Chinese Physics C

Vol. 43, No. 3 (2019) 033001

Potential of octant degeneracy resolution in JUNO*
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Abstract: This work extends the idea of using a cyclotron-based antineutrino source for purposes of neutrino physics.
Long baseline experiments suffer from degeneracies and correlations between Θ23, δCP and the mass hierarchy.
However, the combination of a superconducting cyclotron and a big liquid scintillator detector like JUNO in a medium baseline experiment, which does not depend on the mass hierarchy, may allow to determine whether the position
of the mixing angle Θ23 is in the lower octant or the upper octant. Such an experiment would improve the precision of
the Θ23 measurement to a degree which depends on the CP-phase.
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Problem of octant degeneracy

In the framework of 3-flavor neutrino mixing through
Pontecorvo-Maki-Nakagawa-Sakata [1] unitary mixing
matrix:
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(1)

sin2 (Θ23 ) and cos2 (Θ23 ) can be expressed in the standard

parametrization as:
sin2 (Θ23 ) =

|Uµ3 |2
|Uτ3 |2
, cos2 (Θ23 ) =
.
2
1 − |Ue3 |
1 − |Ue3 |2

It is clear that if Θ23=45°, then mixing between νµ and ντ
becomes maximal. This would indicate symmetry
between the νe → νµ and νe → ντ oscillation processes.
The octant problem refers to the degeneracy between Θ23
and π/2 − Θ23, when the mixing angle enters in the oscillation probability as a term within sin(2Θ23 ). However,
the degeneracy between the lower octant (LO) and the
upper octant (UO) can be eliminated if a measurement is
sensitive to terms with sin(Θ23 ) or cos(Θ23 ). Until recently, there was a quite large uncertainty in the measurements of sin2 (Θ23 ): sin2 (Θ23 ) = 0.35 − 0.65 (90%C.L.) for

normal hierarchy (NH), and sin2 (Θ23 ) = 0.34 − 0.67
(90%C.L.) for inverted hierarchy (IH), from the combined analysis of the MINOS experiment [2]. T2K reported the best fit value of sin2 (Θ23 ) = 0.532 (NH) and
sin2 (Θ23 ) = 0.534 (IH) with smaller uncertainty and consistent with hypothesis of maximal mixing [3]. Recent
data from the NOν A experiment favors Θ23 in either LO
or UO, and disfavors maximal mixing at 0.8σ significance [4].
Since the leading approximation of oscillation probability for reactor experiments does not depend on the
mixing angle Θ23, the current scientific program of JUNO
[5] will not allow for a solution to the problem of octant
degeneracy. However, precise measurements of ν̄e appearance from ν̄µ disappearance could provide a possibility to partially resolve this degeneracy.

2
2.1

Methodology of the numerical analysis
Proposal of the experimental setup

The full description of our proposal is presented in
[6], which is based on the DAEδ ALUS experiment
project [7]. It is worthwhile to summarize the main as-
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pects of this proposal. We suggest using the appearance
channel for electron antineutrinos from muon antineutrinos. In the framework of standard three neutrino mixing
theory the oscillation probability without matter effect
can be expressed as [8]:

sufficient to disregard the background completely.
The current statistical analysis is devided in two parts.
The first part concerns the sensitivity to octant degeneracy; the second part is about the precise measurement of
Θ23.

P(ν̄µ → ν̄e ) = sin2 θ23 sin2 2θ13 sin2 ∆31 +cos2 θ23 sin2 2θ12 sin2 ∆21
+ sin 2θ13 sin 2θ23 sin 2θ12 sin ∆31 sin ∆21 · cos(∆31 − δCP ),
(2)

2.2.1 Sensitivity to discovery of true octant
We follow the so-called classical method of calculating a confidence level. This method is based on the calculation of a ∆χ2 function, which, as Wilks's theorem predicts [10], should follow a chi-square distribution. The
number of degrees of freedom can be calculated as the
difference between the degrees of freedom of initial chisquare functions. Usually, this number is equal to the
number of estimating parameters. In our case, there is
only one parameter – Θ23.
A χ2 distribution with one degree of freedom has the
same distribution as the square of a single normally distributed variable [11]. Therefore, standard Gaussian confidence levels 1σ (68.3%), 2σ (95.4%), 3σ (99.7%) etc.
correspond to values of χ2: 1, 4, 9 etc.
In general, the sensitivity to octant degeneracy can be
calculated by minimization of a ∆χ2 function, which is
given by:

where ∆i j = ∆m2i j · L/(4Eν ); ∆m2i j – the neutrino mass
squared difference; L – the distance between source and
detector; Eν – neutrino energy; δCP – Dirac phase of CP
violation. The source of ν̄µ is a three-body decay of µ+
from decay at rest of stopped π+, which are produced by a
superconducting cyclotron [9]. The contribution to electron antineutrino spectrum is around 10−4 from π−, which
are created together with π+ [7]. Two cyclotrons (near
and far) are located at distances of 1.5 km and 20 km, respectively. The power of the near cyclotron is 1 MW. It is
needed as a flux monitor. There are two options for the
power of the far cyclotron: 5 MW and 10 MW. We are
planning to use JUNO as a liquid scintillator detector,
which has a total mass of 20 kt. The expected exposure
time of the experiment is 10 years. NH is assumed, because at a distance of 20 km the experiment is insensitive
to mass hierarchy.
The estimated IBD-event spectrum as a function of
energy is depicted in Fig. 1. It is clear that the neutrino
rate increases with mixing angle Θ23.
140
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(3)

“min ” means that both chi-square functions

χ2 (90◦ − Θ23 ) and χ2 (Θ23 ) have to be minimized in their
parameter spaces; Θ23 is a scanning parameter, which is

fixed for each iteration of an MC cycle. In our case, the
chi-square function has only one minimum, which is
close to the test-true value of Θ23. In the opposite octant
this function always increases. Consequently we need to
redefine the ∆χ2 function as:
(4)

where 45° corresponds to a border between two octants.
We use the chi-square function presented in [12, 13].
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(5)

where the pull-term includes Poisson statistics, and takes
into account the background and flux normalization. Additional Gaussian penalties are also added.

50

Fig. 1. (color online) The shape of the IBD-event spectrum
as a function of energy for two values of Θ23 (we assume a
power of 10 MW of the far cyclotron, 200 kt·year exposure
time, δCP = −π/2 ). The green area shows the background.

2.2

where

∆χ2 = |χ2min (45◦ ) − χ2min (Θ23 )|,

80

0
20

∆χ2 = |χ2min (90◦ − Θ23 ) − χ2min (Θ23 )|,

χ2pull = 2

Statistical evaluation of MC simulations

Event rate analysis is based on statistical treatment of
the expected IBD signal rate inside the detector. Initial
muon antineutrinos have a continuous spectrum with an
endpoint of 52.8 MeV. In order to exclude a significant
part of the atmospheric background, we chose an energy
window between 20 and 52.8 MeV. However, this is not

Nb [
∑
ni ] s2 b2
µi − ni + ni · ln
+ 2 + 2.
µi
σ s σb
i=1

(6)

Here, Nb – is the total number of bins in the histogram; µi – predicted counts in the i-th bin; ni – observed
counts in the i-th bin; s and b – so-called nuisance parameters for signal and background, respectively; σ s and σb
– systematic errors for signal and background counts. µi
is given by :
i
µi = N si · (1 + s) + Nbkg
· (1 + b),
i
where N si and Nbkg
are the number of counts in the i-th bin
for signal and background, respectively. The prior-term in
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equation (5) corresponds to uncertainties of oscillation
parameters and can be written as:
χ2prior =

Np
∑
(η j − ηoj )2
j=1

(δη j )2

,

(7)

where N p – is the number of oscillation parameters; η j –
j -th oscillation parameter; ηoj – best fit value of η j; δη j –
one sigma error of ηoj .
2.2.2 The accuracy of Θ23 measurement
The estimation of the accuracy of measurement for
the current best fit value of Θ23 can be obtained by minimizing the chi-square function (5) in the whole parameter space. It should be emphasized that from recent experimental data the best fit value of Θ23 is split between LO
and UO [14]. Consequently, we use two values of Θ23 in
the precision calculations.
Further, we give a set of oscillation parameters and
their uncertainties taken from PDG in Table 1.
Table 1

ately measure the mixing angle Θ23, 5k MC “fake” experiments were simulated for each sample with a particular
fixed value of δCP . The chi-square function (5) was minimized in the entire parameter space. A histogram was
then filled with the extracted values of Θ23. The shape of
the histogram is Gaussian, since we assumed that all
parameter uncertainties have Gaussian distribution. The
1σ error of Θ23 was obtained as a standard deviation of
the aforementioned histogram. This procedure was repeated for the whole range of CP-phases, from −π to π .

3

Results

Experimental sensitivity to octant degeneracy is depicted in Fig. 2. The yellow area shows the 68.3% confidence interval, within which the experiment is insensitive
to octant degeneracy. The green area shows the insensitive region with confidence level 99.7%.
3σ C.L.
1σ C.L.
3σ C.L. NOvA+T2K

The list of oscillation parameters and their uncertainties from

PDG [14]. Most are used in the prior-term of the chi-square func-

55°

tion in our calculations, except the parameter of interest – Θ23. The
normal hierarchy is assumed.
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δη j
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0.013

0.026

0.08
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2.2.3 Monte-Carlo simulations
The expected electron antineutrino event spectra at a
distance of 20 km were simulated using the Monte-Carlo
method including oscillations. The energy resolution of
the JUNO detector is 3% per MeV. The beam power of
the far cyclotron is 5 or 10 MW with systematic flux uncertainty σ s=2%, which includes the uncertainties of
shape and normalization. We treat neutral current events
(NC) as background. The initial estimation gives 439 NC
events for an exposure time of 200 kt·year with a duty
factor of 33%. Using the technique from [15], which is
based on the signal coincidence and pulse shape discrimination, this background can be significantly reduced, to
33 NC events. Adding also fast neutron and charge current atmospheric events, the total background equals 45
events. This number is used in simulations with systematic uncertainty σb =5%.
To investigate the sensitive region of octant degeneracy, 1k MC “fake” experiments were calculated for each
sample with particular fixed values of δCP . We did not apply any constraints to the parameter Θ23. Both parts of
∆χ2 in equation (3) were minimized using the ROOT
package Minuit [16, 17]. Finally, the sensitivity region
was calculated as defined in section 2.2.1.
In order to evaluate the potential of JUNO to accur033001-3
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Fig. 2. (color online) The sensitive area for determining the
octant as a function of δCP assuming an exposure time of
200 kt·year. The top panel corresponds to a 5 MW source,
the bottom panel –10 MW. The yellow area corresponds to
insensitivity with 68.3% C.L. The green area corresponds to
insensitivity with 99.7% C.L. The pink area is sensitive to
the octant with a significance of more than 3σ . Dashed red
lines show 99.7% C.L for the combined analysis of T2K
and NOνA presented in [18].
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In the pink area the octant can be determined with a
significance of more than 3σ. As can be seen, the sensitivity to octant is better for negative values of δCP . For
these values, a 5 MW cyclotron can distinguish the octant if the mixing angle Θ23 is outside the range 38.5°52.9°. A 10 MW cyclotron can measure the octant if Θ23
is outside 39.7°-50.8°. Therefore, higher statistics leads to
an improvement of the sensitivity. The result for the 10
MW case is slightly worse than the expected result from
the combined analysis of T2K+NOν A.
Figure 3 gives a quantitative estimation of the uncertainty for two possible values of Θ23 as a function of δCP .
The top row corresponds to sin2 (Θ23 ) = 0.597 and the bot-
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tom row to sin2 (Θ23 ) = 0.417.
The wave behavior of curves in Fig. 3 can be explained by the maximum of the probability function (2)
for δCP = π/2 and the minimum for δCP = −π/2 . As can be
seen in Fig. 3, the main uncertainty comes from oscillation parameters. Our estimation shows that the dominant
uncertainty comes from the mixing angle Θ13. The influence of the background is quite small, especially for higher statistics with a 10 MW source. Statistically, the improvement of the results is possible only with a 10 MW
source. However, in reality only the LO values can improve the result in the case of a negative CP-phase.
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(color online) Measurement accuracy of the mixing angle Θ23. The top row is for sin2 (Θ23 ) = 0.597 and the bottom for
sin (Θ23 ) = 0.417. Two values of the power of the far cyclotron are assumed. Dashed red lines correspond to the current value of the
relative error sin2 (Θ23 ) from PDG, where ε(sin2 (Θ23 ) = 0.417)=6.24% and ε(sin2 (Θ23 ) = 0.597)=4.36%.

Fig. 3.
2

4

Conclusions

The present work demonstrates another application of
superconducting cyclotrons for measurements in neutrino physics. The transition channel ν̄µ →ν̄e allows to explore not only the problem of CP violation, but at the

same time to realize a precise measurement of Θ23 and
partially resolve the octant degeneracy.
It was shown that the distinction between LO and UO
is comparable to the combined analysis of T2K and
NOν A , especially for negative values of δCP . Regarding
the measurement precision of Θ23, the current best fit
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value can be improved only in the case of a 10 MW
source, especially if the mixing angle is in LO. There are
two main difficulties with precision measurements: uncertainties in the oscillation parameters and small statistics. The problem of statistics can be alleviated by using a
small water detector for monitoring neutrino flux instead
of the near cyclotron. This allows to use the far cyclotron
in a continuous mode, as proposed for the TNT2K experiment [19].

The combination of JUNO and superconducting
cyclotrons could be a good alternative to conventional
beam experiments. It would allow the measurement of
Θ23 and δCP in the current scientific program without affecting JUNO's main goals.
We would like to extend great thanks to School of
Physics, Sun Yat-Sen University, especially to the leader
of our neutrino group Prof. Wei Wang for cultivating
good working conditions. We also express special gratitude to Dr. Neill Raper for editing of this paper.

References
1

2
3
4
5
6
7

8
9

B. Pontecorvo, Zh. Eksp. Teor. Fiz., 33: 549 (1957); JETP, 6: 429
(1958); Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor.
Phys., 28: 87 (1962)
P. Adamson et al (MINOS Collaboration), Phys. Rev. Lett., 112:
191801 (2014), arXiv:1403.0867 [hep-ph]
K. Abe et al (T2K Collaboration), Phys. Rev. Lett., 118: 151801
(2017)
M. A. Acero et al (NOvA Collaboration), Phys. Rev. D, 98:
032012 (2018), arXiv:1806.00096 [hep-ph]
Fengpeng An et al, J. Phys. G: Nucl. Part. Phys., 43: 030401
(2016)
M. V. Smirnov, Z. J. Hu, S. J. Li and J. J. Ling, Nucl. Phys. B,
931: 437 (2018), arXiv:1802.03677 [hep-ph]
J. Alonso et al, Expression of Interest for a Novel Search for CP
Violation in the Neutrino Sector: DAEδALUS, (2010), arXiv:
1006.0260[hep-ph]
S. M. Bilenky, On the phenomenology of neutrino oscillations in
vacuum, (2012), arXiv: 1208.2497
J. M. Conrad and M. H. Shaevitz, Phys. Rev. Lett., 104: 141802

10
11

12
13

14
15

16
17
18
19

033001-5

(2010)
S. S. Wilks, The Annals of Mathematical Statistics, 9, (1938)
W. H. Press, S.A. Teukolsky, W. T. Vetterling, B. P. Flannery,
Numerical Recipes in C: The Art of Scientific Computing, ISBN
0-521-43108-5, (1992)
C. R. Das, J. Maalampi, J. Pulido and S. Vihonen, JHEP, 1502:
048 (2015), arXiv:1411.2829 [hep-ph]
P. Huber, J. Kopp, M. Lindner, M. Rolinec, and W. Winter,
Comput. Phys. Commun., 177: 432 (2007), arXiv:hepph/0701187 [hep-ph]
M. Tanabashi et al, Phys. Rev. D, 98: 030001 (2018)
R. Mollenberg, F. von Feilitzsch, D. Hellgartner, L. Oberauer, M.
Tippmann, V. Zimmer, J. Winter, and M. Wurm, Phys. Rev. D,
91(3): 032005 (2015), arXiv:1409.2240 [hep-ph]
F. James and M. Roos, Comput. Phys. Commun., 10: 343 (1975)
F. James and M. Winkler, MINUIT User’s Guide, (2004)
S. K. Agarwalla, S. Prakash, and S. U. Sankar, JHEP, 1307: 131
(2013), arXiv:1301.2574 [hep-ph]
J. Evslin, S. F. Ge, and K. Hagiwara, JHEP, 1602: 137 (2016),
arXiv:1506.05023 [hep-ph]

