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JUNO’s prospects for determining the neutrino mass ordering
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The flagship measurement of the JUNO experiment is the determination of the neutrino mass ordering.
Here we revisit its prospects to make this determination by 2030, using the current global knowledge of the
relevant neutrino parameters as well as current information on the reactor configuration and the critical
parameters of the JUNO detector. We pay particular attention to the nonlinear detector energy response.
Using the measurement of 63 from Daya Bay, but without information from other experiments, we
estimate the probability of JUNO determining the neutrino mass ordering at > 3¢ to be 31% by 2030.
As this probability is particularly sensitive to the true values of the oscillation parameters, especially Am% "
JUNO’s improved measurements of sin’@;,, Am3, and |Am2,|, obtained after a couple of years of
operation, will allow an updated estimate of the probability that JUNO alone can determine the neutrino
mass ordering by the end of the decade. Combining JUNO’s measurement of |Am2,| with other
experiments in a global fit will most likely lead to an earlier determination of the mass ordering.
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I. INTRODUCTION

After the first observation of the so-called solar neutrino
puzzle by the Homestake experiment in the late 1960s,
it took us about 30 years to establish that neutrino flavor
oscillations are prevalent in nature, impacting cosmology,
astrophysics, as well as nuclear and particle physics. In the
last 20 years we have consolidated our understanding of
neutrino oscillations both at the experimental as well as the
theoretical level. We know now, thanks to a great number
of experimental efforts involving solar, atmospheric, accel-
erator, and reactor neutrino oscillation experiments, that
neutrino oscillations are genuine three flavor phenomena
driven by two independent mass squared differences (Am3,
and Am3,) and three mixing angles (6,,, 6,3 and 6,3) and
possibly a charge-parity violating phase (6cp). See [1] for a
review of how these parameters are defined.

Today a single class of experiments dominates
the precision of the measurement of each of these
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aforementioned parameters [2-4]. In the solar sector
(12), Am3, is determined to less than 3% mainly by the
KamLAND [5] long-baseline 7, disappearance reactor
experiment, while sin @,, is determined by the combina-
tion of solar neutrino experiments [6—17] to ~4%. In the
atmospheric sector (23), Am3, (or Am3,) and sin® 6,3 are
dominantly determined by the v, and 7, disappearance
accelerator experiments MINOS [18], NOvA [19,20] and
T2K [21], with corresponding precision of better than 1.5%
and 8%, respectively. The mixing sin? #,5, that connects the
solar and atmospheric sectors, is determined by the short-
baseline 7, disappearance reactor experiments Daya Bay
[22], RENO [23,24] and Double Chooz [25] to a precision
of ~3%. Regarding the CP-phase 6-p there is a small
tension in the determination among current experiments
T2K and NOvA [2,4,26]. The determination of .p remains
an open problem that probably will have to be addressed by
the next generation of long-baseline neutrino experiments
such as DUNE and Hyper-K. There is, nevertheless, an
important open question that influences the better deter-
mination of some of these parameters: what is the neutrino
mass ordering?

If one defines the mass eigenstates vy, v,, v3 in terms of
decreasing amount of electron neutrino flavor content, then
the results of the SNO solar neutrino experiment deter-
mined that m; < m,. However, the available information
does not allow us to know the complete ordering yet: both
m; < my < ms (normal ordering, NO) and m3 < m; < m,
(inverted ordering, IO) are compatible with the current data

Published by the American Physical Society
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[2,4,26]. The measurement of the neutrino mass ordering is
one of the most pressing and delicate challenges of our
times. Besides its direct impact on the precise knowledge of
the oscillation parameters, neutrino mass ordering affects
the sum of neutrino masses from cosmology, the search for
neutrinoless double-f decay and ultimately, our better
understanding of the pattern of masses and mixing in
the leptonic sector.

The use of v, from nuclear reactors with a medium-
baseline detector to determine the mass ordering, exploring
genuine three generation effects as long as sin’6,; > few,
was first proposed in [27]. This idea was further inves-
tigated in [28] for a general experiment and more recently
in [29], specifically for JUNO. In all three of these papers,
different artificial constraints were imposed on the Ams;’s
when comparing the NO and IO spectra. As we will see,
any and all of these artificial constrains increases the
difference between the NO and IO, see Appendix A for
a more detailed discussion. In fact, it was shown in
Ref. [30] that what these experiments can precisely
measure is the effective combination [31]

Am2, = cos? 0, Am3, + sin® 0, Am3,, (1)

and the sign (+ for NO, — for IO) of a phase (®g) that
depends on the solar parameters. This subtlety is of crucial
importance in correctly assessing the sensitivity to the
neutrino mass ordering.

The Jiangmen Underground Neutrino Observatory
(JUNO) [32], a 20 kton liquid scintillator detector located
in the Guangdong Province at about 53 km from the
Yangjiang and Taishan nuclear power plants in China, will
be the first experiment to implement this idea. This
medium-baseline facility offers the unprecedented oppor-
tunity to access in a single experiment four of the
oscillation parameters: Am3,, sin’6,, |Am3,|, sin®0};
and the sign of phase advance, ®(L/E), which deter-
mines the mass ordering. JUNO aims in the first few years
to measure Am3,, sin?@,, and |Am2,| with a precision
<1% to be finally able, after approximately 8 years,l to
determine the neutrino mass ordering at 30 confidence
level (C.L.).

Many authors have studied the neutrino mass ordering
determination at medium-baseline reactor neutrino experi-
ments such as JUNO. In Ref. [33] a Fourier analysis was
proposed, but no systematic effects were considered. The
effect of energy resolution was investigated in Ref. [34].
The importance of also taking into account nonlinear
effects in the energy spectrum reconstruction was first
pointed out in Ref. [35] and addressed in Refs. [36,37],
where limited impact on the mass ordering was observed.
Matter effects, geoneutrino background, energy resolution,

lAssuming 26.6 GW of reactor power. The original 6 years
assumed 35.8 GW.

energy-scale, and spectral shape uncertainties were inves-
tigated in [38]. The impact of the energy-scale and flux-
shape uncertainties was further explored in [39]. The
benefits of a near detector for JUNO was demonstrated
in [40] and in [41] the impact of the substructures in the
reactor antineutrino spectrum, due to Coulomb effects in
beta decay, was studied in the light of a near detector under
various assumptions of the detector energy resolution. This
was further explored in [42]. In [43] the distribution for the
test statistics, to address the mass ordering determination,
was proven to be normally distributed and this was also
applied to quantify the JUNO sensitivity. It was also shown
that without statistical fluctuations, the mentioned test
statistics is equivalent to the widely adopted Ay? approach
used in sensitivity studies. Finally, the combined sensitivity
of JUNO and PINGU was also recently studied by the
authors of [44] (see also Ref. [45]), while a combined
sensitivity study of JUNO and T2K or NOvVA was per-
formed in [46].

One can appreciate the difficulty in establishing the
mass ordering with this setup by noticing that after 8 years
(2400 days) of data taking, the difference in the number of
events for NO and IO is only a few tens of events per
energy bin which is smaller than the statistical uncertainty
in each bin. It is clear that this formidable endeavor depends
on stringent requirements on the experiment’s systematic
uncertainties, but also on the actual values of the oscillation
parameters as well as on statistical fluctuations. This is
why we think it is meaningful to revisit the prospect that
JUNO can obtain a 3¢ preference of the neutrino mass
ordering by 2030. This is the task we undertake in this
paper.

Our paper is structured as follows. In Sec. II we describe
the 7, survival probability in a way that highlights the
physics that is relevant for medium-baseline reactor neu-
trino experiments and how it depends on the oscillation
parameters. In Sec. III we explain how we simulate the
experiment and show the statistical challenges associated
with extracting the mass ordering in a medium-baseline
reactor experiment. Section IV addresses how the following
experimental details affect the determination power of the
neutrino mass ordering of the JUNO experiment;
(A) reactor distribution and backgrounds, (B) bin to bin
flux uncertainties, (C) the number of energy bins used in
the analysis, (D) the size of the energy resolution. In Sec. V
we show how varying the true values of the neutrino
oscillation parameters improves or reduces the prospects
for JUNO’s determination of the neutrino mass ordering.
Sec. VI addresses the effects of the nonlinear detector
response on the mass ordering determination. In Sec. VII
we simulate 60 k experiments consistent with the current
best fit values and uncertainties of the oscillation param-
eters. From this simulation we estimate the probabilities
that JUNO can determine the mass ordering at > 3¢ with 4,
8 and 16 years of data taking. In Sec. VIII we show how
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JUNO’s measurement of Am2,, when combined with other
experiments can determine the mass ordering after a few
years of data taking. Finally in Sec. IX we draw our
conclusions. There are four Appendices: Appendix A
addresses the effects of imposing artificial constraints on
the Am?’s, Appendix B gives a derivation of the oscillation
probability used in this paper, Appendix C compares our
analysis with the JUNO collaboration’s analysis and
Appendix D discusses the current impact of T2K, NOvA
and the atmospheric neutrino data on the determination
of |Am2,|.

II. THE 7, SURVIVAL PROBABILITY

The neutrino survival probability for reactor experiments
in vacuum is given by

Py, 5, = 1 —sin205[cos?0,sin> Az; + sin?6),sin? A

— Po, (2)

where the kinematic phases are A;; = Am%jL /(4E) and
Py = sin® 26, cos* 0,5 sin® A,;. This survival probability
was first rewritten, without approximation, in a more useful
way for the medium baseline reactor experiments in [30], as

1
Pz, = 1= 351020, [1 - \/ 1 — sin220,,5in2 Ay cos(2|A,, | + <1>®)} P, (3)

where Am2,, defined in Eq. (1), is the effective atmospheric
Am? for v, disappearance, see [31,47]. The mass ordering
is determined by the sign in front of @, “+” (“-”) for NO
(IO). The phase advance or retardation @, is

@, = arctan (cos 20, tan Ayy ) — Ay cos26,,.  (4)

Note that the survival probability depends only on four of
the oscillation parameters, ¢,,, 6,3, Am3, and |Am2,| and
the sign for the mass ordering. The determination of the
sign of Am3, cos 26, > 0 by SNO [48] is crucial for this

—
— exact |

= approx /|
1 sin%61, |
r Ay =n/2 b
o0t . . 4T,
2 4 6 8
E [MeV]
FIG. 1. The kinematic phase advance/retardation, @, of the

survival probability as a function of E at L = 52.5 km. The blue
band is obtained from the exact formula, while the red curve
shows the approximation for values of L/E < 10 km/MeV. The
dashed vertical and horizontal lines mark the solar oscillation
minimum, i.e., A,; = 7/2, where ®g = 7sin? 0, ~ 0.999. The
gray and blue bands are obtained by varying the solar parameters
in their corresponding lo intervals as given in Table I. @4 as
function of L/E is given in Appendix B.

|
measurement. See Appendix B for more details on the
survival probability.

For A, <« /2, the phase advance/retardation can be
approximated by

1
Oy ~ gsin2 201, c0s201,A3, + O(A3,), (5)
and then near A,; =~ 1 rises rapidly so that
q)O(AZl :7'[/2) :ﬂsinzelzwl. (6)

This behavior is illustrated in Fig. 1, using the central and
lo bands for the solar parameters given in Table I taken
from the recent global fit [2]. Here, we show the advance/
retardation as a function of E at L = 52.5 km, and in
Appendix B also as function of L/E.

Matter effects are important in the determination of the
best fit values of the solar parameters Am3, and sin” 0.
The importance of the matter effects was first discussed in
Refs. [38,39] (see also Refs. [49,50]). They will induce a
shift in the determination of the best fit value of several of
the oscillation parameters. For Am3, and sin? 6,5, the sizes

TABLE I. Nominal values and uncertainties of the neutrino
oscillation parameters used to simulate data in this paper.
Throughout the paper we simulate data assuming NO. These
values were taken from the global fit to neutrino oscillation data
found in Ref. [2].

Normal ordering

Parameter Nominal value lo

sin” @), 0.318 +0.016
Am3,[107° eV?] 7.50 +0.21
sin? 65 0.02200 +0.00065
Am2,[1073 eV?] 2.53 +0.03/ —0.02
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of these shifts are —1.1% and 0.20%, respectively [50].
Since we are interested only in sensitivities, we can ignore
matter effects in the propagation of neutrinos in this paper
and will use here the vacuum expression for the survival
probability, Eq. (3). However, in a full analysis of real data
matter effects must be included. In the next section we will
describe details of our simulation of the JUNO reactor
experiment.

III. SIMULATION OF A MEDIUM BASELINE
REACTOR EXPERIMENT

For the simulation of JUNO we use the information
given in Refs. [32,44] but with the updates of baselines,
efficiencies, and backgrounds provided in Ref. [51].
In order to simulate the event numbers and to perform
the statistical analysis we use the GLoBES software
[52,53]. We start with an idealized configuration where
all reactors that provide the 26.6 GWy, total thermal power
are at 52.5 km baseline from the detector. The antineutrinos
are mainly created in the fission of four isotopes, 2*°U
(56.1%), 238U (7.6%), **°Pu (30.7%) and **'Pu (5.6%) [54].
For our simulation we use the Huber-Mueller flux pre-
dictions [55,56] for each isotope. The v, propagate to the
JUNO detector and are observed via inverse beta decay
U,+p—et+n [57]. We assume a liquid scintillator
detector with a 20 kton fiducial mass and a running time of
2400 days (8 years @ 82% live time).> We will include the
detector energy resolution of 3.0% unless otherwise stated.
The aforementioned quantities affect the calculation of the
event numbers. The number of events, N;, in the ith bin
corresponding to the reconstructed neutrino energy E; is
given by

N,=Nr / dE / Em dE'¢; (E)P;,_;,(E.L)o(E)R(E,E}).
(7)

Here, A7 is a normalization constant taking into account
the exposure time, efficiency, fiducial mass of the detector
and reactor-detector distance, ¢ (E) is the antineutrino
flux, Py, .z (E,L) is the survival probability in Eq. (3),
o(E) is the cross section, and R(E,E!) is the energy
resolution function

R(E.E) =

_(E—E’)2>’ (8)

1
ex
V2rog(E) P < 20%(E)
which relates the reconstructed and true neutrino energies.
The energy resolution is given by

?An exposure of 26.6 GW,, for 2400 days (8 years @ 82%) is
equivalent to 35.8 GWy, for 1800 days (6 years @ 82%) as used
in [32].

og(E) = €/E,/MeV MeV, 9)

where the prompt energy E, is given by

E,=E-AM, with AM=m,—m,—m,=0.78 MeV.

P
The variable € is the detector energy resolution. In this
paper we will use ¢ = 3.0% except when discussing the
effects of varying this parameter in Sec. IV D, where we
also will use 2.9% and 3.1%.

In Fig. 2 we have plotted the event spectrum for JUNO
using 200 bins for 8 years (2,400 live days) of data taking
and 26.6 GWy,. In the top panel, the blue and red spectra
corresponds to

Am2,[NO] = 2.530 x 107 eV? and
Am2,[I0] = —2.548 x 1073 eV?,

respectively.” The Am2, for NO is input whereas the value
for 10 is chosen so as to minimize the Ay? = 2. [10] —
2’ minINO] between the two spectra. By construction
2’ minNO] = 0, so minimizing Ay? is equivalent to mini-
mizing j?in[I0]. In the lower panel, we plot the difference
in event spectra obtained for NO and IO. Note that this
difference is less than 20 events/bin. Also shown is the
statistical uncertainty in each oscillated bin (orange band),
which for all bins exceeds the difference between the NO
and IO event spectra.® This figure demonstrates the stat-
istical challenges for JUNO to determine the mass ordering
and will be addressed in more detail in Sec. VII. For
reference, we also show on the right panel of Fig. 2 the

corresponding y? distributions. Throughout this paper we
will use dashed (solid) lines for the fit with NO (10).

Note that including systematic uncertainties as well as
the real distribution of core-reactor distances and back-
grounds will further decrease the difference between the
two spectra. But first let us address the simulation details
and systematic uncertainties.

To perform the statistical analysis we create a spectrum
of fake data NY& for some set of oscillation parameters.
Next we try to reconstruct this spectrum varying the
relevant oscillation parameters p. For each set p we
calculate a y* function

*Note, that the value for Am2,[IO] does not correspond to any
of the artificial constraints on the atmospheric mass splitting
imgosed in Refs. [27-29], see Appendix A for more details.

Caveat: if one halves the bin size in this figure the difference
between the NO and IO goes down by a factor of 2 whereas the
statistical uncertainty by only /2 making the difference more
challenging to observe. If one doubles the bin size the statistical
uncertainty increases by the v/2 whereas the difference would
increase by 2, this improves the situation except for the fact that at
low energy there is some washing out of the difference.
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1000 \ \ \ T T T 1 20— T T
2400 days @ 26.6 GWy, 3 AmZ, [NOJ = 2530 x 1073V ] [ \ / ]
800 [ 3.0% resolution C am2 [IO]:—2.548><10’3eV2{ [ ‘I‘.‘ ',: 1
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g__720 P e I e e o e i [ R B \ /’I """ NO ]
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E[MeV] |[AmZ,| [1073 eV?]

FIG. 2. In the upper left panel we show the oscillated spectra for NO (blue) and for IO (red) for 8 years (2,400 live days) of data using
26.6 GWy, with all core-detector baselines set at 52.5 km. No systematic effects and no backgrounds are included. There are 200 bins
between 1.8 and 8.0 MeV, with a bin size of 31 keV, and 3.0% resolution was used. While Am2,[NO] is the input, Am2,[10] is chosen to
minimize the statistical y* between the two spectra, see right panel (y?,,,;,[I0] = 14.5, see right panel). The parameters sin’ 63, sin> 0,
and Am3, are from Table 1. In the left lower panel, the difference between the two oscillated spectra in each bin (green), NNO — N9 is

given, as well as plus/minus statistical uncertainty in each oscillated bin (orange band), i\/N{-\IO = :I:\/N%O. Note, the difference is

always within the statistical uncertainty for that bin.

-y

J J

L (VE - N (@)
7(p) =miny

+ 2R (10)

where N;(p,a) is the predicted number of events® for
parameters p, @ = (a;,q,,...) are the systematic uncer-
tainties with their corresponding standard deviations oy.
X% is the penalty for the nonlinear detector response and
will be discussed in more detail in Sec. VI.

As in Ref. [32], we included systematic uncertainties
concerning the flux, the detector efficiency (which are
normalizations correlated among all bins, i.e., N; = aN;)
and a bin-to-bin uncorrelated shape uncertainty. The
shape uncertainty is simply introduced as an independent
normalization for each bin in reconstructed energy, i.e.,
N i~ a iN i

In the next section we will discuss in detail how some
experimental issues can affect JUNO’s ability to determine
the neutrino mass ordering.6 We will concentrate on the
impact of the real reactor core distribution, the inclusion of
background events, the bin to bin flux uncertainty, the
number of equal-size energy bins of data and the detector
energy resolution. We leave the discussion of the depend-
ence on the true value of the neutrino oscillation param-
eters, on the nonlinearity of the detector energy response
and on statistical fluctuations for later sections.

The number of events includes the background events

extracted from Ref. [32].
®For a verification of our simulation, see Appendix C.

IV. MEAN (OR AVERAGE) DETERMINATION
OF THE NEUTRINO MASS ORDERING

In the following subsections we will discuss in which
way the following quantities affect the determination power
of the neutrino mass ordering of the JUNO experiment:

(A) Effect of the reactor distribution and backgrounds,

(B) Effect of bin to bin flux uncertainties,

(C) Effect of varying the number of energy bins,

(D) Effect of varying the energy resolution.

Unless otherwise stated, we generate fake data fixing the
neutrino oscillation parameters as in Table I and assume the
nominal values for the energy resolution, number of data
bins and total exposure for JUNO given in Table II.

A. Effect of the reactor distribution
and backgrounds

The real position of the reactor cores and background
events are expected to impact JUNO’s sensitivity. Figure 3

shows the reduction in Ay? as one goes from the ideal

TABLE II. Nominal values, as well as lowest and largest
values, assumed in this paper for the JUNO energy resolution,
systematic uncertainties (b2b=bin to bin and the energy scale bias
Opias)s Number of energy data bins and exposure. One year is
300 days of live time.

Nominal Lowest  Largest
Quantity value  value value
€ (resolution @ 1 MeV) 3.0% 2.9% 3.1%
b2b 1% 0% 3%
Obias 0.7% 0%  No penalty
Number of bins 200 100 300
Exposure (years) @ 26.6 GWy, 8 2 16
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|AmZ| [1073 eV?] |Am2,| [1073 eV2]
FIG. 3. The effects of the real reactor core-detector baseline
distribution as well as of the two types of backgrounds: from the
distant reactors Daya Bay (DB) and Huizhou (HZ) as well as

from other sources (accidental, cosmogenic, etc.). Going from the
ideal distribution (all cores at 52.5 km) with no backgrounds
(blue) to the real distribution (Table III) with all backgrounds
(dark yellow) the 2, [IO] goes from 14.5 t0 9.1, i.e., a reduction

FIG. 4. The effect of the bin to bin (b2b) systematic uncertainty
of more than 5 units. Here “wo” is the abbreviation for “without.”

on the y?. The real distribution of reactors is used and all

backgrounds are included. A 1% b2b uncertainty is expected to
be achieved with the TAO near detector [54].

detector is to reduce this bin to bin shape uncertainty,
see [54].
reactor core-detector disposition (all cores at 52.5 km) with

no backgrounds included to the real reactor core-detector
baseline distribution given in Table III with all backgrounds
taken into account. The blue lines, labeled “ideal, wo BG”,

The effect of this systematic bias is shown in Fig. 4. The
are the same as on the right panel of Fig. 2.

lines labeled “stat only” is the same as the one labeled “real,
all BG” in Fig. 3. We find y?;,[IO] = 8.5, 7.1 and 5.6,
respectively, for 1%, 2% and 3%. When the b2b systematic
uncertainty is not included, we recall, y? i, [I0] = 9.1. So if

the shape uncertainty is close to 1% (the nominal value),
There are two types of background events at JUNO: one

from remote reactors (Daya Bay and Huizhou) and the
other includes accidental events, cosmogenic decays and

the sensitivity to the neutrino mass ordering is barely
geo-neutrinos. The first we compute, the latter we take
from [32].

affected. However, for 2% and 3% we see a clear loss in
sensitivity. This is because increasing the uncorrelated
uncertainty for each bin, makes it easier to shift from a

NO spectrum into an IO one and vice versa. We use 1% b2b
Notice the y2,,i,[10] goes from 14.5 (ideal, wo BG) down 11 the rest of the paper.

to 9.1 (real, all BG), a decrease of more than 5 units. The
real core positioning alone causes a reduction in sensitivity
of 2.8 and the background events an extra 2.6 (1.8 from DB

and HZ). We use the real baseline distribution and include

C. Effect of varying the number of energy bins
all backgrounds in the rest of this paper.

Here we examine the impact on )? of changing the size
of the neutrino energy bins in the range [1.8, 8.0] MeV.

In Fig. 5, we show the result obtained from varying the
B. Effect of bin to bin flux uncertainties

There is uncertainty related to the exact shape of the

reactor 7, flux, inherent to the flux calculation. This

uncorrelated bin to bin (b2b) shape uncertainty is included
in our analysis by varying each predicted event bin with a
certain penalty. The primary purpose of the TAO near

TABLE III.

number of energy bins. We obtain y2 i, [I0] = 6.0, 8.5 and
8.9, respectively, for 100, 200, and 300 bins. So increasing
the number of bins above 200 causes a marginal improve-
ment, whereas lowering the number of bins below 200
reduces the significance of the neutrino mass ordering

determination. The background per bin from Ref. [32] is

rescaled as we vary the number of bins. The red lines in
The thermal power and core-detector baselines for the Yangjiang (YJ) and Taishan (TS) reactors, see [51]. The total power
is 26.6 GWy,. The remote reactors Daya Bay (DB) and Huizhou (HZ) produce background events for the neutrino mass ordering.
Reactor YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6 TS-C1 TS-C2 DB HZ
Power (GWy,) 2.9 29 29 29 2.9 2.9 4.6 4.6 174 17.4
Baseline (km) 52.74 52.82 52.41 52.49 52.11 52.19 52.77 52.64 215 265
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20> T T T T ]
15¢ ]
2]< 10f B
50 \ /i . 4
Y i —— 300 bins
i 7 —— 200 bins ]
L L | \T\\A/;A | L L 1_‘100 b”?s
2.50 2.52 2.54 2.56 2.58
|AmZ,| [1073 eV?]
FIG. 5.

The effect of varying the number of neutrino energy
bins in the range [1.8, 8.0] MeV on the . Below 200 bins the

2 *min|IO] decreases substantially whereas above 200 the increase
is marginal.

Fig. 5 (200 bins) are the same as the blue lines in Fig. 4
(1% b2b). We always use 200 bins elsewhere in this paper.

D. Effect of varying the energy resolution

Next we consider variations of the detector energy
resolution. In this section we assume, that this number
can be slightly better and slightly worse than the nominal
3.0%. Small variations of the resolution have large impacts
on the determination of the neutrino mass ordering, as shown
in Fig. 6. The red line corresponds to the nominal energy
resolution of 3.0%. The blue and green lines are obtained for
2.9% and 3.1%, respectively, with corresponding y2,. [I0] =
9.7 and 7.5. Clearly y2,.[10] is quite sensitive to the exact
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FIG. 6. Here we show the effect of varying the detector energy
resolution away from the nominal 3.0%. A 0.1% reduction
(increase) in this resolution increases (decreases) the y? ., [I0]
by approximately 1 unit.

value of the resolution that will be achieved by JUNO.
Therefore even a small improvement on the energy reso-
lution would have a sizable impact on the determination
potential of the neutrino mass ordering. However, it appears
challenging for JUNO to reach an energy resolution even
slightly better than 3.0%, see [58]. Note the red lines in Fig. 6
(3.0% res.) are also the same as the blue lines in Fig. 4 (1%
b2b). We always use 3.0% resolution elsewhere in this paper.

V. EFFECT OF VARYING THE TRUE
VALUES OF THE NEUTRINO
OSCILLATION PARAMETERS

In this section we explore how varying the true values of
the neutrino oscillation parameters improves or reduces the
prospects for JUNO’s determination of the neutrino mass
ordering. We first consider the variation of single param-
eters with the others held fixed and then consider the
correlations varying both Am3, and sin? 6, with Am?2, and
sin” 0,5 held fixed and vice versa.

We start by creating fake datasets using the upper and
lower 1o bounds obtained in Ref. [2] (see Table I), always
for one parameter at the time. The result of these analyses is
shown in Fig. 7, where in each panel we vary one of the
parameters as indicated. Here again solid (dashed) lines
are used for IO (NO). As can be seen, changes in any of the
oscillation parameters can have large effects on the deter-
mination power of the neutrino mass ordering. Especially

remarkable is the effect of a smaller Am3,, which shifts

Z*min[IO] from 8.5 to 7.1. Note that the best fit value
obtained from the analysis of solar neutrino data from
Super-K [15] is even smaller than the one considered here
and therefore the determination would then be even more
difficult. On the other hand side, a larger value of the solar
mass splitting improves significantly the determination of
the mass ordering. In this case we obtain y*;,[I0] = 10.2.
The effect of the other parameters is not as pronounced as in
the case of the solar mass splitting, but still appreciable:
Am2,/ sin? 6,5/ sin @,,, within 16 of their current best fit

value, can move y2,;,[IO] by approximately +0.5.

In Fig. 8 we show the correlated variation of the
Z’min]lO] as a function of (sin*6;,, Am3,) holding
(sin® 0,3, Am2,) fixed as well as a function of (sin’ 8,5,
Am2,) holding (sin® @,,, Am3,) fixed. Even varying these
parameters within 3¢ of their current best fit, there are very

significant changes to the y2.;.,[IO] contour plots. This
implies that JUNO’s prospect for the determination of the
neutrino mass ordering could be improved or weakened by
Nature’s choice for the true values of these oscillation
parameters. The values that were used in [37] (also in [32])
are shown by the gray stars in these figures. Note that our
results, in this subsection, are in good agreement with the

result obtained in Ref. [42], where a similar analysis has
been performed.
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FIG. 7. How the ;? dependency on the true values of the neutrino oscillation parameters can impact the neutrino mass ordering
determination. The curves for the global best fit value (red) and the curves for a value 1o above (below) from the global best fit are

shown in blue (green), according to Table I. Only the labeled parameter is varied in each plot, the others are held at their best fit values.

Here we use the nominal values for resolution, b2b systematics, number of energy bins and exposure given in Table II and include all
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FIG. 8. Contours of)?min [IO] as the oscillation parameters are varied: left panel varying (sin® @;,, Am%l) holding (sin® 6,5, Am?2,) fixed

at their best fit values, right panel varying (sin? 0,3, Am?2,) holding (sin? 6,,, Am3,) fixed at their best fit values. The red cross is the
current best fit point whereas the gray star is the value of the parameters used in [37] (also in [32]). Even for a variation of about 3¢

around the best fit values of Table I, we see substantial change in the ;?mm [IO]. Here we use the nominal values for resolution, b2b
systematics, number of energy bins, and exposure given in Table II and include all backgrounds.
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FIG.9. On the left panel we show the ratio between the reconstructed prompt energy E), and the true prompt energy £, as a function of
the neutrino energy E, for oy, = 0.2% (yellow), 0.4% (green) and 0.7% (red) and no penalty (magenta) for the best fit to IO for the NO
spectra. In blue we show the line for perfect reconstruction (no NL) as a reference. On the right panel we show the changes to y> caused
by the addition of the corresponding y; .

VI. NONLINEAR DETECTOR
ENERGY RESPONSE

In a liquid scintillator detector, the true prompt energy,
E ,, (positron energy plus m,) is not a linear function of to
the visible energy, E*, in the detector. The main energy-
dependent effects are the intrinsic nonlinearity related to the
light emitting mechanisms (scintillation and Cherenkov
emission) and instrumental nonlinearities. The nonlinear

detector response can be modeled by a four parameter

function [58-60] which relates the true prompt energy to
the visible detector energy according to

Evis
E =
P fNL(al,az,a3,a4;Ep)
a|+a2(Ep/MeV)
1+a3exp(—a4(Ep/MeV))’

where

fNL(al,az,a3,a4;Ep)E

(11)

and the coefficients (a;,a,,as,a,) are determined by
prompt energy calibration techniques. We use the prompt
energy scale calibration curve shown in Fig. 1 of Ref. [58],

!

i

(@, as,as, a4 Ey)
E, fxu(ai.ar. a5 a4 E))

(12)

Note, with this definition E¥* is held fixed as we change the
a;’s from their calibration values, a;. In the simulation, we
generate a distribution of E,’s for the true mass ordering
and use Eq. (12) to generate a distribution of E',’s for the
test mass ordering.7

The allowed range of the a;’s is constrained by including
a penalty term for the derivation of

|E§7 —-E 17|
E,
when fitting the simulated spectra to the test mass ordering.
Explicitly, we allow the a;’s to vary from their calibration

values and then penalize the fit by using the simplified y3;
defined, as in Ref. [39], as

which can be well described by the fy given in Eq. (11)
with

a, = 1.049, a, = 2.062 x 107,

ay = 9.624 x 1072, a, = 1.184.

Then the true neutrino energy, E, is then constructed
by E=E, + AM.
To allow for deviations from this calibration, we use in

our simulation the reconstructed prompt energy, E,
given by

2 NL(le,az,El3,El4;Ep) >2 ,
A = 1) /(obias)®, (13
NL E, <fNL<al, az,a3,a4;Ep> ( blaS) ( )

where {a;,i = 1, ...,4} are the best fit of these parameters
for the test mass ordering spectra, oy, i the uncertainty on
the energy scale, maxg, indicates that we take only the
maximal difference which happens at £ ~ 2.75 MeV (see
Fig. 9). We consider the following sizes for the bias,
Opias = 0.0,0.2,0.4,0.7%, as well as no penalty, i.e.,

"For the neutrino energy, the equivalent expression is

AM
=

E' fau(@),ay.83,a4;E — AM) (1 _%)
E

E _fNL(al»az,as,a4;E—AM) E
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TABLEIV. Values of the coefficients of the function fy for the
calibration and 0.2, 0.4, 0.7% bias as well as no penalty.

a a, x 10* as x 10! a,
Calibration 1.049 2.062 0.9624 1.184
0.2% 1.049 1.918 1.156 1.347
0.4% 1.049 1.633 1.424 1.534
0.7% 1.050 0.474 1.614 1.627
No penalty 1.051 —1.148 1.840 1.716

x%. = 0. Using Fig. 2 of Ref. [58], we see that JUNO
expects an approximately energy independent systematic
uncertainty on the energy scale of about 0.7%, mainly due
to instrumental nonlinearity and position dependent effects.
Therefore, oy, = 0.7% is our nominal value from here on.

On the left panel of Fig. 9 we show the ratio E),/E,, as a
function of E for the corresponding fy;, coefficients listed
in Table IV obtained for the best fit to 10 of the NO input
spectra. On the right panel we see the effect of the

uncertainty on the energy scale on )? In particular, as

the uncertainty increases y?,;,[I0] goes from 8.5 (no NL
effect) down to 8.0 (0.2%), 7.5 (0.4%) and 7.2 (0.7%). Note
that if we introduce the nonlinearity shift with no penalty

o [IO] = 6.8. Even with the nominal 0.7% bias, this is a

significant effect, reducing y?.;,[IO] by more than 1 unit
(8.5 to 7.2) and in this manner further lowering the mass
ordering discrimination power.

We also observe that the precision on the determination
of |Am2,| is notably degraded when the nonlinearity in the
energy scale is included. In addition, the best fit value for
|Am?2,[I0] moves slightly toward the best fit value for
|Am?2,[NO]. This means that the fit for IO adjusts the fy;.
coefficients in order to get a value for |Am2,[10] closer to
the input value of |Am2,[NO].

VII. FLUCTUATIONS ABOUT THE MEAN FOR
THE NEUTRINO MASS ORDERING
DETERMINATION

It has been already pointed out that statistical fluctua-
tions are important for JUNO, see for instance Ref. [34]
where they estimate the statistical uncertainty on Ay? by an
analytical expression and a Monte Carlo simulation. The
calculation was performed just after the first measurement
of sin?#,;3 by RENO and Daya Bay, under different
detector resolution and systematic assumptions. It is timely
to reevaluate this here.

We have already shown in Fig. 2 that the difference
between the spectra for NO and IO is smaller than the
statistical uncertainty in each bin. We consider here the
effects of fluctuating the number of events in each bin. We
evaluate the impact of this fluctuations on the mass
ordering determination by performing a simulation of
60000 JUNO pseudo-experiments for each exposure and

—T T T T
0.14F —— 4years, Ay?= 3.4%3.4 ]
[ —— 8years, Ax? = 6.7+4.7
L - ]
0. 12 - 16 years, Ay 12.4+6.1 .
>0.10r 5% .
LC) [ 31%
0] 0.08V 71%
35
O
v 0.06
L
0.04

0.02

40

FIG. 10. Distributions of the Ay? = y2. [I0] — »2. [NO] values
obtained in the analyses of 60 k trial pseudoexperiments where
statistical fluctuations of the trial data have been taken into
account for three different exposures: 4 (green), 8 (red) and 16
(blue) years. We use the neutrino oscillation parameters at the
values given in Table I and take into account the experimental
nominal systematic uncertainties and energy resolution given in
Table II.

obtain the distributions given in Fig. 10. To generate this
figure, we create a fake data set {N9,i = 1, ..., Ny, } using
the neutrino oscillation parameters in Table I. The fluc-
tuated spectrum {Nf ,i=1,..., Ny} is generated by
creating normal distributed random values around
NY + \/]7?. We analyze this fluctuated spectrum for NO
and 10 and add the corresponding Ay? = y2. [I0] —
22 [NOJ value to a histogram. Note that here, because
of the statistical fluctuations, y2. [NOJ is not necessarily
zero, so Ay? < 0 means y2. [NOJ] > 2. [10], so the wrong
mass ordering is selected in this case® We use the nominal
values for the systematic uncertainties and energy reso-
lution given in Table II for three exposures: 4, 8, and
16 years. The corresponding Ay distributions are shown in
Fig. 10. These distributions are Gaussian with correspond-
ing central values Ay> = 3.4, 6.7, and 12.4 and standard
deviations 3.4, 4.7, and 6.1, respectively. Our pseudoex-
periments reveal that after 8 years in only 31% of the trials
JUNO can determine the neutrino mass ordering at the level
of 30 or better. We also find that there is even a non
negligible probability (~8%) to obtain the wrong mass
ordering, i.e., Ay> < 0. For a shorter (longer) exposure of
4 (16) years, 5% (71%) of the pseudoexperiments rule out

¥Note that more sophisticated methods can be used to estimate
the real sensitivity of Monte Carlo analyses of neutrino mass
ordering measurements, see Refs. [43,61,62]. In this paper, for
simplicity we assume normal distributions and interpret the

significance as #o = \/Ay”.
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IO at 36 or more. In these cases in about 16% (2%) of the
trials the 10 is preferred.

VIII. COMBINING JUNO WITH THE
GLOBAL FIT

In the previous section we have shown that the signifi-
cant impact of statistical fluctuations on top of the detector
systematic effects, can make it very challenging for JUNO
by itself to determine at 36 or more the neutrino mass
ordering even after 16 years. However, as was shown in
[31], muon disappearance experiments measure’

Amg, = sin® 01,Am3, + cos® O;,Am3,, (14)
whose relationship to |Am2,| is given by
|Am2,| = |Am2,| + cos 20,,Am3,., (15)

the positive (minus) sign is for NO (IO). Therefore,
by using muon disappearance measurements we have a
constraint on the allowed |Am2,|’s for the two mass
orderings,

|Am2,|[NO] — |Am2,|[I0] = 2 cos 20,,Am3,

~0.06 x 1073 eV2,  (16)

i.e., |Am2,|[10] is 2.4% smaller than |Am2,|[NO]. Whereas,
because of the phase advance (NO) or retardation (IO)
given in Eq. (4), the medium baseline reactor experiments
give |Am2,|[I0] about 0.7% larger than |Am?,|[NO]. Of
course, the measurement uncertainty on |Am, | must be
smaller than this 3.1% difference for this measurement to
impact the confidence level at which the false mass
ordering is eliminated. The short baseline reactor experi-
ments, Daya Bay and RENO, measure the same |Am?2,| for
both orderings with uncertainties much larger than JUNO’s
uncertainty.

This physics is illustrated in Fig. 11 where we show the
allowed region in the plane Am3, versus |Am2,| by JUNO
for NO (blue) and 10 (red) after 2 years of data taking and
the corresponding 1o CL allowed region by the current
global fit constraint on |Am3,|. We see that the global fit
and JUNO NO regions overlap while the corresponding 10
regions do not. This tension between the position of the

°In fact, there is a small correction to this definition whose
leading term depends on cos d sin 63 sin 26, tan 63 Am%1 whose
magnitude is less than 107 eV?2. This term is included in all
numerical calculations.

R
JUNO (2 yr)::
10: 2,30 |
NO: 2,30 |

1amZ,| INO]

>
O]
T I
= 2.50F
~g
g
g

| [Amg,| [0} ]
2.45F 7
L L C ]
7.4 7.5 7.6 7.7
Am3, [107> eV?]
FIG. 11. The ellipses are the allowed regions for JUNO in the

Am3, versus |[Am2,| plane for NO (blue, 2 and 36 CL) and 10
(red, 2 and 3¢ CL) after 2 years. The best fit for NO (IO) is
depicted by a black star (dot). We assume NO here and the Ay*’s
are determined with respect to NO best fit point. We use the
neutrino oscillation parameters at the values given in Table I and
take into account the experimental nominal systematic uncer-
tainties and energy resolution given in Table II. We also show, as
red (for I0) and blue (for NO) bands, the 16 CL allowed regions
by the current global fit constraint on |Am3,|. Note, the not
overlap for the allowed regions for 10.

best fit values of |Am2,| for IO with respect to NO gives
extra leverage to the data combination.

Therefore, combining JUNO’s measurement of |Am2,
with other experiments, in particular T2K and NOvVA,
expressed by the current global fits, see Refs. [2—4], turns
out to be very powerful in unraveling the neutrino mass
ordering at a high confidence level, as shown in the left
panel of Fig. 12 for 2 years of JUNO data. As we can see

2*min[10] combined (green solid line) turns out to be about
16. As aresult with only two years of JUNO data taking the
mass ordering is determined at better than 3¢ in 99% of the
trials, see right panel of Fig. 12. Of course, the actual value

of % min[IO] will depend on the value of |Am2,| measured
by JUNO and the updates of the other experiments used in
the global fit. In Appendix D we discuss the separate
contributions from T2K, NOvA and the atmospheric
neutrino data (Super-Kamiokande and DeepCore) to the
7* distribution for the global fit determination of |Am2,|
and the corresponding impact on the combination with
JUNO, for completeness and comparison with Fig. 5
of Ref. [46].

So even though JUNO cannot determine the ordering
alone, a couple of years after the start of the experiment, its
precise measurement of |Am?2,| will allow us to know the
mass ordering at better than 36 when the measurement on
|Am2,| from other neutrino oscillation experiments is
combined in a global analysis.
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FIG. 12.  On the left panel, we show the mean y? distributions, y?, for the current global fit, our predictions for JUNO after 2 years. NO
fits shown as dashed lines are the assumed true mass ordering. The fits for IO are shown as solid lines. On the right panel we show the
distributions of the Ay? = y2. [I0] — »2. [NO] values obtained combining the current global fit * distributions with 60 k trial
pseudoexperiments where statistical fluctuations of the trial data have been taken into account for three different exposures: 2 (yellow),
4 (green), and 8 (red) years. For JUNO we use the neutrino oscillation parameters at the values give in Table I and take into account the
experimental nominal systematic uncertainties and energy resolution given in Table II.

IX. CONCLUSIONS

The neutrino mass ordering is one of the most pressing
open questions in neutrino physics. It will be most likely
measured at different experiments, using atmospheric
neutrinos at ORCA [63,64], PINGU [65-67], Hyper-K
[68], or DUNE [69] or accelerator neutrinos at T2ZHK [70],
or DUNE [71]. It also is a flagship measurement for the
upcoming JUNO experiment. This is why we have exam-
ined here in detail the impact of various factors on the
determination power of the neutrino mass ordering by
JUNO.

We have assumed NO as the true mass ordering, but our
general conclusions do not depend on this assumption. In
this case the power of discrimination can be encoded on the
value of y?,;,[I0], the larger it is the larger the confidence
level one can discriminate between the two mass orderings
using JUNO.

We have determined that the real reactor distribution and
backgrounds account for a reduction in sensitivity of more
than 5 units (i.e., % i, [IO] going from 14.5 to 9.1), the bin
to bin flux uncertainty, at its nominal value of 1%, to an

extra reduction of 0.6 down to y?.;,[I0] = 8.5, both
assuming 3% energy resolution and 200 energy bins.
Note that an improvement on the energy resolution from
3% to 2.9%, a challenging feat to achieve, would represent

an increase of 2, [I0] from 8.5 to 9.7.

The values of neutrino oscillation parameters that will
impact JUNO’s measurement are currently known within a
few % uncertainty. We have determined the effect of these
uncertainties on the mass ordering discrimination. We
remark, in particular, the influence of the true value of
Am3,, a smaller (larger) value than the current bet fit could

shift i, [IO] from 8.5 to 7.1 (10.2). Another important

factor is the nonlinear energy response of the detector.
Assuming a bias of 0.7% we have verified that this would

decrease y”[I0] further from 8.5 to 7.2.

We have also examined the consequence of statistical
fluctuations of the data by performing 60 k Monte Carlo
simulated JUNO pseudoexperiments. Using them we have
determined that after 8 (16) years in only 31% (71%) of the
trials JUNO can determined the neutrino mass ordering at
30 or more. This means that JUNO by itself will have
difficulty determining the mass ordering. However, JUNO
can still be used for a plethora of different interesting
physics analysis [32,72-83]. In particular, JUNO will be
able to measure Am3,, sin® 0,,, and | Am2,| with unmatched
precision. This will be very useful to improve our under-
standing of the pattern of neutrino oscillations and to guide
future experiments.

Finally, this inauspicious prediction is mitigated by
combining JUNO’s |Am2,| measurement into the current
global fits, in particular the measurement of [Am2, |. As we
have shown, this combination will most likely result in the
determination of the mass ordering at better than 3¢ with
only two years of JUNO data. Our conclusion for the global
fits result is consistent with the results of [46]. So we can
predict that in approximately two years after the start of
JUNO we will finally know, via global analyses, the order
of the neutrino mass spectrum, i.e., whether the lightest
neutrino mass eigenstate has the most v, (v;) or the least

Ve (V3)-
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APPENDIX A: ARTIFICIAL CONSTRAINTS

Using Am2,[NO] = 2.530 x 1073 eV?%:

(1) then for the artificial constraint that |Am3,[I0]| = Am3,[NO] [27]

|Am2,[10]| = Am?2,[NO]—2c0s260;,Am3, = 2.428 x 1073 V>

(2) then for the artificial constraint that |[Am3, [I0]| = Am3,[NO] [28]

|Am2,[I0]| = Am2,[NO] + 2sin20,,Am3, = 2.578 x 1073 eV?

(3) then for the artificial constraint that |Am3,[10]| = Am3,[NOJ [29] (See also Ref. [84], Neutrino review, Section 14.7,

Eq. 14.48.).

|Am2,[I0]| = Am2,[NOJ — cos 20,,Am%, = 2.503 x 1073 eV?

The actual y*> minimum, obtained numerically in Fig. 2, is when

|AmZ,[10]] ~ 2.548 x 1073 V2

i.e., midway between the |Am3,[I0]| = Am3,[NO] and the |Am2,[IO]| = Am2,[NO] artificial constraints. It is also easy to
see from Fig. 2 that imposing any of these artificial constraints significantly increases the size of the Ay? between the fits of
the two mass orderings and therefore gives misleading confidence levels for the determination of the neutrino mass
ordering. Note that all of the below give equivalent Am%j’s:

Am2,[NOJ = 2.530 x 1072 eV?, |Am2,[10]| = 2.548 x 1073 eV?, (A1)
Am3,[NO] =2.479 x 1073 eV?,  |Am3,[10]| ~2.581 x 1073 eV?, (A2)
Am3 [NO] = 2.554 x 1073 eV2, |Am3, [10]]| ~ 2.506 x 1073 eVZ. (A3)

’

When minimizing the y? difference for Fig. 2, the change in (|Am2,|, |Am3,|, |Am3,|) going from NO to 10 is (+0.7%,

+4.0%, —1.9%) respectively, i.e., the minimal difference is for |Am?2,|.

APPENDIX B: v, DISAPPEARANCE PROBABILITY IN VACUUM

We start from the usual expression for the v, disappearance probability in vacuum,

P; ;5 =1 —sin*20,,c0s*0,35in* Ay — sin?20,3[cos?0;,sin* Ay + sin?6),sin?Asy). (B1)
Using the methods from Ref. [47], the simplest way to show that
1
c08%0,,8in% A3y + sin?0,,8in’ Ay, = 3 (1 - \/1 — sin?26,,sin*A,; cos Q) (B2)

with
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Q=2A,, + @, (B3)
Q
where Am2, = 0
= cos’@,Am3, + sin®0;,Am3,  (B4)

and P, =Q-2A,,
= arctan(cos 20, tan A, ) — Ay cos 260,, (BS5)
|

as shown in Fig. 13, is to write

¢}, sin® Azy 4 51, sin” Ay,

1
= —(1 = (c},co82A3; + 53, cos 2A3,)),

5 (B6)

using ¢}, = cos? 6, and s?, = sin® 6},. Then, if we rewrite
2A3; and 2A3, in terms of (A3, + Asz,y) and A,;, we have

¢ty €08 2431 4 57, €08 243, = ¢, €08(Az; + Agy + Agy) + 57, c0s(Az; + Az — Ayy)

= COS(A31 =+ A32) COS A21 - sin(A31 + A32) COS 2912 sin AZI'

Since
cos? Ay + cos? 26, sin? A,y = 1 —sin® 26, sin® Ay,
we can then write

¢}, €08 2A3; + 57, 08245,

= \/1 —sin” 20, sin? A, cos Q, (B7)
where

Q = Az + As, + arctan(cos 260, tan A, ).

To separate Q into an effective 2A and a phase, @y, we
have

20F = on ]
[ — approx |
1.5¢ ;
ri‘\: [ msin26:, i
~1.0
®
s | |
0.5} i .
I Dy =12
0.0=— . & T | ]
0 10 20 30
L/E [km/MeV]
FIG. 13. The kinematic phase advance/retardation for the

survival probability, @y, as a function of L/E (left) and E at
L = 52.5 km (right). The blue band is obtained from the exact
formula, while the red curve shows the approximation for values
of L/E < 10 km/MeV. The dashed vertical and horizontal lines
mark the solar oscillation minimum, i.e., A,; = z/2 where
@y = msin® ), ~ 0.999. The gray bands are obtained by varying
the solar parameters in their corresponding 1o intervals as given
in Table I

oQ

and Py =Q-2A,,

= arctan(cos 20, tan A, ) — A, cos 26,,.

= c0s201,Am3, + sin’0,Am3, = Am2,

Thus

Q=2A,,+ (arctan(cos20, tan A,;) — Ay; cos20;,). (B8)
Since Q appears only as cosQ, one could use Q =
2|A,,| £ @y as in Eq. (3).

The factor /1 — sin® 260, sin? A,; in front of cos Q in
Eq. (B7), modulates the amplitude of the 0,5 oscillations as
this factor varies from 1 to cos 26, = 0.4 as A,; goes from
0 to z/2. So the /(- --) modulates the amplitude and ®g
modulates the phase of the 05 oscillations.

APPENDIX C: VERIFICATION OF OUR CODE

In this Appendix, we show that using our code we can
reproduce former results obtained by the JUNO collabo-
ration. In particular, we compare with the results from
Ref. [44]. Note that some of the experimental features have
improved since this analysis has been performed, in
particular the overall detection efficiency and a reduction
of accidental background events.

We assume 6 years of exposure time (1800 days). No NL
effects are included in the analysis and the 1% shape
uncertainty is included as a modification of the denomi-
nator of the y? function [44]. In particular, we use for this
cross check

- ) Ndat_N_ 1—5’(} 2
Z(P) =miny_ W=~ Nilp.a)
a Ni(p’a)+6sNi(p’a)

2E)
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350 T T T T T T 5 T
t —— this work (NO) 4 : —— this work (NO) 1
300¢ 1=~ s work 001 1 ab TTomemen
r 1/=="_JUNO (10) L
250¢ N i
 200; ‘ %<3? ]
< 150§ <0 ]
100F i
i 1r ]
50f i
227773 34 25 26 2.7 2.8 245 255
|Am2;| [1073 eV?]

(inverted) ordering is in blue (red).

FIG. 14. Here we reproduce Figs. 4 and 11 from Ref. [44], using the oscillation parameters and technical details of that reference. Our

|Am32;| [1073 eV?]

2.60

code, written for this paper, gives the solid lines whereas the results extracted from the above reference are dashed lines, normal

in accordance with Ref. [44], but slightly different to our

Eq. (10). Here, o, = 0.01. In Fig. 14 we compare the results
from our analysis (dashed lines) with the lines extracted

directly from Ref. [44] (solid lines). As can be seen the
results agree very well with each other. In perfect agree-
ment with the collaboration, we obtain y2. [I0] = 7.3.

25,,,,,,,,“,,,,,‘,,,7 25—
[ — current T2K i i i [ —— current NOVA
[— JUNO only (2 yr) \"\ ] [— JUNO only (2 yr)
20— combined i — 20— combined
15 ] 15
e | NV
X ot iy ] <
10+ kY 10+
5 \\\\ ‘:‘“ ] 5k
. o D/ Tt cras [ S 2 Tl
2.40 2.45 2.50 2.55 2.60 2.40 2.45
|AmZ,| [1073 eV?]
257 —————
[ =— current ATM
[— JUNO only (2 yr)
20— combined
15}
I |
>

FIG. 15.

10%

I R — )
2.45

L1 ‘\if"/x -
2.50 2.55
|Am2,| [1073 eV?]

Separate contributions of T2K data (upper left panel), NOvA data (upper right panel) and Super-K and DeepCore

atmospheric data, labeled ATM, (lower panel) to the 72 fit of |Am2,| to NO (dashed lines) and IO (solid lines) included in the global fit
(blue) and in the combination of the current global fit with 2 years of JUNO data (green). JUNO fit only is in red.
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APPENDIX D: ON THE CONTRIBUTION TO
THE DETERMINATION OF |Am?,| FROM
THE |Amﬁ”| SENSITIVE EXPERIMENTS

It is informative to examine the contributions of the
|Am2,| sensitive experiments included in the global fit to
the final determination of |Am2,|. We will focus here on
the major players: T2K, NOvA and the atmospheric
neutrino oscillation experiments Super-Kamiokande
and DeepCore (ATM). The analyses of T2K, NOVA,
and ATM data shown in this section correspond to the
analyses performed in Ref. [2]. For this purpose we
show in Fig. 15 the separate contributions to the deter-
mination of |Am2,[NO]| and |Am2,[IO]| coming from
T2K (upper left panel), NOvA (upper right panel) and
the ATM (lower panel) neutrino oscillation data. We
show their effect on the global fit and on the corres-
ponding global fit combination with 2 years of JUNO
data.

From these plots we see that T2K prefers |Am2,[NO, I0]|
closer to the global fit best fit values, while NOvVA (ATM)
prefers lower (higher) values. Note that both accelerator
neutrino oscillation experiments, however, prefer | Am2, [10]|
smaller than the value JUNO will prefer (NO assumed true).
Since none of the 7? distributions are very Gaussian at this
point, the combined 2. [10] is a result of broad distributions
pulling for different minima that at JUNO’s best fit value for
|Am2,[10]| contribute to an increase of 72 [10] of about 7
(NOvVA), 3 (T2K) and 5 (ATM) units, resulting on the final
power of the combination.

The addition of the atmospheric data, and also to a minor
extent of MINOS data (which is compatible with NOvA),
to the global fit used in this paper explains the difference of
about 4 units in the predicted boost for the determination of
the mass ordering we show here with respect to what is
predicted in Fig. 5 of Ref. [46], where only simulated data
from T2K and NOVA were used.
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