
2. NOvA and T2K

fects, such as those enabling the �CP manifestation, are
exploited by the LB⌫B experiments. JUNO alone can
yield the most precise measurements of ✓12, �m2

21
and

|�m2
32
|, at the level of 1% precision for the first time.

This implies JUNO is to lead the measurements of about
half (i.e. three out of six) of the parameters in the field.
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Figure 2: LB⌫B-II Mass Ordering Sensitivity. The
Mass Ordering (MO) sensitivity of LB⌫B-II experiments via
the appearance channel (AC), constrained to a range of ✓23, is
shown as a function of the true value of �CP. The bands rep-
resent the cases where the true value of sin2 ✓23 lies within the
interval [0.45, 060] with a relative experimental uncertainty
of 2%. The sin2 ✓23 = 0.60 (0.45) gives the maximum (mini-
mum) sensitivity for a given value of �CP. The NuFit5.0 best
fitted sin2 ✓23 value is indicated by the black dashed curves.
The NMO and IMO sensitivities are illustrated respectively
in the (a) and (b) panels. The sensitivity arises from the fake
CPV e↵ect due to matter e↵ects, which are proportional to
the baseline (L). The strong dependence on �CP is due to the
unavoidable degeneracy between NMO and IMO, thus caus-
ing the sensitivity to swigs by 100%. T2K, now (light green)
and future (dark green), exhibits very small intrinsic sensi-
tivity due to its shorter baseline (LT2K= 295 km). Instead,
NOvA, now (orange) and future (red), hold leading order MO
information due to its larger baseline (LNOvA= 810 km). The
future full exposure for T2K and NOvA imply a ⇠3⇥ more
statistics relative to today’s. NOvA is unfortunately not ex-
pected to resolve (i.e. reach ��2� 25) alone. These curves

are referred as ��2 AC
LB⌫B and were derived from data as de-

tailed in Appendix A.

JUNO has been however designed to yield a unique
MO sensitivity via vacuum oscillation upon the spec-
tral distortion 3⌫ analysis formulated in terms of �m2

21

and �m2
32

(or �m2
31
). JUNO’s MO sensitivity relies on

a challenging experimental articulation for the accurate
control of the spectral shape related systematics arising
from energy resolution, energy scale control (nonlinear-
ities being the most important) and even the reactor
reference spectra to be measured independently by the
TAO project [44]. The nominal intrinsic MO sensitivity
is ⇠3� (��2 ⇡ 9) upon 6 years of data taking. All JUNO
inputs follow the collaboration prescription [37]. Hence,
JUNO is unable to resolve (��2�25) MO alone. In our

simplified approach, we shall characterise JUNO by a
simple ��2= 9±1. The uncertainty aims to illustrate
possible minor variations in the final sensitivity due to
the experimental challenges behind.

Mass Ordering Resolution Power in LB⌫B-II

In all LB⌫B experiments, the intrinsic MO sensitivity
arises via the appearance channel (AC), from the tran-
sitions ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e; also sensitive to �CP. MO
manifests as an e↵ective faked CPV bias. This e↵ect
causes the oscillation probabilities to be di↵erent for
neutrino and anti-neutrinos even under CP-conserving
solutions. Disentangling the genuine (�CP) and the faked
CPV terms is not trivial. Two main strategies exist
based on the fake component, which is to be either a)
minimised (i.e. shorter baseline, like T2K) enabling to
measure only �CP or b) maximised (i.e. longer baseline)
so that matter e↵ects are strong enough to disentangle
them from the �CP, and both can be measured simultane-
ously. The latter implies baselines>1000 km, best repre-
sented by DUNE (1300 km). NOvA’s baseline (810 km)
remains a little too short for a full disentangling abil-
ity. Still, NOvA remains the most important LB⌫B to
date with sizeable intrinsic MO sensitivity due to its
relatively large matter e↵ects, as compared to T2K.

The current and future intrinsic MO sensitivities of
LB⌫B-II experiments are shown in Figure 2, including
their explicit ✓23 and �CP dependences. The obtained
MO sensitivities were computed using a simplified strat-
egy where the AC was treated as rate-only (i.e. one-
bin counting) analysis, thus neglecting any shape-driven
sensitivity gain. This approximation is particularly ac-
curate for o↵-axis beams (narrow spectrum) specially
in the low statistics limit where the impact of system-
atics remains small (here neglected). The background
subtraction was accounted and tuned to the latest ex-
periments’ data. To corroborate the accuracy of our
estimate, we reproduced the LB⌫B-II latest results [20];
as detailed in Appendix A.

While NOvA AC holds major intrinsic MO informa-
tion, it is unlikely to resolved (��2�25) alone. This
outcome is similar to that of JUNO. Of course, the nat-
ural question may be whether their combination could
yield the full resolution. Unfortunately, as it will be
shown, this is unlikely but not far. Therefore, in the fol-
lowing, we shall consider their combined potential, along
with T2K, to provide the extra missing push. This may
be somewhat counter-intuitive, since T2K has just been
shown to hold very small intrinsic MO sensitivity; i.e.
4 units of ��2. Indeed, the role of T2K, along with
NOvA, has an alternative path to enhance the overall
sensitivity, which is to be described next.

4

Expected MO resolution sensitivity by T2K and NOvA

T2K and NOvA (alone or together) can not reach 5σ for currently preferred 
NOvA is significantly more powerful than T2K because of larger matter effect

How much we can expect from on-going long-baseline ν beam (LBνΒ) experiments? 
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dependent

δCP, θ23

Can not reach   
for current  

favored     .

5σ

δCP

NOvA and T2K 
synergy not shown

NOvA and T2K MO sensitivity reproduction (information from Neutrino2020) 
and expectation (  times more statistics).∼ 3

MO via appearance channel (AC)  with matter effects.νμ → νe, νμ → νe

On-going long baseline neutrino beam (LB B) experimentsν1. Introduction
Neutrino Mass Ordering (MO): a fundamental open question in neutrino physics. 

Normal ( ) or Inverted ( ) ?  

Normal MO is favored at  in current global analysis [1,2,3]. 

Eventually,  MO answer is requisite. 
In our arXiv:2008.11280 study, we demonstrate that the combined sensitivity 

 of JUNO with NOvA and T2K experiments has the potential to yield  
the first fully resolved ( ) measurement of neutrino MO. 

mν1
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≥ 5σ

≥ 5σ
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Earlier Resolution of Neutrino Mass Ordering?
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5. Boosting MO sensitivity
 as a function of CP phase for  Δχ2
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6. Boosted JUNO MO sensitivity

Remain as vacuum oscillation MO measurement

JUNO +  information as a function of   
for current favored 
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4. MO boosting synergy between JUNO and LB Bν

Δχ2
BOOST ∼

Δm2
32

false
JUNO − Δm2

32
false
LBνB

σ(Δm2
32)LBνB

2

 measured by JUNO and LB B agree (disagree) for true (false) MO. Δm2
32 ν

Disagreement of  for 
false MO is the origin of 

the boosting.

Δm2
32

Schematic illustration of the origin of the boosting

sensitivity, which is to be described next.

Synergetic Mass Ordering Resolution Power

A remarkable synergy exist between JUNO and LB⌫B
experiments thanks to their complementarity [? ? ?
? ]. In this case, we shall explore the contribution via
the LB⌫B’s disappearance channel (DC); i.e. the tran-
sitions ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ. Again, this might appear
counter-intuitive, since DC is practically blinded (i.e. a
<1% e↵ect) to MO; as proved in Appendix-B. Instead,
DC provides a complementary precise measurement of
�m2

32
. This information unlocks a mechanism, to be

described below, enabling the intrinsic MO sensitivity
of JUNO to be enhanced by the external �m2

32
. This

highly non-trivial synergy may yield a MO leading order
role but introduces new dependences explored below.

Both JUNO and LB⌫B analyse data in the 3⌫ frame-
work so they can provide �m2

32
(or �m2

31
) directly as

output. The 2⌫ approximation leads to e↵ective ob-
servables, such as �m2

µµ and �m2
ee [? ] detailed in

Appendix-C. The LB⌫B DC information precision on
the �m2

32
measurement is limited by a �CP-driven ambi-

guity. The role of this ambiguity is small, but not fully
negligible and will be detailed below. The dominant
LB⌫B-II’s precision is today ⇠2.9% per experiments [?
? ]. The combined LB⌫B-II global precision on �m2

32
is

already ⇠1.4% [? ]. Further improvement below 1.0%
appears possible within the LB⌫B-II era when integrat-
ing the full luminosities. An average precision of 0.5%
is reachable only upon the LB⌫B-III generation. In-
stead, JUNO precision on �m2

32
is expected to be well

within the sub-percent (<0.5%) level [? ].

The essence of the synergy is here described. Upon
3⌫ analysis, both JUNO and LB⌫B experiments obtain
two di↵erent values for �m2

32
. Since there is only one

true solution, either NMO or IMO, the other solution
is thus false. The standalone ability to distinguish be-
tween those two solutions is the intrinsic MO resolution
power of each experiment. The key observation tough
is that the general relation between the true-false so-
lutions is di↵erent for reactors and LB⌫B experiments,
as illustrated in Figure 3. For a given true �m2

32
, its

false value, referred as �m2
32

false
, can be estimated, as

shown in Appendix C. Regardless, all experiments
must agree on the unique true �m2

32
solution. As a

consequence, the corresponding JUNO (�m2
32

false

JUNO
) and

LB⌫B (�m2
32

false

LB⌫B
) false solutions will di↵er, if the over-

all �m2
32

precision allows their relative resolution. This
false solution di↵erence can be exploited as an extra ded-

icated discriminator characterised by the term

��2

BOOST
⇠
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Figure 3: JUNO & LB⌫B Mass Ordering Synergy.
Semi-quantitative and schematic illustration of the JUNO-
LB⌫B MO resolution synergy is shown for the cases where the
true MO is normal (left panels) or inverted (right panels). For
each case, the true values of �m2

32 are assumed to coincide
with the NuFit5.0 best fitted values indicated by the black
asterisk symbols. For each assumed true value of �m2

32, pos-
sible range of the false values of �m2

32 expected from LB⌫B
DC is indicated by the yellow color bands where their width
reflects the ambiguity due to the CP phase (see Appendix
C). The approximated current 1� allowed regions from Nu-
Fit5.0 are indicated by the dashed green curve whereas the
future projections assuming the current central values with
1% (0.5%) uncertainty of �m2

32 are indicated by filled orange
(red) color. Expected 1� ranges of �m2

32 from JUNO alone
are indicated by the blue color bands though the ones in the
wrong MO region would be disfavored at ⇠ 3� CL by JUNO
itself. When the MO assumed in the fit coincides with the true
MO, allowed region of �m2

32 by LB⌫B overlaps with the one
determined by JUNO as shown in the panels I(a) and II(b).
On the other hand, when the assumed (true) MO and fitted
one do not coincide, the expected (false) values of �m2

32 by
LB⌫B and JUNO do not agree, as shown in the panels I(b)
and II(a), which is the origin of what we call the boosting
e↵ect in this paper.
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disappearance channel (DC).
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7. Combined MO sensitivity of JUNO, T2K and NOvA
JUNO + T2K & NOvA appearance channel and disappearance channel 
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3. JUNO Upcoming medium baseline reactor neutrino experiment
MO via  channel with ~vacuum oscillation.νe → νe
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Energy resolution: �3 % / (E) Oscillation parameters from NuFit5.0 (Table 1)

JUNO intrinsic MO 
sensitivity  [4]. 
Can not reach .

∼ 3σ
5σ

CP phase independent

The combined sensitivity of JUNO, NOvA and T2K has the potential to yield the first resolved (≥5σ) MO measurement. 
JUNO + LB B disappearance channel information ( ) has the potential to achieve ≥5σ vacuum driven MO measurement. 

It would be important for the comparison between two fully resolved MO measurements: vacuum oscillation (JUNO+ ) 
and matter effects (DUNE). This comparison serves as cross-check. If discrepancy appears, it may imply new physics.
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10. Conclusions

9. Vacuum oscillation MO vs Matter effect MO

2 fully resolved MO measurements:  
Vacuum oscillation by JUNO+Boosting vs Matter effect by DUNE.  

Discrepancy may imply new physics.
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Atmospheric data will accelerate the 5  MO determination. σ

~2028
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NOvA and T2K data are expected to be available by 2026. 

On behalf of co-authors of arXiv:2008.11280 [hep-ph]

https://arxiv.org/abs/2008.11280

