PIVOTAL ROLE OF |Am3,|

For both T2HK and JUNO, matter effects are negligible
and the survival probability of v,, where @ = e or y, can be
approximately given as

Paa =1- 4|Uall2|Ua2|ZSin2A21 _4|Ua1|2|Ua3|ZSin2A31
— HU P |U 3 ]7sin* Ay, (1)

where A;; = Am%jL /4E, L being the distance that the
neutrino travels and E its energy. This gives Ph for AN
and PIQ for AXY and one can obtain an analytic expression
for AP, =PYO— PO, Note that since Am}, =
Am3; — Am3,, and since we keep Am3, > 0 fixed, we have

AP, = =AU [|Ug *(sin?ATP — sin®ALY)
- \Ua2|2(Sin2(A3N1O —Ay) - Sinz(Ag? + An1))],
(2)

Equation (2) shows that AP,, cannot be zero for |AJ°| =
|AXQ| since the second term becomes nonzero for this case.
This term will reduce in magnitude if |AXQ| is reduced,
however, then the first term becomes nonzero. Note that the
first term is weighted by |U,,|*, while the second term is
weighted by |Ug|* Therefore, the minimum of AP,
comes at a value of |AXQ] that is lower than |A}P| roughly
by Am3, weighted by a factor that depends on |U, |* and
|Uy|?. Therefore, the following points are evident. Since
the mass ordering sensitivity is given in terms AP,,, if
the data correspond to NO, then the fit will change the
value of |AXQ| such that AP,, is minimized. Also, if
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AL = —AJP + x, then x will be different for P,, and P,
since it depends on |U,,|* and |U,,|*. Therefore, (1) the
best-fit value of Am3, is different for T2HK and JUNO
leading to synergy between them. Also, since the discus-
sion above involves Ay = Am3,L/4E, the minima of
AP,, will appear at different values of Am3, (I0) for
different values of E; (2) even within the same experiment,
the different £ bins will have a different best-fit Am%l 10),
leading to synergy even within the same experiment.
Finally, (3) T2HK also has the appearance channel P,,
which gives best-fit Am3, (I0) at a different value leading
to further synergy. We will show how the synergy between
P,, and P,, also leads to increase in MO sensitivity of
T2HK. We show how the three above-mentioned synergies
lead to an increase of MO sensitivity.

A. T2HK

For the disappearance channel, following the discussion
above, we note that close to the Am%1 oscillation maxi-
mum, the minima for AP, appears when [27,28]

2|U,p?
v e 5)
|U/41| +|U/42|

For our choice of oscillation parameters, we obtain
x =0.0813 x 1073 eV2, giving Am3,(10)=(-2.531+
0.0813) x 1072 eV? = —2.4497 x 103 eV2. We show AP,
in Fig. 1 for L =295 km and two neutrino energies E =
0.6 and 0.7 GeV. This figure has been obtained from a
numerical calculation of the full three-generation oscilla-
tion probability including Earth matter effects.

Note that, for the disappearance channel, NO can be
matched almost exactly by 10 for Am3, (I0) ~ —2.4497x
1073 eV?, which agrees well with Eq. (3). Note that we get
AP,, ~0 at almost the same value of Am%l (I0O) for both
energies since they are both close to the oscillation maxima.
The figure also shows the appearance channel. Since the
appearance channel has more matter effects, AP, is never
zero and the best-fit Am3; (I0) comes at a different value.

0.02 N
0.015F \\ ......
001i ............................ { ---------
0.005F \
= E Am2(NO)=2.531*107 eV?
o r"""'""'""'""'""'""'""'""'_'J“""""'""’\'r'.‘, """"""""
< F e N
-0.005 ? — =y, [3:9 0.6 GeV \f"\ ; \ ,,‘,l‘
—0.01F ===~ o=, B:e ,0.7 Ge\/\,f : \ ,,"/
_001sf T 4 B, 0.6 GeV 5 \
F =— o=p,p=p,0.7 GeV : \
—0.02 L Kl L L H L 1
229 238 27 2.6 25 2.4 2.3

AmM2(10) (10°%eV?)

FIG. 1. AP,, and AP,, as a function of Am3; (IO) for L =
295 km and two values of energy.
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FIG. 2. Mass ordering sensitivity 2 as a function of Am3; (10)
for T2HK.

In Fig. 2 we show the effect of combining the disappear-
ance and the appearance channels in T2HK in a y? plot. One
can see that the minima in Am3, (I0) for the disappearance
channel comes very close to that predicted in Eq. (3) and
Fig. 1 and different as compared to the assumed true value.
For the appearance channel, the Am%1 (I0) dependence of
the »2 is shallow in comparison; nevertheless, it too has a
distinct minimum, which is not only different from the
assumed true value, but also different with the minimum for
the disappearance channel. As a result, when we combine
them (blue line) we get a significantly higher 2.

B. JUNO

The Egs. (1) and (2) are also valid for JUNO and studies
on JUNO along these lines have been performed before
[29]. Here we propose a somewhat novel approach. Note
that Eq. (2) is given in terms of A which depends on both
Am3; (10) and E. Since T2HK is a narrow band beam
peaked at its oscillation maximum, it was enough to work at
E corresponding to oscillation maximum. However, JUNO
is a wide band beam and E plays an important role here.
This essentially means that for each £ we will have a
different value of Am3; (I0) that will give AP;, = 0. So
we compute analytically and find solutions for

A(AP,,)

a0 =0 (4)

giving us the following relation:

cos? 1, sin 2A10 + sin? 61, sin 2(ALQ) — A))

ANO ANO
2 . NO 31 ) . NO 732
— cos” 0y, sin 2A3) NI 012 sin 247, INCE 0.
3] 31

This is a relation between E and Am%1 (IO) that gives
us a minimum in AP;;. The reactor antineutrino event
spectrum that we consider for JUNO varies between E =
1.8 and 8 MeV and is divided into 200 equispaced bins,
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2 — 1.8 MeV / J
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FIG. 3. Mass ordering 2 in JUNO for 10 energy bins out of the
total 200 energy bins. Systematic uncertainties are neglected.

with a bin width of 0.031 MeV. For the sake of illustration,
we compute the mass ordering y> for each bin in JUNO,
neglecting all systematic uncertainties and show these for
ten example bins in Fig. 3. We note two important points
from this figure. First, the different E bins give y* minimum
at different values of Am3, (I0). Second, and even more
importantly, note that y2. ~0 in each of the individual
bins, albeit at a different value of Am%l (I0). Hence, when
we do the combined analysis of all 200 bins, we get
x> = 10. This is due to the synergy between the different £
bins of JUNO as described above. The best-fit Am3, (10)
obtained from the full 200 bin analysis of JUNO is different
from the assumed true value of Am%l (NO) used in the
simulated data.

IV. COMBINED SENSITIVITY OF JUNO
AND T2HK

Finally, we do a joint analysis of JUNO and T2HK and
present our results in Fig. 4. Results are shown in two
panels for two cases of §-p = 0° and —90° motivated by the
recent best-fit values of this parameter by NOvA [30] and
T2K [31], respectively. Note that JUNO is independent of
both 0,3 as well as dcp.

- T / !
140 [ / /'
g 3 /  True NO SCP=0°/,-'
120F i / :
- JUNO /
100 —— T2HK (Abp.)
E -n=u= T2HK (Disapp.)
W 80:— — — T2H ;{Comb-)
soF- Ju .¢)+T2HK(Disapp.)
g Juﬁo+T2HK (Comb.)
40— /':'
20 :
B D L —

— e P TSV A 1 P
9% 255 5 =545 24 235 23

Am2, (107 eV?) (10)

L T
140 / i
E !
120 i
E True NO SCF,:-Q()" i
100 wuno
~ 80F —— T2HK (App.)
x o EOCHET T2KK (Disapp.)
60 — — T2HK (Comb.)
E NQ*T2HK (Disapp.)
401~ JUNO+T2HK (Comb.)
o L
20— ¢"
R S S
—02.6 —2.55 -2.5 -2.45 2.4 -2.35 2.3

TABLE II. Values of Am3, (I0) (in units of 1073 eV?), for
which we get mass ordering y> minimum.

JUNO T2HK JUNO + T2HK True value
ocp =0° —-2.503 -2432 —2.481 2.531
Ocp =—90° 2503 —2.429 -2.479 2.531
TABLE III.  Mass ordering y? for true NO and test I0. We label

the »? for JUNO and T2HK as y2 and y?, respectively.

NO Ve X x5+t xr xhr % increase
ocp =0° 10.23 370  13.93 86.87 523
ocp =-90° 10.23 25.07 35.30 113.22 220

We summarize in Tables II and III the main results of this
analysis. The values of Am%l (I0) for which we get the
minimum y? for JUNO and T2HK individually, as well as
for the JUNO and T2HK combined analysis, are given in
Table II. In Fig. 4, we show the MO sensitivity as a function
of Am3%, (I0). This figure shows the sensitivity of each
oscillation channel in JUNO and T2HK to MO, as well as
the synergy between them. We can see from Fig. 4 and
Table II that, even though data in both experiments were
simulated at the same assumed true value of Am3, (NO),
the best-fit values of Am3, (I0) come out to be different
for JUNO and T2HK. As a result, when we perform a
combined analysis of the two datasets, the expected MO
sensitivity is significantly enhanced. While a simple sum of
the y? for JUNO and T2HK gives 13.93 (35.3) for §-p = 0°
(=90°), the combined analysis gives y> of 86.87 (113.22).
This is a staggering synergistic increase in the sensitivity,
shown in the last column of Table III. In particular, for true
ocp = 0°, T2HK by itself is expected to not even return a
% = 4 for mass ordering [7]. A simple sum of the y*s of
T2HK and JUNO (y3) would still not achieve x> = 16
sensitivity. However, a combined analysis of JUNO and
T2HK gives y7. ; ~ 87, which shows a whopping improve-
ment of 523%. For the §-p = —90° case, both T2HK and

AmZ, (10 eV?) (10)

FIG. 4. Mass ordering sensitivity expected from a combined analysis of JUNO and T2HK, shown as a function of Am%1 10).

Left: 6CP =0°. nght 5CP = —-90°.
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JUNO individually give a good sensitivity to mass order-
ing; however, even in this case, doing a combined analysis
would lead to mass ordering being discovered with a much
higher sensitivity. Let us mention that, for T2HK, the mass
ordering sensitivity is very poor for §-p = 0° as compared
to ¢cp = —90° in normal ordering because of the hierarchy-
Ocp degeneracy [32-34]. Indeed for a large fraction of 5-p
values, the MO y? for T2HK is below 4. We see from our
results above that combining the JUNO data with T2HK’s
can alleviate this problem and we expect greater than 9¢
MO sensitivity for all values of §cp.

For the sake of understanding the underlying physics, we
also show the MO sensitivity of the appearance and the
disappearance channels in T2HK separately in Fig. 4. We
can see that, while the appearance channel alone has MO
sensitivity, its Am3, dependence is very shallow. On the
other hand, the disappearance channel alone does not have
any MO sensitivity, however, it has a very sharp depend-
ence on Am3;. As a result, the combined y? to MO from
JUNO and the disappearance channel alone of T2HK has
a very strong synergy coming from their strong Am3,
dependence. This can been seen in the green dashed curve
of Fig. 4. Addition of the appearance channel improves the
sensitivity further, giving the highest possible sensitivity
coming from the combination of these two experiments.

It is pertinent to compare the MO sensitivity of the
combined JUNO and T2HK setup with the sensitivity of
some of the most promising forthcoming experiments, such
as DUNE [35], KM3NeT-ORCA [36], and PINGU [37]. The
future accelerator-based experiment DUNE can measure MO
with at least 100 (160) C.L., for 6-p = 0° (—=90°) in its seven
years of running irrespective of the true values of 6,5. On the
other hand, the analysis with the atmospheric neutrinos at the
KM3NeT facility can provide a measurement of MO at 4o
after five years of running for 6.p = 0° and 6,3 = 42°. For
PINGU, which is a proposed low-energy extension to the
IceCube experiment, can measure MO by studying the
atmospheric neutrinos with a significance of at least 3o
for 6,3 = 45° when a 68% uncertainty on the other oscil-
lation parameters are considered in its four years of running.
From the above discussion, we understand that the combi-
nation of T2HK and JUNO outperforms KM3NeT-ORCA
and PINGU. Regarding DUNE, the sensitivity of T2HK +
JUNO is comparable to DUNE for §-p = 0°, but DUNE
outperforms T2HK + JUNO for -p = —90°.

V. REMEDYING THE ENERGY RESOLUTION
CHALLENGE FOR JUNO

In order to achieve 3¢ sensitivity for MO, the JUNO
detector will need better than 3% energy resolution. This is
unprecedented and challenging, as well as expensive.
JUNO sensitivity to MO falls sharply with worsening of
the energy resolution and is expected to go to below 1o for
5% energy resolution. Adding T2HK and JUNO and doing

12p
101
= —~——
8; ““‘\
[ —
N C §~~§~~~
XA —
I> 6 True NO
J T — JNo T
— — — JUNO+T2HK (5,5=0°)
o —— = iJNO+T2HK(SCP=-90°)
L. PR T H Y S
03 35 4 45 5

JUNO Resolution(%)/\E(MeV)

FIG. 5. Expected MO sensitivity /x> as a function of energy
resolution of JUNO.

a combined analysis can circumvent this challenge. We

show in Fig. 5 the \/)? of the combined analysis of T2ZHK
and JUNO as a function of the energy resolution in JUNO.
We show the results for both 6., = 0° and —90°. We can
see that, even with 5% energy resolution in JUNO, we hope
to get MO sensitivity that is well above 66 for §.p = 0°.
This would further increase to 8¢ if 50p = —90°.

VI. CONCLUSION

Measuring the MO is one of the most important aspects of
neutrino physics. Ideally, we want at least 5o sensitivity to
confirm the correct MO. The JUNO experiment is being built
to determine the MO; however, it is expected that even to
achieve about 3—4¢ sensitivity one would need better than
3% energy resolution in JUNO. On the other hand, T2HK
being built for CP studies has a rather poor MO sensitivity
for a large range of dcp values. This compromises its CP
sensitivity. In this article, we have shown that there is synergy
between these two experiments due to the difference in which
their oscillation probabilities depend on |Am3,|. This syn-
ergy results in a staggering increase of the expected MO
sensitivity when we perform a joint analysis. We showed that
this increase could be between 220% and 520% depending
on the true value of 6-p. We also showed how this synergy
can be instrumental in alleviating the energy resolution
challenge for JUNO. We showed that, even with 5% energy
resolution in JUNO, the combined analysis gives an expected
MO sensitivity of greater than 6c.

To summarize, we have shown that, due to synergy
coming from the |Am3,| dependence, MO sensitivity of
greater than 9¢ can be achieved by the combined analysis
of JUNO and T2HK. It would be interesting to see if JUNO
can achieve 3% energy resolution. We have shown that
even if JUNO fails to achieve that, we could still get better
than 66 MO sensitivity from a joint analysis of JUNO with
T2HK. Hence, the energy resolution challenge for JUNO is
not even needed and the experiment can go ahead with a
detector of 5% energy resolution.
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