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Abstract

We study the synergy between the long-baseline (LBL) experiments NOνA and T2K and the atmospheric
neutrino experiment ICAL@INO for obtaining the first hint of CP violation in the lepton sector. We also
discuss how precisely the leptonic CP phase (δCP) can be measured by these experiments. The CP sensitivity
is first described at the level of oscillation probabilities, discussing its dependence on the parameters –
θ13, mass hierarchy and θ23. In particular, we discuss how the precise knowledge or lack thereof of these
parameters can affect the CP sensitivity of LBL experiments. We follow a staged approach and analyze
the δCP sensitivity that can be achieved at different points of time over the next 15 years from these LBL
experiments alone and/or in conjunction with ICAL@INO. We find that the CP sensitivity of NOνA/T2K
is enhanced due to the synergies between the different channels and between the two experiments. On
the other hand the lack of knowledge of hierarchy and octant makes the CP sensitivity poorer for some
parameter ranges. Addition of ICAL data to T2K and NOνA can exclude these spurious wrong-hierarchy
and/or wrong-octant solutions and cause a significant increase in the range of δCP values for which a hint
of CP violation can be achieved. In fact in parameter regions unfavourable for NOνA/T2K, we may get the
first evidence of CP violation by adding the ICAL data to these. Similarly the precision with which δCP can
be measured also improves with inclusion of ICAL data.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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1. Introduction

In the present status of neutrino oscillation physics, a fair amount of knowledge about the
oscillation parameters has been gained from solar, atmospheric, accelerator and reactor exper-
iments. In the standard 3-flavour scenario there are 6 parameters governing the oscillation of
the neutrinos. These are the three mixing angles – θ12, θ23, θ13, two mass squared differences –
�m2

31, �m2
21 (�m2

ij = m2
i −m2

j ) and the Dirac CP phase δCP. Among these the unknown param-

eters are: (i) the sign of �m2
31 (�m2

31 > 0 corresponds to Normal Hierarchy (NH); �m2
31 < 0

corresponds to Inverted Hierarchy (IH)) (ii) the octant of θ23 (θ23 > 45◦ corresponding to Higher
Octant (HO) or θ23 < 45◦ corresponding to Lower Octant (LO)) (iii) the CP phase δCP; a value
of this parameter different from 0 or 180◦ would signal CP violation in the lepton sector.1

CP violation has been observed in the quark sector and this can be explained by the complex
phase of the CKM matrix [3–5]. The origin of this could be complex Yukawa couplings and/or
complex vacuum expectation values of the Higgs field [6,7]. In such cases it is plausible that
there can be a complex phase analogous to the CKM phase, in the leptonic mixing matrix as
well.2 This can lead to CP violation in the lepton sector [8]. However experimental detection of
this phase is necessary to establish this expectation on a firm footing. The determination of the
leptonic CP phase is interesting not only in the context of fully determining the MNSP mixing
matrix but also because it could be responsible for the observed matter–antimatter asymmetry
through the mechanism of leptogenesis [9,10].

Since δCP occurs with the mixing angle θ13 in the MNSP matrix, the recent measurement of a
non-zero and moderately large value of this angle by reactor and accelerator experiments is ex-
pected to be conducive for the measurement of δCP. The current best-fit value of θ13 from global
oscillation analyses is sin2 2θ13 ≈ 0.10 ± 0.01 [1,11,12]. If θ13 was very small then any mea-
surement of δCP would have required high intensity sources [13]. However the moderately large
value of θ13 makes it worthwhile to explore whether δCP can be measured and any evidence of CP
violation can be obtained by the current and upcoming experiments using conventional beams.
Many recent studies have investigated this issue [14–18] in the context of the LBL experiment
T2K which is currently running [19] and NOνA [20] which is expected to start taking data in
near future. Earlier studies on measurement of leptonic CP violation by conventional superbeam
experiments can be found in [21–25].

A potential problem in determining δCP comes from the lack of knowledge of hierarchy which
gives rise to wrong hierarchy–wrong δCP solutions [26,27]. A prior knowledge of hierarchy can
help to eliminate these fake solutions thereby enhancing the CP sensitivity. However since the
baselines of T2K and NOνA are not too large they have limited hierarchy sensitivity. Moreover
this depends on the true value of δCP chosen by nature [26,28]. It has been shown recently in [17]
that these experiments can determine hierarchy at 90% C.L. only for favourable combination of
parameters – ({δCP ∈ [−180◦,0◦],NH} or {δCP ∈ [0◦,180◦], IH}). However for the complemen-
tary unfavourable combinations, the hierarchy sensitivity of these experiments is low, because of
which their δCP sensitivity is compromised.

1 The current best-fit value of θ23 is in the lower octant but at 2σ the higher octant values are allowed. Also Ref. [1]
shows a preference for δCP = 180◦ though this is not statistically significant. Recently a 1σ hint towards NH has been
reported in [2].

2 In the quark sector there is only one CP phase associated with the CKM matrix. However if neutrino are Majorana
particle then the leptonic mixing matrix contains three phases in general. However oscillation experiments are sensitive
only to the Dirac CP phase δCP.
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In this paper, we expand on the observation made in [29] regarding the synergy between
existing and upcoming atmospheric and long-baseline experiments for measuring δCP. The cen-
tral idea is that due to the large value of θ13 atmospheric neutrinos passing through the earth
experience appreciable matter effects leading to an enhanced hierarchy sensitivity. Moreover
this sensitivity does not depend crucially on the true δCP values. Thus addition of atmospheric
information to the data from LBL experiments can increase the hierarchy sensitivity in the
unfavourable region for the latter. This feature leads to an enhanced CP sensitivity for LBL
experiments when atmospheric data is included in the analysis [29]. This is despite atmospheric
neutrino experiments themselves not having any appreciable sensitivity to δCP [30]. Usually,
studies of CP sensitivity are done assuming hierarchy and octant to be known. In our study
we quantify explicitly the exposures required by a realistic atmospheric neutrino experiment to
achieve this.

We analyze in detail the individual and combined δCP sensitivity of LBL and atmospheric
neutrino experiments, both at the level of oscillation probabilities and with simulations of rele-
vant experimental set-ups. For the long-baseline experiments we consider T2K, which is already
running and NOνA which is expected to start taking data in 2014. For atmospheric neutrinos
we choose the magnetized iron calorimeter detector (ICAL) which is being constructed by the
India-based Neutrino Observatory (INO) Collaboration.3 For our study we adopt a staged ap-
proach where we look at the data which will be available to us from these experiments at different
chronological points over the next 15 years. We explore whether the LBL experiments T2K and
NOνA can give any evidence of δCP being different from 0 and 180◦ by themselves or in combi-
nation with data from ICAL@INO. We also present results for the precision measurement of δCP

individually for the LBL experiments and in combination with ICAL@INO. In addition to the
role of atmospheric neutrino data in resolving hierarchy-δCP degeneracy, its impact on remov-
ing octant-δCP degeneracy is also examined. We also study how the CP sensitivity of the LBL
experiments varies with θ13 in its current range.

Many future experiments are being planned for addressing the problem of resolution of mass
hierarchy and determination of the CP phase δCP. This includes LBNE [33], LBNO [34], T2HK
[35], ESS [36] etc. The planning of these facilities are expected to benefit from a detailed as-
sessment of the capabilities of the currently running or under construction experiments [37]. In
this context it also makes sense to survey if T2K and NOνA do not see CP violation with their
currently projected run times then whether they can achieve this with extended run times [14,17,
18]. In this paper we expound this possibility to explore the ultimate reach of these experiments
to detect δCP.

The paper is organized as follows. In Section 2, we describe the δCP dependence of neu-
trino oscillation probabilities and how it is correlated with other parameters. Section 3 gives
the experimental details of the long-baseline experiments (NOνA and T2K) and atmospheric
neutrino experiment (ICAL) considered in our study. Section 4 outlines the results for the δCP

measurement and CP violation discovery potential of NOνA and T2K with different exposures
corresponding to different points of time in the future. In Section 5 we discuss the dependence of
the CP sensitivity of NOνA and T2K on neutrino parameters and the synergies between different
channels. Section 6 analyzes the CP sensitivity of atmospheric neutrino experiments with a mag-

3 There are other upcoming atmospheric neutrino experiments like Hyper-Kamiokande [31] and PINGU [32] which
may provide similar results.
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netized iron detector, focusing on the CP measurement potential for a combination of NOνA and
T2K with ICAL. We summarize the conclusions in Section 7.

2. Effect of hierarchy and octant on δCP sensitivity

The sensitivity to δCP and potential for CP violation discovery can be understood from the
oscillation probabilities in matter [32,38,39]. The predominant contribution to the δCP sensitiv-
ity is from the νμ → νe oscillation probability (Pμe), which has a dependence on δCP in its
sub-leading term which is suppressed by the small solar mass-squared difference. In matter of
constant density, Pμe can be expressed in terms of the small parameters α = Δ21/Δ31 and s13 as
[40–42]

Pμe = 4s2
13s

2
23

sin2 [(1 − Â)Δ]
(1 − Â)2

+ α sin 2θ13 sin 2θ12 sin 2θ23 cos (Δ + δCP)
sin ÂΔ

Â

sin [(1 − Â)Δ]
(1 − Â)

+O
(
α2) (1)

Here Δij = m2
i − m2

j , Δ = Δ31L/4E, sij (cij ) ≡ sin θij (cos θij ) and Â = 2
√

2GF neE/Δ31. GF

is the Fermi constant and ne is the electron number density. The behaviour of this expression
depends on the neutrino mass hierarchy, i.e. the sign of the atmospheric mass-squared difference
Δ31. For neutrinos, Â is positive for NH and negative for IH, while for antineutrinos it is the
opposite. It can be seen that the δCP dependence of the second sub-leading term comprises of
both sin δCP and cos δCP, and has the potential for discovering CP violation.

From Eq. (1), the following observations can be made:

1. Since δCP appears in the expression coupled with the atmospheric mass-squared difference in
the term cos(Δ+ δCP), it suffers from the hierarchy-δCP degeneracy which potentially limits
the CP sensitivity [27]. The ambiguity shows up only in specific half-planes of true δCP

depending on the true mass hierarchy [17]. For neutrinos, the probability Pμe is higher for
NH than for IH due to matter effects as seen from the first term in Eq. (1). Near the oscillation
maximum (Δ = 90◦), this increase in Pμe can be compensated by the second term, if δCP

lies close to 90◦. Similarly, the lowering of Pμe in case of IH can be compensated if δCP

lies close to −90◦. To summarize, it is difficult to disentangle the effects of hierarchy and
δCP if the hierarchy is normal and δCP lies in the upper half-plane (UHP, δCP ∈ (0,180◦))
or if the hierarchy is inverted and δCP lies in the lower half-plane (LHP, δCP ∈ (−180◦,0)).
These unfavourable combinations of parameters make the NH and IH probabilities overlap,
making hierarchy determination difficult. On the other hand, if the combination of hierarchy
and δCP in nature is either {NH, LHP} or {IH, UHP}, then there is a substantial separation
between NH and IH and it is easier to distinguish between the two hierarchies [17].
We illustrate this point with the help of Fig. 1. In this figure, Pμe is plotted for the NOνA
baseline (812 km) with the true values δCP = 90◦ and −90◦ and true NH (in both panels). The
test curves in the left (right) panel are for δCP = 0 and 180◦ for NH(IH). Thus, the left (right)
plots show the separation between CP-conserving test δCP and maximally CP-violating true
δCP when the hierarchy is known (unknown). This is indicative of the CP violation discovery
potential in each case. We see that the separations of the cases {NH,90◦} and {NH,−90◦}
from the CP conserving cases {NH,0 or 180◦} are comparable. But if the test hierarchy for
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Fig. 1. Pμe energy spectrum for true δCP = 90◦ and −90◦ for true NH (both panels), test δCP = 0 and 180◦ for NH (left
panel) and IH (right panel). Here θ23 = 39◦ , sin2 2θ13 = 0.1.

the CP-conserving curves is inverted, the separation is considerably increased for δCP =
−90◦ and reduced for δCP = 90◦. This indicates that a true value of δCP in the LHP would
be effective for lifting the δCP-hierarchy degeneracy for true NH-test IH while true δCP lying
in the UHP would worsen the degeneracy. For antineutrinos and test hierarchy NH, since
the matter effect is less the probability will be somewhat lower than the corresponding ones
for the neutrinos. In addition the curves for +90◦ and −90◦ will be interchanged but the
separation for these two cases from the CP conserving values still remain comparable. When
the test hierarchy is IH, the antineutrino probabilities are higher because of enhanced matter
effects. This compounded with the flipping of the +90◦ and −90◦ probability curves for NH
leads to LHP still being favorable for lifting the degeneracy. For true IH, the opposite is true,
i.e. δCP values in the UHP are favourable for resolving the degeneracy for both neutrinos and
antineutrinos.

2. Since the δCP-sensitive term occurs with sin 2θ23, it gives rise to the intrinsic octant degen-
eracy: P(θ23) = P(90◦ − θ23) [43]. However recently a more generalized form of the octant
degeneracy: P(θ tr

23, θ13, δCP) = P(θ
wrong
23 , θ ′

13, δ
′
CP) has been elucidated in detail in [44,45],

extending the conventional definition. This includes the possibility that the test value of θ23
occurring anywhere in the ‘wrong’ octant may give the same probability. The recent tighter
constraint on the value of θ13 helps to weaken the degeneracy with this parameter, but the
ambiguity between the two octants for different values of δCP still remains.
Whether this degeneracy is manifested in the results for CP sensitivity from an experiment
depends on whether the experiment (or combination of experiments) is capable of determin-
ing the octant and resolving the octant-δCP degeneracy to a good enough confidence level.
The octant sensitivity arises from the sin2 θ23 dependence in the leading term, and is signif-
icantly dependent on the true values of oscillation parameters δCP and θ23 [44]. Since Pμe

increases with θ23 and with δCP in the LHP, while δCP in the UHP pulls it down, a true value
of θ23 lying in the higher octant (HO) would be more likely to suffer from the octant-δCP

degeneracy if the true value of δCP is in the UHP. On the other hand, if true θ23 is in the
lower octant (LO) then true δCP lying in the LHP would raise Pμe and lead to an ambiguity
with Pμe values corresponding to test θ23 in the HO. Hence the LHP is favourable for re-
solving the octant δCP degeneracy in the case of true HO and the UHP is favourable for true
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Fig. 2. Pμe energy spectrum showing the octant-δCP degeneracy. The upper panels are for neutrinos whereas the lower
panels are for antineutrinos.

LO. These features are reflected in Fig. 2 where we show the effect of octant degeneracy in
distinguishing between the CP conserving and maximally CP violating cases for Pμe , for the
NOνA baseline. The upper panel is for neutrinos whereas the lower panel is for antineutri-
nos. The shaded region corresponds to true LO. The first panel shows that for true LO and
true δCP = −90◦ (LHP) the two cases cannot be distinguished whereas in the second panel,
for δCP = 90◦ (UHP) a clear separation is seen. For antineutrinos the behaviour for LHP
and UHP is opposite. This indicates that a combination of neutrinos and antineutrinos would
be conducive for removal of octant-δCP degeneracy [14,46]. For true HO the behaviour is
opposite.

3. Experimental details

For the long-baseline experiments NOνA and T2K, simulation is done using the GLoBES
package [47–50]. T2K (L = 295 km) is assumed to have a 22.5 kt Water Ĉerenkov detector and
a 0.77 MW beam running effectively for 5(ν)+0(ν) or 3(ν)+2(ν) years by 2016. The initial plan
of T2K was to run with 1021 protons on target (pot)/year for five years [51]. However because of
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natural calamity T2K has not been able to achieve its full capacity yet. We take into account its
present lower power run as well as the planned upgrades to give a total of 5 effective T2K years
till 2016 (i.e. a total of 5×1021 pot). We also consider the option of T2K running for 5(ν)+5(ν)

years by 2021, to ascertain whether such an extension would be advantageous. For NOνA (L =
812 km), we consider a 14 kt TASD detector with a 0.7 MW beam with 7.3 × 1020 pot/year
running for 3(ν) + 3(ν) years by 2020 and 5(ν) + 5(ν) years by 2024. In this work we use a
re-optimized NOνA experimental set-up with refined event selection criteria [16,52]. Detailed
specifications of these experiments are given in [16,20,23,51,53–55].

For atmospheric neutrinos, we analyze a magnetized iron calorimeter detector (ICAL) of
the prototype planned by the India-based Neutrino Observatory (INO), which will detect muon
events with the capability of charge identification [56]. We use constant neutrino energy and
angular detector resolutions of 10% and 10◦ respectively, unless otherwise specified. Note that
the neutrino resolutions using INO simulation codes are currently being generated. However we
have checked that the resolutions used above gives similar results as obtained by the INO sim-
ulation code using muons [56]. We consider a 1 GeV neutrino energy threshold, 85% efficiency
and 100% charge identification efficiency. We look at two detector exposures of 250 kT yr, cor-
responding to 5 years of running for a 50 kT detector, and 500 kT yr or 10 years of running with
such a detector. The detector is currently under construction, with a projected time frame of 5
years to completion, so this data is expected to be available by about 2023 and 2028 respec-
tively. Earth matter effects are included in the atmospheric neutrino analysis using a standard
Preliminary Reference Earth Model (PREM) density profile of the earth [57].

Henceforth, we give the exposure of NOνA or T2K as a + b where a and b respectively
denote the number of years of neutrino and antineutrino running of the experiment.

For our study of T2K, NOνA and ICAL, we look at the following chronological points:

• 2016, when T2K will have completed either a (5 + 0) or a (3 + 2) run
• 2020, when NOνA will have completed a (3 + 3) run
• 2024, when NOνA will have completed a (5 + 5) run and ICAL will have at least 5 years of

data
• 2028, when ICAL will have 10 years of data

We also consider the case of T2K going on to a (5 + 5) run, which can be taken into account
in the 2024 analysis along with NOνA (5 + 5) and ICAL 5.

4. CP sensitivity of T2K and NOνA: chronological progression

In this section, we study the prospects for CP violation discovery and δCP precision measure-
ment of NOνA and T2K for different exposures corresponding to progressive points of time in
the next 10 years. The experimental capabilities are demonstrated using CP violation discovery
plots and δCP precision plots respectively.

The discovery potential of an experiment for CP violation is computed by considering a varia-
tion of the δCP over the full range [0,180◦) in the simulated true or ‘experimental’ event spectrum
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Nex, and comparing this with δCP = 0 or 180◦ in the test or ‘theoretical’ event spectrum Nth. The
discovery χ2 in its simplest statistical form is defined as4

χ2 = min
(Nex(δ

tr
CP) − Nth(δ

test
CP = 0,180◦))2

Nex(δ
tr
CP)

(2)

In our calculation we include a marginalization over systematic errors and uncertainties for each
experiment.5 The resultant χ2 from the various experiments are then added and finally marginal-
ized (unless specified otherwise) over the parameters θ23, θ13, |Δ31| and hierarchy in the test
spectrum. As expected, the discovery potential of the experiments is zero for true δCP = 0 and
180◦, while it is close to maximum at the maximally CP violating values δCP = ±90◦. We use the
following transformations relating the effective measured values of the atmospheric parameters
Δμμ and θμμ to their natural values Δ31 and θ23 [63–65]:

sin θ23 = sin θμμ

cos θ13
, (3)

Δ31 = Δμμ + (
cos2 θ12 − cos δ sin θ13 sin 2θ12 tan θ23

)
Δ21. (4)

The effective values Δμμ and θμμ correspond to parameters measured by muon disappearance
experiments. It is advocated to use these values in the definitions of priors if the prior is taken
from muon disappearance measurements. The corrected definition of θμμ is significant due to the
large measured value of θ13, while for Δμμ the above transformation is valid even for small θ13
values. In our analysis we do not use any external priors for these parameters as the experiments
themselves are sensitive to these parameters. However it is to be noted that for the effective
parameters, there is an exact mass hierarchy degeneracy between Δμμ and −Δμμ and an exact
intrinsic octant degeneracy between θμμ and 90◦ − θμμ. Therefore use of these values in the
analysis ensures that one hits the exact minima for the wrong hierarchy and wrong octant in
the numerical analysis for the muon disappearance channel. Measurements with the appearance
channel and the presence of matter effects can break these degeneracies. Also, the generalized
octant degeneracy occurring between values of θμμ in opposite octants for different values of
θ13 and δCP is still present for the effective atmospheric mixing angle. For such cases, a fine
marginalization grid has to be used in the analysis in order to capture the χ2 minima occurring
in the wrong hierarchy and wrong octant.

The following true values and test ranges of parameters are used in our computation:

(Δ21)
tr = 7.6 × 10−5 eV2

(
sin2 θ12

)tr = 0.31(
sin2 2θ13

)tr = 0.1

Δtr
μμ = 2.4 × 10−3 eV2, (5)

with specific values of θ tr
μμ and δtr

CP.

4 In this work we have used the standard definition of χ2 and used the usual convention Nσ =
√

�χ2. Note that since

we have not included fluctuations in the simulated data in our case �χ2 = χ2. For alternate statistical analysis using
frequentist or Bayesian approach see [58–62].

5 We have not used correlated systematics for various experiments in this study. However, such an analysis would
impose additional constraints on the systematic parameters and serve to improve the results presented here.
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θ test
μμ ∈ (35◦,55◦)

sin2 2θ test
13 ∈ (0.085,0.115)

Δtest
μμ ∈ (2.2,2.6) × 10−3 eV2 (6)

Δ21 and sin2 θ12 are fixed to their true values since their effect is negligible. External (projected)
information on θ13 from the reactor experiments is added in the form of a prior on θ13:

χ2
prior =

(
sin2 2θ tr

13 − sin2 2θ13

σ(sin2 2θ13)

)2

(7)

with the 1σ error range σsin2 2θ13
= 0.005.

The CP sensitivity of an experiment can also be quantified by the precision measurement of
δCP possible by the experiment. In this case we look at a variation of the δCP over the full range
[0,360◦) in both the simulated true event spectrum Nex and the test event spectrum Nth. Thus
the precision χ2 is given by

χ2 = min
(Nex(δ

tr
CP) − Nth(δ

test
CP ))2

Nex(δ
tr
CP)

(8)

We present precision plots which show the test δCP range allowed by the data for each true value
of δCP, up to a specified confidence level. The allowed values of δCP are represented by the
shaded regions in the figures. For an ideal measurement, the allowed values would be very close
to the true value. Thus the allowed region would be along the δCP

tr = δCP
test diagonal. However,

due to finite precision of the parameters as well as the parameter degeneracies, other δCP values
are also seen to be allowed.

4.1. CP sensitivity of T2K (3 + 2) and (5 + 0) (2016)

T2K is expected to have a neutrino run of 5 years. There are also discussions for a break-up of
neutrino and antineutrino runs, for which we consider the case of (3 + 2) years [14]. In the left
panels of Fig. 3, we depict the CP violation discovery for both these options (upper row) and 90%
C.L. δCP precision for T2K (3 + 2) (middle row) and T2K (5 + 0) (bottom row) for θμμ = 39◦,
sin2 2θ13 = 0.1 (true values) and true NH. The figure shows that the CP sensitivity of T2K alone
is quite low, especially for the (5 + 0) case, where the discovery potential remains below χ2 = 2
over the entire true δCP range. This is because the baseline of T2K (295 km) is relatively short
and earth matter effects are minimal, leading to the hierarchy-δCP degeneracy predominating in
both half-planes when only a neutrino beam is taken. When we consider a neutrino–antineutrino
combination, the different behaviours of the neutrino and antineutrino probabilities partially
resolves the degeneracy in the favourable half-plane (in this case the LHP) for a (3 + 2) run.
Therefore, as pointed out in [14], a T2K (3 + 2) run provides better CP sensitivity than a T2K
(5 + 0) run. This is also evident in the precision plots, where the allowed region of δCP (shaded
area) is more for the (5 + 0) case, indicating that less regions of δCP are excluded at 90% C.L.

4.2. CP sensitivity of T2K (3 + 2) and (5 + 0) with NOνA (3 + 3) (2020)

The experiments T2K and NOνA are synergistic since the different baselines (295 km for
T2K and 812 km for NOνA) experience different degrees of earth matter effects and hence
show somewhat different dependences on the neutrino parameters. In particular, the degeneracies
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Fig. 3. CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K (left panels)
and T2K + NOνA (right panels) for θμμ = 39◦ , sin2 2θ13 = 0.1 and true NH.
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observed in Fig. 3 can be resolved in some areas by combining T2K with NOνA. We explore
how addition of NOνA affects the difference in CP sensitivity between T2K (3 + 2) and (5 + 0)

runs.
The right panels of Fig. 3 show the CP violation discovery (upper row) and 90% C.L. δCP

precision (middle and lower rows) for T2K + NOνA for true NH and the same values of pa-
rameters as the left panels. The upper row depicts the discovery potential for the combination of
both T2K exposures with NOνA (3 + 3). The middle and lower rows show the δCP precision for
T2K (3 + 2) + NOνA (3 + 3) and T2K (5 + 0) + NOνA (3 + 3) respectively. A comparison
of the left and right panels tells us that for both discovery and precision, the advantage offered
by T2K (3 + 2) over (5 + 0) is lost when we combine T2K with NOνA. While for T2K alone
the discovery χ2 can rise above 2 in the LHP for (3 + 2) but remains well below 2 for (5 + 0),
the discovery χ2 of NOνA + T2K is nearly identical for T2K (3 + 2) and (5 + 0), and rises to
values above χ2 = 6 (2.5σ ) in the LHP. The allowed regions also look similar in the two cases.

This behaviour can be explained as follows. Since NOνA already includes a combined
neutrino–antineutrino run, it is capable of resolving the hierarchy-δCP degeneracy and provid-
ing significant CP sensitivity in the favourable half-plane. Therefore the hierarchy degeneracy
resolution provided by T2K (3 + 2) in the favourable half-plane is no longer required when T2K
is combined with NOνA. Thus in the combined analysis, the T2K CP sensitivity adds to the
NOνA sensitivity irrespective of whether T2K has a (5 + 0) or (3 + 2) run. For the subsequent
chronological analysis, we choose the T2K run to comprise of (5 + 0) years.

4.3. CP sensitivity of T2K (5 + 0) with NOνA (5 + 5) (2024)

Although the current projection of NOνA is to run for (3 + 3) years we also consider the
possibility of a (5 + 5) run of NOνA. This is to investigate the possibility of an enhanced sensi-
tivity to δCP using upgradation of current facilities. In Fig. 4, we plot the CP violation discovery
(upper row) and 90%/95% C.L. δCP precision (lower row) for true NH (left panel) or true IH
(right panel). Comparing with Fig. 3, it can be observed that the increased NOνA exposure adds
to the discovery potential, giving values as high as χ2 = 9 (3σ ) for maximal CP violation in
the favourable half-plane in each case and reaching close to χ2 = 4 (2σ ) at some points in the
unfavourable half-plane even though the discovery minima still lie in the wrong-hierarchy region
there. In the precision figures, the allowed regions shrink to an area along the major diagonal (true
δCP = test δCP) corresponding to the right-hierarchy solutions and some off-axis islands corre-
sponding to the wrong-hierarchy solutions arising from the hierarchy-δCP degeneracy. These are,
as expected, in the UHP for true NH and in the LHP for true IH.

4.4. CP sensitivity of T2K (5 + 5) with NOνA (5 + 5) (2024, alternative T2K run)

In this section we consider the possibility of a (5 + 5) run for T2K in conjunction with NOνA
(5 + 5) run. This is a possible extension beyond the projected timescale of the experiments.
Fig. 5 illustrates the CP violation discovery potential, 90% C.L. δCP precision and 95% C.L. δCP

precision for NOνA (5 + 5) + T2K (5 + 5) for θμμ = 39◦, sin2 2θ13 = 0.1 and true NH (left
panel) or true IH (right panel). It may be observed that in this case the discovery potential rises
to well above 3σ for maximal CP violation in the favourable half-plane, and stays above 3σ

between −120◦ < true δCP < −60◦ for true NH and 60◦ < true δCP < 120◦ for true IH. In the
unfavourable half-plane a 2σ discovery signal is achieved over part of the true δCP range, but the
discovery minima still occur with the wrong hierarchy. Similarly, while the off-axis islands in
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Fig. 4. CP violation discovery (upper row) and 90%/95% C.L. δCP precision (lower row) for NOνA (5 + 5) + T2K
(5 + 0) for θμμ = 39◦ , sin2 2θ13 = 0.1 and true NH (left panel) or IH (right panel).

the precision plot corresponding to the wrong-hierarchy δCP solutions vanish at the level of 90%
C.L., they are still not ruled out at 95% C.L. This shows the need for some additional input in
order to resolve the hierarchy-δCP degeneracy in the unfavourable half-plane.

It is worthwhile to analyze the relative contributions of NOνA and T2K in this case, where
they have equal exposures with both neutrinos and antineutrinos. While T2K has better statistics,
NOνA enjoys greater hierarchy sensitivity due to a longer baseline and stronger earth matter
effects. To study this, we plot in Fig. 6 the allowed fraction of δCP values at 90% C.L. for T2K
(5 + 5) and NOνA (5 + 5) as a function of true δCP. This quantity indicates the fraction of test
δCP values which lie in the allowed region for each specific value of true δCP. Hence smaller
values of the allowed CP fraction signify better CP sensitivity.

The figure is plotted for true NH. The three panels correspond to test NH, test IH and a
marginalization over hierarchy. It is observed that for a fixed NH, NOνA does slightly better
than T2K. For test IH, NOνA and T2K perform similarly in the unfavourable half-plane (UHP),
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Fig. 5. CP violation discovery (upper row) and 90%/95% C.L. δCP precision (lower row) for NOνA (5 + 5) +
T2K (5 + 5) for θμμ = 39◦ , sin2 2θ13 = 0.1 and true NH (left panel) or IH (right panel).

but NOνA is much better than T2K in the favourable half-plane (LHP) due to its superior hierar-
chy sensitivity. However, with a marginalization over the unknown hierarchy, NOνA does much
worse than T2K in the unfavourable half-plane.

This anomalous feature can be explained from the 90% C.L. δCP precision plots for T2K
(5 + 5) and NOνA (5 + 5) (true NH) in Fig. 7. The three panels in each column correspond to
test NH, test IH and marginalization over hierarchy. For fixed true and test NH (top row), T2K
has a slightly larger allowed region than NOνA. For test IH (middle row), NOνA does much
better than T2K in terms of the allowed range covered. However, the allowed region of NOνA
for test IH lies within the UHP of true δCP and LHP of test δCP, which is an excluded region
for test NH. Because of these disparate allowed regions, with a marginalization over hierarchy
(bottom row), NOνA gives an allowed region along the axis as well as in the true UHP – test
LHP region, increasing its allowed CP fraction. On the other hand, for T2K, there are significant
overlaps between the allowed regions for test NH and test IH, and the true UHP – test LHP range
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Fig. 6. Allowed CP fraction (90% C.L.) corresponding to each true δCP for NOνA (5+5) and T2K (5+5) for θμμ = 39◦ ,
sin2 2θ13 = 0.1 and true NH, with test NH (top left panel), test IH (top right panel) and marginalization over hierarchy
(bottom panel).

remains excluded in both cases. So a marginalization over hierarchy does not cause as much of
an increase in the allowed CP fraction for T2K as it does for NOνA.

The reason for this difference in the behaviour of NOνA and T2K can be seen at the level
of probabilities. Fig. 8 depicts the Pμe energy spectrum for the T2K and NOνA baselines for
neutrinos and antineutrinos, showing the bands for NH and IH when δCP is varied over the full
range. The curves for δCP = 90◦ and −90◦ are highlighted. It is easy to see that due to the greater
separation between the NH and IH bands for NOνA, the true NH – test IH case shows a clear
degeneracy between the two bands near true δCP = 90◦ and test δCP = −90◦, leading to the true
UHP – test LHP allowed region in the NOνA test IH precision figure. T2K has a much greater
overlap between the NH and IH bands, but in this case, the overlap is more prominent in the
regions of true UHP – test UHP and true LHP – test LHP, corresponding to the allowed areas in
these ranges in the T2K test IH precision figure. Hence in spite of the smaller allowed regions for
NOνA compared to T2K especially for true NH/test IH, the location of the allowed regions leads
to an anti-synergistic combination for NOνA (5+5), giving an overall poorer CP sensitivity than
T2K (5 + 5).
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Fig. 7. 90% C.L. δCP precision for T2K (5 + 5) (left column) and NOνA (5 + 5) (right column) for θμμ = 39◦ ,
sin2 2θ13 = 0.1 and true NH. The three panels in each column correspond to test NH, test IH and marginalization over
hierarchy.
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Fig. 8. Pμe energy spectrum for T2K (upper row) and NOνA (lower row) for neutrinos (left panel) and antineutrinos
(right panel), showing the bands for NH and IH when δCP is varied over the full range. The curves for δCP = 90◦ and
−90◦ are highlighted.

5. CP violation discovery potential of T2K/NOνA: synergies and dependence on
parameters

In this section, we study the behaviour of the CP violation discovery potential as a function
of the neutrino parameters θ13, the neutrino mass hierarchy and the octant of θ23. We also ex-
amine the synergy between the individual channels. The discussion of synergies and parameter
dependence here is for the case T2K (5 + 0) + NOνA (5 + 5), i.e. with a time frame till 2024.

5.1. Synergy between appearance and disappearance channels of T2K/NOνA

The event rates in T2K and NOνA get contributions from both Pμμ and Pμe channels. Due to
the different behaviours of the two channels as a function of δCP and other oscillation parameters,
there is a synergy between them which leads to an enhancement of the CP violation discovery
potential of the combination. In Fig. 9, the CP violation discovery is plotted as a function of true
δCP for the appearance and disappearance channels of NOνA and T2K for θ tr

μμ = 39◦, sin2 2θ tr
13 =

0.1 and true NH. The following features can be observed:
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Fig. 9. CP violation discovery as a function of true δCP for appearance (ap) and disappearance (disap) channels of NOνA
(5 + 5) and T2K (5 + 0) for θ tr

μμ = 39◦ , sin2 2θ tr
13 = 0.1 and true NH. (For interpretation of the colors in this figure, the

reader is referred to the web version of this article.)

1. The CP violation discovery potential principally arises from the appearance channel of
NOνA/T2K, which is a function of Pμe , owing to its dependence on the quantity cos(Δ +
δCP) in the sub-leading term of Eq. (1) as discussed in Section 2. The disappearance chan-
nel offers a weaker δCP sensitivity through a sub-leading dependence on cos δCP [40]. The
blue curve shows that by itself, the disappearance channel (Pμμ) has negligible discovery
potential.

2. Due to the different behaviours of the two channels as a function of δCP and other oscillation
parameters, there is a synergy between them which leads to an enhancement of the CP vio-
lation discovery potential of the combination. Pμe is a function of both sin δCP and cos δCP

while Pμμ depends only on cos δCP. From the green curve, it can be seen that the discovery
potential of the combination is significantly greater than the sum of the discovery χ2 of the
individual channels.

3. Both NOνA and T2K experience this synergy between the appearance and disappearance
channels. In addition, there is a further enhancement of the discovery potential when the two
experiments are combined, as discussed in the previous section.

5.2. Dependence on θ13

The behaviour of CP sensitivity as a function of θ13 can be understood by looking at the
θ13-dependence of the νμ → νe oscillation probability Pμe. As seen in Eq. (1), Pμe has a leading
order term ∼ sin2 θ13 that is independent of δCP, and a sub-leading term ∼ sin 2θ13 that is a
function of δCP. In calculating CP sensitivity χ2, the leading order δCP-independent term cancels
out from the true and test spectra in the numerator, but remains in the denominator. For illustrative
purposes, the χ2 can be expressed as

χ2 ∼ P(δCP) sin2 2θ13

Q sin2 θ13 + R(δCP) sin 2θ13
, (9)

where P , Q, R are functions of the other oscillation parameters apart from δCP and θ13. It is easy
to show that for small values of θ13, χ2 ∼ θ13 which is an increasing function. It is also straight-
forward to consider the other limit, where θ13 is close to 90◦. In this limit, χ2 ∼ (90◦ − θ13)

2
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Fig. 10. CP violation discovery potential of NOνA + T2K as a function of true θ13 for different values of true δCP .
θ tr
μμ = 39◦ and a fixed NH is assumed. θ13 is marginalized in the left panel and fixed in the right panel.

which decreases with θ13. This feature can be understood qualitatively by noting that the lead-
ing order term is independent of δCP and therefore acts as a background to the CP signal [22].
Therefore, CP sensitivity initially increases with θ13, peaks at an optimal value, and then de-
creases with θ13. These features are reflected in Fig. 10 where we plot the CP violation discovery
potential of NOνA + T2K as a function of sin2 2θ tr

13 for two maximally CP-violating values of
true δCP. We assume θ tr

μμ = 39◦ and a fixed normal mass hierarchy. A marginalization over θ13
is done in the left panel and θ13 is fixed to its true values in the right panel. It can be seen that the
discovery χ2 rises for very small values of sin2 2θ13 and reaches its highest value in the range
sin2 2θ13 ∼ 0.08–0.2 before starting to drop off gradually. The vertical lines denote the current
θ13 range (sin2 2θ13 = 0.07–0.13). This figure shows that the range of θ13 that nature has pro-
vided us with is a fortuitous one, since it happens to lie in a region where the sensitivity to CP
violation is maximum with such experiments.

Fig. 11 depicts the CP violation discovery as a function of true δCP for NOνA + T2K (true
NH, θ13 and hierarchy marginalized, θ tr

μμ = 39◦) for two values of sin2 2θ tr
13 at the lower and

higher end of its present range and two values θ13 prior. It can be seen that in the favourable
half-plane of δtr

CP, there is a slight increase in the χ2 with an increase in θ tr
13 in this range, as can be

predicted from Fig. 10. In the unfavourable half-plane, there is again a complicated dependence
of the discovery χ2 on the intrinsic CP violation discovery of the experiments as well as their
hierarchy sensitivity, and since the latter increases significantly with θ13, we observe a more
definite improvement of the overall discovery potential with increasing θ13.

5.3. Dependence on the neutrino mass hierarchy

This aspect has been discussed in detail in [29]. Fig. 12 shows the CP violation discovery as a
function of true δCP for NOνA + T2K for three values of θ tr

μμ, sin2 2θ tr
13 = 0.1 and true NH (left

panel) or IH (right panel). As expected, there is a drop in the discovery χ2 in the unfavourable
half-plane in each case, i.e. in the UHP for true NH and in the LHP for true IH. In these regions,
the discovery minima occur with the wrong hierarchy due to the hierarchy-δCP degeneracy, and
the discovery χ2 is a sum of the intrinsic discovery potential and the hierarchy sensitivity of
NOνA + T2K [29].
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Fig. 11. CP violation discovery as a function of true δCP for NOνA + T2K for three values of θ tr
μμ , two values of

sin2 2θ tr
13 = 0.07,0.13 and true NH, with a marginalization over the hierarchy and θ13.

Fig. 12. CP violation discovery as a function of true δCP for NOνA + T2K for three values of θμμ, sin2 2θ13 = 0.1 and
true NH (left panel) or IH (right panel).

5.4. Dependence on θμμ and octant

In Fig. 12, we can also observe the dependence of the CP violation discovery χ2 on the true
value of θμμ. When true δCP lies in the favourable half-plane, the discovery potential decreases
with increasing θμμ in the current allowed range of θμμ. In the unfavourable half-plane, the
behaviour is more complicated since the discovery minima lie in the wrong-hierarchy region for
part of the range, and the hierarchy sensitivity adds to the discovery χ2. The hierarchy sensitivity
is directly proportional to θμμ, and therefore the overall CP violation discovery potential in these
regions also increases with θμμ.

As seen in Eq. (1), Pμe has a leading order δCP independent term ∼ sin2 θμμ and a sub-leading
δCP dependent term ∼ sin 2θμμ. This is similar to the θ13 behaviour. Thus for smaller values of
θμμ the χ2 is expected to rise, reaching a peak at an intermediate value of θμμ and decreasing
thereafter. This is reflected in the left panel of Fig. 13 where the CP violation discovery potential
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Fig. 13. CP violation discovery potential of NOνA + T2K as a function of true θμμ for two maximally CP-violating
values of true δCP . sin2 2θ tr

13 = 0.1 and a fixed NH is assumed. The θμμ octant is fixed in the left panel and marginalized
in the right panel.

of NOνA + T2K is shown as a function of true θμμ. This plot is drawn for two maximally
CP-violating values of true δCP, sin2 2θ tr

13 = 0.1 and a fixed NH with test θμμ fixed to its true
value. The vertical lines give the present 3σ range of θμμ (θμμ = 35◦–55◦). Therefore, as we
increase θμμ in its allowed range, we see a drop of sensitivity.

The right panel of Fig. 13 is obtained by marginalizing over the octant i.e. assuming no prior
knowledge of the octant in which θμμ lies. We find that for θ tr

μμ < 40◦ or >49◦, there is no
effect of a marginalization over the octant. This is because the octant sensitivity of NOνA +
T2K is good enough (at least 2σ ) in this range of θ tr

μμ to rule out CP discovery solutions in
the wrong octant [44]. The octant χ2 adds to the CP discovery χ2 in the wrong octant and
excludes any minima occurring in that region. For 40◦ < θ tr

μμ < 49◦, the octant sensitivity of
NOνA + T2K is not high enough to exclude wrong-octant solutions, and we see a wiggle in the
discovery χ2 curves signaling the octant-δCP degeneracy. The behaviour is different for δtr

CP =
±90◦, since the LHP is favourable for resolving the octant-δCP degeneracy for true HO and the
UHP is favourable for true LO (in the neutrino mode, which gives the predominant contribution
in these results). This is illustrated in Fig. 14, where the discovery potential of NOνA + T2K is
plotted as a function of true δCP for θ tr

μμ = 43◦ (left panel) and 49◦ (right panel) with and without

a marginalization over the octant. sin2 2θ tr
13 = 0.1 and a fixed NH is assumed. These values of

θ tr
μμ lie within the range of unresolved octant-δCP degeneracy, which shows up as a drop in the

curve in the LHP for θ tr
μμ = 43◦ and in the UHP for θ tr

μμ = 49◦ when the octant is assumed to be
unknown, as expected from the above argument. The favourable half-plane in each case suffers
from no degeneracy. We also see that the drop due to the octant degeneracy is greater in the case
of θ tr

μμ = 43◦ than for 49◦ since the former value lies in the central part of the degenerate region,
while the latter is at the edge.

6. CP violation discovery and δCP precision with combined NOνA, T2K and atmospheric
neutrinos

In general, the CP sensitivity of atmospheric neutrino experiments are limited by the finite de-
tector resolutions. In particular, the angular resolutions need to be very good to have any intrinsic
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Fig. 14. CP violation discovery potential of NOνA + T2K as a function of true δCP for θ tr
μμ = 43◦ (left panel) and 49◦

(right panel), with and without a marginalization over the octant. sin2 2θ tr
13 = 0.1 and a fixed NH is assumed.

CP sensitivity from these experiments [29,66,67]. It has been highlighted in [29], that in spite of
this limitation the atmospheric neutrino experiments can play a crucial role in discovering CP vi-
olation in combination with the current generation LBL experiments T2K and NOνA. The main
reason for this is the ability of the atmospheric neutrino experiments to lift the hierarchy-δCP

degeneracy by excluding discovery χ2 minima occurring with the wrong hierarchy in the un-
favourable half-plane of δtr

CP. This is achieved due to the significant and largely δCP-independent
hierarchy sensitivity of atmospheric neutrino experiments. This was demonstrated in [29] taking
ICAL@INO as the atmospheric neutrino detector. In this work we do a combined study for T2K
+ NOνA + ICAL with different exposures and for both the CP violation discovery potential and
the δCP precision.

6.1. CP sensitivity of ICAL

In this sub-section we explore some details of the CP sensitivity of atmospheric neutrino
experiments. The main issue here is that the atmospheric neutrinos come from all directions.
Hence these experiments face a further challenge of accurately reconstructing the direction apart
from the energy. We investigate how the intrinsic CP sensitivity of atmospheric neutrinos depend
on the energy and angular resolutions and how much sensitivity can be achieved for an ideal
detector.

In Fig. 15 the CP violation discovery potential of ICAL is plotted as a function of the energy
and angular resolution. The curve for angular (energy) resolution is plotted by varying the respec-
tive smearing widths between 3◦–15◦ (3%–15%) while holding the energy(angular) resolution
fixed at 10%(10◦). The figure illustrates the significant role played by the angular resolution of
an atmospheric neutrino detector in its CP sensitivity. With present realistic values of detector
smearing (15%, 15◦), the CP sensitivity of such an experiment is washed out by averaging over
bins in energy and direction, due to the coupling between δCP and Δ = Δ31L/4E in the term
cos(δCP + Δ) in Pμe [29]. With a hypothetical improved angular resolution of 3◦, the CP vio-
lation discovery χ2 may reach values close to 1, going up to 5 for ideal detector resolutions in
both angle and energy.
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Fig. 15. CP violation discovery potential of ICAL as a function of the detector energy and angular resolutions for δtr
CP =

90◦ . θ tr
μμ = 39◦ and a true NH is assumed.

6.2. CP sensitivity of T2K (5 + 0) with NOνA (3 + 3) or (5 + 5) and ICAL 5 years (2024) or
10 years (2028)

Fig. 16 shows the CP violation discovery χ2 and 90%/95% C.L. δCP precision for NOνA (5+
5) + T2K (5+0) + ICAL (5 years). The discovery χ2 is also given for NOνA (3+3), for θμμ =
39◦, sin2 2θ13 = 0.1, true NH (left panel) and true IH (right panel). Fig. 17 plots the CP violation
discovery for NOνA (5+5) + T2K (5+0) with ICAL (10 years). The discovery plots show that
with the addition of 5 years of ICAL data, while the discovery χ2 in the favourable half-planes
is unchanged compared to Fig. 4 as expected, there is a rise of about 3–4 in the χ2 values
over a significant range in the unfavourable half-planes. The figure tells us that the unfavourable
half-plane still exhibits a hierarchy-δCP degeneracy and has discovery minima with the wrong
hierarchy, but the combination of the hierarchy sensitivity of ICAL (5 years) raises the discovery
potential to about 2.5σ over the central part of the unfavourable half-plane for the NOνA (5 + 5)

case, i.e. in the range −120◦ < true δCP < −60◦ (true IH) or 60◦ < true δCP < 120◦ (true NH).
With NOνA (3+3), the discovery potential reaches up to 2.5σ for maximal CP violation in both
half-planes when ICAL 5 years data is added. From Fig. 17, it can be seen that 10 years of ICAL
data provides a complete resolution of the hierarchy-δCP degeneracy and the discovery potential
goes up to 3σ for maximal CP violation in both favourable and unfavourable half-planes.

Regarding the δCP precision, it may be recalled from Fig. 4 (lower row) that with NOνA (5 +
5) + T2K (5 + 0) alone, the 90%/95% C.L. allowed regions include some islands in the off-axis
region, i.e. with δtr

CP in the UHP and δtest
CP in the LHP for true NH and vice versa for true IH.

These correspond to the CP minima occurring with the wrong hierarchy due to the hierarchy-δCP

degeneracy. From the precision plots in Fig. 16, it can be observed that these wrong-hierarchy
solutions go away at both 90% and 95% C.L. when atmospheric neutrino information from ICAL
(5 years) is combined, since this degeneracy is resolved by the addition of hierarchy sensitivity
from ICAL. Thus the combination of atmospheric neutrino experiments with NOνA/T2K can
aid the potential for δCP measurement of the long-baseline experiments by curtailing the allowed
range, and for this purpose ICAL data of 5 years is enough to exclude the wrong-hierarchy
solutions up to 95% C.L. or about 2σ .
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Fig. 16. CP violation discovery (upper row) and 90%/95% δCP precision (lower row) for NOνA (5 + 5) +
T2K (5 + 0) + ICAL (5 years) for θμμ = 39◦ , sin2 2θ13 = 0.1 and true NH (left panel) or IH (right panel).
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Fig. 17. CP violation discovery for NOνA (5 + 5) + T2K (5 + 0) + ICAL (10 years) for θμμ = 39◦ , sin2 2θ13 = 0.1
and true NH (left panel) or IH (right panel).

Fig. 18. CP violation discovery potential of NOνA (5 + 5) + T2K (5 + 0) + ICAL (10 years) as a function of true θμμ

for two maximally CP-violating values of true δCP. sin2 2θ tr
13 = 0.1 and a fixed NH is assumed and θμμ is marginalized

over both octants.

We also study what happens to the octant-δCP degeneracy when ICAL is combined with
NOνA and T2K. Fig. 18 shows the CP violation discovery potential of NOνA (5 + 5) +
T2K (5 + 0) with and without ICAL (10 years) as a function of true θμμ for true δCP = ±90◦
for sin2 2θ tr

13 = 39◦ and a fixed NH, with a marginalization over θμμ. Comparing with Fig. 13,
we see that the wiggle in the 40◦ < θ tr

μμ < 49◦ range corresponding to the octant-δCP degeneracy
is reduced in amplitude and restricted to the range 41◦ < θ tr

μμ < 48◦ when ICAL data is added.
In Fig. 19, the discovery potential of NOνA + T2K with and without ICAL (10 years) is plot-
ted as a function of true δCP for θ tr

μμ = 43◦ (left panel) and 49◦ (right panel) with and without

a marginalization over the octant, for sin2 2θ tr
13 = 0.1 and a fixed NH. These values of θ tr

μμ lie
within the range of unresolved octant-δCP degeneracy, even with the combination of ICAL, but
an improvement in the discovery χ2 is seen in the unfavourable half-plane in each case when
ICAL is added. Since the drop due to the octant degeneracy is greater for θ tr

μμ = 43◦ than for
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Fig. 19. CP violation discovery potential of NOνA (5 + 5) + T2K (5 + 0) + ICAL (10 years) as a function of true δCP
for θ tr

μμ = 43◦ (left panel) and 49◦ (right panel), with and without a marginalization over the octant. sin2 2θ tr
13 = 0.1 and

a fixed NH is assumed.

49◦, the addition of ICAL data entirely overcomes the degeneracy and compensates for the drop
in the 49◦ case, while for 43◦ there is only a partial improvement in the χ2 even when ICAL data
is added.

The effect of ICAL information on the octant-δCP degeneracy is more modest than that for
the hierarchy-δCP degeneracy since the octant sensitivity of ICAL is not as good as its hierarchy
sensitivity [44]. It is still helpful to an extent since, like the hierarchy sensitivity, the octant
sensitivity is nearly independent of δCP.

6.3. CP sensitivity of T2K (5 + 5) with NOνA (5 + 5) and ICAL 5 years (2024) or 10 years
(2028)

Finally, we examine the benefits of adding ICAL to the projected combination of T2K
(5+5) + NOνA (5+5). Fig. 5 showed that while this combination provides good discovery po-
tential (>3σ ) over the central part of the favourable half-plane, the unfavourable half-plane still
suffers from the hierarchy-δCP degeneracy and barely reaches a discovery potential of 2σ over its
central region. Further, the wrong-hierarchy solutions in the δCP precision figure get ruled out at
90% C.L. but not at 95% C.L.

In Fig. 20 we plot the CP violation discovery and 95% C.L. δCP precision for NOνA (5+5) +
T2K (5 + 5) + ICAL (5 years). Fig. 21 depicts the discovery potential for ICAL (10 years). The
figures illustrate that with the addition of 5 years of ICAL data, the discovery potential in the
unfavourable half-plane is improved to about 2.7σ over the range −130◦ < true δCP < −50◦
(true IH) or 50◦ < true δCP < 130◦ (true NH), even though the hierarchy-δCP degeneracy is still
present. The favourable half-plane, as expected, is unaffected by the addition of ICAL. Also, the
small off-axis allowed regions at 95% C.L. in the precision plot for T2K (5+5) + NOνA (5+5)

get excluded when ICAL (5 years) is added. Hence the combination of ICAL constrains δCP with
a higher level of sensitivity. With 10 years of ICAL data, the hierarchy-δCP degeneracy is fully
resolved and the discovery potential of the NOνA + T2K + ICAL combination achieves values
above 3σ over the ranges −120◦ < true δCP < −60◦ as well as 60◦ < true δCP < 120◦, i.e. in
both the favourable and unfavourable half-planes for both hierarchies. Thus the addition of ICAL
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Fig. 20. CP violation discovery (upper row) and 90%/95% C.L. δCP precision (lower row) for NOνA (5+5) + T2K (5+
5) + ICAL (5 years) for θμμ = 39◦ , sin2 2θ13 = 0.1 and true NH (left panel) or IH (right panel).

can provide a more consistent signature of CP violation and a more constrained measurement of
δCP.

7. Conclusions

Measuring CP violation in the lepton sector is one of the most challenging problems today.
We have performed a systematic chronological study of the CP sensitivity of the current and
upcoming long-baseline experiments T2K and NOνA and the atmospheric neutrino experiment
with a prototype of ICAL@INO. We analyze the synergies between these set-ups which may aid
in CP violation discovery and a precision measurement of δCP. This has been done for different
combinations of these experiments which will be achievable at progressive points in time in the
near future. The main role of the atmospheric data is to rule out the wrong hierarchy solutions
which increases the CP sensitivity in the unfavourable parameter regions for T2K/NOνA. Usu-
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Fig. 21. CP violation discovery for NOνA (5 + 5) + T2K (5 + 5) + ICAL (10 years) for θμμ = 39◦ , sin2 2θ13 = 0.1
and true NH (left panel) or IH (right panel).

ally the analysis of CP sensitivity is done assuming the hierarchy/octant to be known – in which
case the wrong hierarchy/wrong octant solutions are excluded a priori. We show how a realistic
atmospheric neutrino experiment can achieve this and quantify the exposure which enables one
to disfavour the wrong hierarchy and/or wrong octant solutions. Below we list the salient features
of our results.

Study of synergies and parameter dependence

• While the CP sensitivity principally arises from the appearance channel of NOνA/T2K, the
appearance and disappearance channels are synergistic due to their different dependences on
δCP. Pμe depends on δCP through the quantity cos(Δ + δCP), while Pμμ only has a cos δCP

dependence. Thus their combination gives a CP sensitivity significantly higher than the sum
of sensitivities of the two channels.

• The results for a combination of T2K and NOνA display hierarchy-δCP degeneracy. This is
manifested as a drop in the CP violation discovery potential in the unfavourable half-plane
of δCP, i.e. the UHP (0–180◦) for true NH and the LHP (−180◦–0) for true IH.

• There is also a degeneracy of δCP with the octant. However because of significant octant
sensitivity of the T2K + NOνA combination, this occurs over a restricted range of θμμ

around the maximal value. For example, for a T2K (5 + 0) + NOνA (5 + 5) combination,
the degeneracy with the octant occurs over the range 40◦ < θ tr

μμ < 49◦. The degeneracy
shows up as a drop in the discovery potential in LHP for true LO (θμμ < 45◦) and in the
UHP for true HO (θμμ > 45◦).

• Although a non-zero θ13 is essential for any measurement of δCP, large values of this pa-
rameter can also impede the CP sensitivity [68]. This is because of the presence of the
δCP independent leading term in Pμe ∼ sin2 θ13, which can act as a background for the
sub-dominant δCP dependent term. However we note that for smaller values of θ13 the CP-
discovery χ2 ∼ θ13 and hence increases with θ13. On the other hand, for larger values of
θ13 the CP-discovery χ2 ∼ (90◦ − θ13)

2 which decreases with θ13. The discovery χ2 attains
its highest value in the range sin2 2θ13 ∼ 0.08–0.2. This tells us that the range of θ13 pro-
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Table 1
Values of maximal CP violation discovery χ2 in the favourable and unfavourable half-planes (FVHP and UVHP) and
percentage of true δCP values allowing CP violation discovery at 2σ/3σ for combinations of experiments at different
chronological points. Here θ tr

μμ = 39◦ , sin2 2θ13 = 0.1 and true NH.

Experiment (timeline) max χ2 in δCP fraction for CPV

UVHP FVHP 2σ 3σ

T2K (3 + 2) (2016) 0.9 3.3 – –
T2K (5 + 0) (2016) 1.2 0.8 – –
T2K (3 + 2) + NOνA (3 + 3) (2020) 3.1 7.5 24% –
T2K (5 + 0) + NOνA (3 + 3) (2020) 3.3 8.2 25% –
T2K (5 + 0) + NOνA (5 + 5) (2024) 4.8 10.7 36% 11%
T2K (5 + 5) + NOνA (5 + 5) (2024) 4.9 12.5 41% 17%
T2K (5 + 0) + NOνA (3 + 3) + ICAL 5 (2024) 6.4 8.3 52% –
T2K (5 + 0) + NOνA (5 + 5) + ICAL 5 (2024) 7.4 10.8 60% 12%
T2K (5 + 5) + NOνA (5 + 5) + ICAL 5 (2024) 7.7 12.7 62% 17%
T2K (5 + 0) + NOνA (5 + 5) + ICAL 10 (2028) 10.7 11.0 60% 27%
T2K (5 + 5) + NOνA (5 + 5) + ICAL 10 (2028) 11.1 12.7 62% 36%

vided by nature lies in an optimal region which is favourable for CP sensitivity with such
experiments.

Chronological study

In Table 1 we summarize the maximum values of CP violation discovery potential in the
unfavourable half-plane of true δCP, and the percentage of true δCP values capable of giving a
CP violation discovery signal at 2σ and 3σ , for different combinations of the experiments T2K,
NOνA and ICAL at progressive points of time over the next 15 years. The following observations
can be made from these results:

• By 2016, T2K is expected to have an effective 5-year run with 1021 pot/year. We consider the
cases of a (5 + 0) versus a (3 + 2) run, and find that with T2K alone, a (3 + 2) run provides
a better CP sensitivity than a neutrino only (5 + 0) run, due to the complementary behaviour
of the neutrino and antineutrino probabilities which partially resolves the hierarchy-δCP de-
generacy in the favourable half-plane of δCP.

• By 2020, NOνA will complete a (3 + 3) run. We combine this with the T2K results for
(3 + 2) and (5 + 0) and find that the combination offers similar CP sensitivity in both cases.
This is because NOνA, with its combined neutrino–antineutrino run, helps in resolving the
hierarchy-δCP degeneracy in the favourable half-plane and overrides the necessity of re-
solving it with T2K. Thus a neutrino-only T2K run proves to be as efficient towards CP
sensitivity as a combined (3 + 2) run when it is taken in tandem with NOνA. In this way the
combination of T2K and NOνA provides a synergy, apart from the improved sensitivity of
the combination purely due to the increased statistics and exposure.

• By 2024, NOνA may have a (5 + 5) run. Combining this with T2K (5 + 0) adds to the
CP sensitivity due to the higher NOνA exposure, and can provide a CP violation discov-
ery potential of up to 3σ in the favourable half-plane and up to 2σ at some points in the
unfavourable half-plane. The δCP precision determination is also improved but still displays
some additional allowed regions in δCP corresponding to the wrong-hierarchy solutions.
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• We also look at an extended (5 + 5) run of T2K, and consider it with NOνA (5 + 5). In this
case the CP violation discovery potential rises well above 3σ for maximal CP violation in
the favourable half-plane. The unfavourable half-plane gives a discovery signal of 2σ over
parts of the true δCP range, but the discovery minima still occur with the wrong hierarchy. In
the δCP precision plots, the wrong-hierarchy allowed regions are ruled out at 90% C.L. but
not at 95% C.L.

• Finally we look at a combination of ICAL@INO with NOνA and T2K, and find that it
resolves many of the issues with degeneracy observed in the NOνA + T2K results. By
2024, ICAL will have at least 5 years of data. With a T2K (5 + 0) + NOνA (5 + 5) + ICAL
(5 years) combination, the CP violation discovery potential still exhibits a hierarchy-δCP

degeneracy and has discovery minima with the wrong hierarchy, but due to the hierarchy
sensitivity of ICAL, the discovery potential is raised to about 2.5σ over the central region
of the unfavourable half-plane. The favourable half-plane is unaffected by the addition of
ICAL. If we consider the situation in 2028, when ICAL is expected to have 10 years of data,
the T2K (5 + 0) + NOνA (5 + 5) + ICAL (10 years) combination completely resolves this
degeneracy and the discovery potential goes up to 3σ in both the favourable and unfavourable
half-planes. The wrong-hierarchy allowed regions in the precision plots that are present for
T2K (5+0) + NOνA (5+5) at 90% C.L. go away at both 90% and 95% C.L. with the T2K
(5 + 0) + NOνA (5 + 5) + ICAL (5 years) combination.

• Combining NOνA and T2K with ICAL (10 years) also gives a modest improvement in
lifting the octant-δCP degeneracy, reducing the range of its effect and improving the discov-
ery potential in the unfavourable half-plane. The advantage in this case is less than for the
hierarchy-δCP degeneracy since the octant sensitivity of ICAL is not as good as its hierarchy
sensitivity.

• For T2K (5 + 5) + NOνA (5 + 5), a combination with ICAL (5 years) improves the dis-
covery potential to about 2.7σ over the central part of the unfavourable half-plane but the
hierarchy-δCP degeneracy is still present. Also, the small off-axis allowed regions at 95%
C.L. in the precision plot for T2K (5+5) + NOνA (5+5) get excluded when ICAL (5 years)
is added. With 10 years of ICAL data, the hierarchy-δCP degeneracy is fully resolved and
the discovery potential of the NOνA + T2K + ICAL combination achieves values above 3σ

over the central part of both the favourable and unfavourable half-planes. Thus the addition
of ICAL can provide a more consistent signature of CP violation and a more constrained
measurement of δCP.

In conclusion, the combination of T2K and NOνA can provide reasonable CP sensitivity for
some values of neutrino parameters but is severely compromised in this regard in other ranges.
The addition of atmospheric neutrino information bearing uniform hierarchy sensitivity may be
crucial in measuring δCP and detecting CP violation in case nature has chosen the parameter
values unfavourable for LBL experiments. This fact has valuable ramifications for current exper-
iments as well as for designing future LBL experiments like LBNO [34], where the inclusion of
atmospheric neutrino data can significantly influence the exposures required for giving a high CP
sensitivity over all allowed parameter values.
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