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Abstract Bayesian analysis results require a choice of prior
distribution. In long-baseline neutrino oscillation physics,
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the usual parameterisation of the mixing matrix induces a
prior that privileges certain neutrino mass and flavour state
symmetries. Here we study the effect of privileging alter-
nate symmetries on the results of the T2K experiment. We
find that constraints on the level of CP violation (as given by
the Jarlskog invariant) are robust under the choices of prior
considered in the analysis. On the other hand, the degree
of octant preference for the atmospheric angle depends on
which symmetry has been privileged.

1 Introduction

Bayesian analyses have become powerful tools in acceler-
ator long-baseline neutrino oscillation measurements [1,2],
due to their flexibility in incorporating non-Gaussian likeli-
hood contributions, highly degenerate parameters, and post-
analysis interpretation of results. However, in these Bayesian
analyses, the choice of prior distribution may impact the
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results, and understanding this effect of prior choice is impor-
tant to interpreting them [3].

Neutrino oscillations are typically described using a uni-
tary mixing matrix, UPMNS , called the Ponte-corvo-Maki-
Nakagawa-Sakata (PMNS) matrix [4,5], using a common
parameterisation, described in Sect. 2. The physical mani-
festation of neutrino oscillations depends only on the moduli
of the matrix elements, yet the parameters in the common
parameterisation are related in a non-trivial way to the phys-
ical observables |Uαi |2. This fact means that commonly used
simple priors may not fully reflect the underlying physics or
potential symmetries of the matrix.

This work explores the flavour symmetry biases induced
by uniform priors on the parameters of the standard PMNS
parameterisation, and investigates alternatives that bring out
the flavour and mass symmetry preferences intrinsic to other
parameterisations. The new priors are applied to T2K’s latest
neutrino oscillation results [6] to quantify the robustness of
its constraints. Section 2 develops a framework for finding
useful alternate parameterisations, and Sect. 3 an interpreta-
tion of the parameterisations used in this analysis. Section 4
discusses the technique used to implement the new priors in
T2K’s analysis and the uncertainties that arise with it. Finally,
Sect. 5 reports the variations in T2K’s constraints induced by
choosing a different prior.

2 Parameterisations of the leptonic mixing matrix

The standard parameterisation of the PMNS matrix, used in
the Particle Data Group’s (PDG) summary [7], was inherited
from the quark sector [8] and proved useful for describing
early results in neutrino oscillation [9,10]. It represents the
mixing matrix using three Tait-Bryan rotation angles [11]
(θ12, θ23, θ13) and a complex phase δCP under the following
construction [12]:

UPMNS ≡ UR = R23Γ
†
δ R13ΓδR12, (1)

where, using the abbreviations si j ≡ sin θi j and ci j ≡ cos θi j ,

R23 ≡
⎛
⎝

1 0 0
0 c23 s23

0 −s23 c23

⎞
⎠ R13 ≡

⎛
⎝

c13 0 s13

0 1 0
−s13 0 c13

⎞
⎠

R12 ≡
⎛
⎝

c12 s12 0
−s12 c12 0

0 0 1

⎞
⎠ Γδ ≡

⎛
⎝
eiδCP 0 0

0 1 0
0 0 1

⎞
⎠ . (2)

Since UPMNS transforms from the mass to the flavour
eigenstates, one can see that R12 acts directly on the mass
basis and is therefore a rotation of the (ν1ν2) plane of mass
states. Similarly, R23 acts on the flavour basis and is a rotation

of the (νμντ ) plane of flavour states. Finally, ΓδR13Γ
†
δ is a

rotation around the (ν3νe) plane, involving both flavour and
mass states.

This construction became the standard in neutrino oscil-
lation analyses because when using it, the smallness of |Ue3|
and the hierarchical structure of the masses (Δm2

21 � Δm2
32)

conspire to make the expressions for solar and atmospheric
mixing surprisingly simple. For atmospheric neutrino ener-
gies and oscillation distances, the Δm2

32 contribution domi-
nates, and so we can approximate the oscillation probabilities
as νμ ↔ ντ mixing with a small contamination from νe. In
the adiabatic MSW limit [13,14], solar experiments become
a measurement of the ν2 component projected onto νe. More-
over, |Ue3| being small, νe survival can be studied as ν1 ↔ ν2

mixing with a small correction from a weakly mixed ν3 state.
In the canonical (or standard) parameterisation1 the angle

θPDG
23 (which defines R23) mixes νμ with ντ and is a nat-

ural extension of the mixing angle in the 2-flavour atmo-
spheric approximation. In the solar sector, the MSW res-
onance is very close to a direct measurement of the inner
product 〈νe, ν2〉 (= |Ue2|), so a parameterisation that has
Ue2 as the simple element, written as sin θ13e−iδCP , would be
most optimal for solar experiments.2 Instead, |Ue3| is small
enough to allow for the ν1, ν2 two-flavour approximation and
makes the standard scheme convenient.

In general, one is free to choose the rotation axes for these
Tait-Bryan rotations, and any set of perpendicular rotations
will give rise to a valid parameterisation of the PMNS matrix.
Although we have infinitely many choices, the only bases we
have a reason to work with are the mass and flavour bases;
therefore, we restrict ourselves to working with rotations
defined around those. More formally, the infinite choices can
be accessed by introducing additional U(3) rotations encoded
in matrices X1, X2 to shift the axes to their desired positions

UPMNS ≡ UX1X2 = X1URX2 (3)

As long as Xi are not the identity, identical values for the
angles θi j will lead to different matrices (UX1X2 �= UR). If
we want to describe the same neutrino mixing using the X
and PDG forms of the PMNS matrix we must find two sets of
mixing parameters θ

X1X2
i j , δ

X1X2
CP and θ PDG

i j , δPDG
CP that fulfil

|UX1X2 |αk = |UPDG |αk . That is, each choice of Xi gives
rise to a new Tait-Bryan parameterisation which redefines
the meaning of the mixing parameters.

We have discussed the origin of the canonical parameter-
isation in neutrino mixing and shown that there are many
choices of Tait-Bryan parameterisations. Under no assump-

1 Often referred to as the PDG parameterisation [15].
2 We can identify the νμντ /ν1ν3 parameterisation presented in section
2 as the matrix in question.
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tions of hierarchy, these are all equivalent. In the next section,
we motivate choices of particular Tait-Bryan parameterisa-
tions for oscillation analysis.

3 Choosing a parameterisation for Bayesian
long-baseline oscillation analysis

Neutrino oscillation analyses are sensitive to the moduli
of the elements of the PMNS matrix |Uαi |, and a linear
combination of the complex phases. To capture the uni-
tary constraints, analysis tools use the standard parameters
(θ12, θ23, θ13) and δCP instead. This presents a problem when
choosing Bayesian priors: since the parameters are not phys-
ically motivated, there is no obvious correct choice for the
prior distributions on the angles themselves, and it is pre-
cisely when making choices of priors over functions on the
angles that choosing a parameterisation becomes important.
Historically, T2K’s Bayesian framework used priors uniform
on convenient expressions of the form sin2 θi3 [16], which
are proportional or closely related to leading order contri-
butions of the angles to the oscillation probability.3 Since
long-baseline experiments lack θ12 sensitivity but require
a constraint on it to make precise measurements of CP-
violation [17,18], analysers are forced to impose a constraint
on this angle. T2K uses the constraint from the global fit to
solar and reactor measurements quoted by the PDG [19] as
its sin2 θ12 prior.

Of additional note is the Jarlskog invariant, which can be
written, JCP = s12c12s23c23s13c2

13 sin δCP [20], in the con-
vention where θ13 is always the intermediate angle. It is of
particular interest to experiments, as the value of JCP governs
CP violation in the lepton sector. JCP is also useful when val-
idating changes of parameterisation: its prior remains invari-
ant for different Tait-Bryan parameterisations, as long as the
priors on the mixing angles take the same form.

In a generic Tait-Bryan parameterisation as defined in
expression 3, the R23 matrix is a rotation along the sec-
ond and third states of some basis νa, νb, νc (in the standard
parameterisation, this is the νe, νμ, ντ basis). On the other
hand, R12 is a rotation of the first two states in some different
basis νx , νy, νz (in the standard parameterisation, this is the
ν1, ν2, ν3 basis). These relations between the elements of a
generic mixing matrix and its mixing parameters is portrayed
in Fig. 1. A key takeaway from this construction is that the
θ13 angle has a different relation to the moduli of the mixing
matrix than θ12 and θ23.

Now, consider priors uniform over the angles or, as is com-
mon in long-baseline analysis, over the square of the sines.

3 This is not the only choice of trigonometric function on the angles:
other Bayesian oscillation fitters, such as NOνA’s, use priors defined
on the square sines of the double angles[2]

Fig. 1 Schematic of the mixing matrix generated by expanding
R23ΓδR13Γ

†
δ R12 between the (νx , νy, νz) and (νa, νb, νc) bases. θ12

is a rotation that mixes the νx and νy columns (red), and θ23 is a rotation
that mixes the νb and νc rows (blue). θ13 measures the magnitude of the
only element untouched by the other angles (green). δCP governs the
diagonality/anti-diagonality (indicated by the arrows) of the cofactor
matrix to the θ13 element (yellow)

Fig. 2 Prior distributions on |UR |i j resulting from uniform priors on
sin2 θ X

i j and δXCP (solid lines) and expected distribution of |UR |i j for
random U(3) matrices as given by the Haar measure (dashed lines). The
upper-right distribution (governed by θ X

13) breaks the 9-fold symmetry
of the Haar-induced prior. The colours mirror the convention used in
figure 1 to highlight the effect of the parameterisation
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Fig. 3 1D and 2D marginalised priors on the standard parameters
induced by the Haar measure of the U(3) matrix space. JCP is the
Jarlskog invariant and is not a free parameter

Fig. 4 Ratio of the largest over smallest weight applied to the MCMC
chains when producing each prior. The ratios are small because the
regions of parameter space which would receive the most extreme
weights are excluded by the solar and/or T2K constraints. These ratios
act as an upper bound for the amplification of the error in the MCMC
approximation of the posterior due to the reweighing. The colors indi-
cate the flavour pair of the prior and the shapes indicate the mass pair

These distributions induce uneven priors on the elements of
the mixing matrix because not all elements are related to the
mixing parameters in the same way: figure 2 shows the depar-
ture from the Haar distribution on the elements of the mixing
matrix induced by setting uniform priors on the Tait-Bryan
parameters. As hinted above, the largest deviation appears
on the element most closely related to the θ13 angle, the only
one that does not directly mix two states in the same basis.

Such priors (uniform in the sin2 θi j and δCP of the host
parameterisation) will be referred to as Tait-Bryan priors,
owing to the name of the parameterisation they are con-
structed on. These are interesting because they enable us to
privilege flavour and mass symmetries, but to gauge their
bias it is useful to compare them to a more general prior that
lacks structural preferences. One good choice is the uniform
prior in the Haar measure [21,22], which uses the topolog-
ical group structure of U(3) to create an invariant volume
element. The Haar prior corresponds to the distribution we
should expect random unitary 3 × 3 matrices to follow, and
is the natural choice if we assume the PMNS has no struc-
tural preferences. The hypothesis described by the Haar prior
is commonly referred to as flavour anarchy [23], because it
represents the antithesis to flavour hierarchies.

The Haar prior can be written in terms of the parameters
of a Tait-Bryan parameterisation as uniform in the squared
sines of the rotational angles sin2 θ12, sin2 θ23, uniform in
the quartic cosine of the third angle cos4 θ13, and uniform in
δCP ; its 1D and 2D projections onto the standard parameters
are shown in Fig. 3, but one should keep in mind that these
are correlated across the 4D parameter space. When written
in terms of the elements of the mixing matrix, they all follow
the same distribution πHaar(Ui j ) = 4|Ui j |(1 − |Ui j |2).

When compared to the flavour anarchic Haar prior, uni-
form priors in Tait-Bryan parameters tend to highlight sym-
metries between the rows and columns containing the states
in the rotation planes of θ12 and θ23. In particular, the canon-
ical parameterisation induces a prior skewed towards νμ/ντ

and ν1/ν2 symmetries. This is made apparent in Fig. 2, where
the shape of the priors corresponds with the parameterisation-
coded colouring from Fig. 1.

When attempting a Bayesian fit in long-baseline oscil-
lation analysis, if the analyser strongly believes in a struc-
tureless mixing matrix, the correct prior is the Haar prior
above. While there is no reason to believe in symmetries
between random non-eigenstates, there is theoretical inter-
est in exact and broken symmetries between mass states and
flavour states [24–26]. We can find Tait-Bryan parameterisa-
tions whose uniform priors privilege each choice of flavour
and mass symmetry by setting rotation planes that contain
the desired states. This leads to 9 such parameterisations,
one of which is the canonical scheme. Up to re-labelling
of the angles and changing the sign of the complex phase,
these 9 parameterisations can be arrived at by changing the
combination and ordering of rotation matrices in Eq. 1 (see
Appendix A). This method was used in [27] to arrive at the
complete matrix expressions, which have been reproduced
in Appendix A. Here we study the robustness of T2K’s lat-
est results [6] under priors derived from these 8 additional
parameterisations.
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Fig. 5 Marginalised 1D and 2D Tait-Bryan priors over the standard
parameters. Each prior was generated by drawing uniformly in some
alternate Tait-Bryan parameterisation (labelled by the symmetry they
privilege). The bottom-left plot on the first page corresponds to the
standard parameterisation (here labelled as νμντ /ν1ν2) and is there-

fore flat everywhere. The plots are arranged in groups of three (left
and right columns on the first page, three plots on the second page) by
the flavour symmetry they privilege. Supplementary material displays
the nine plots according to the symmetries they privilege, and gives an
intuition on how to interpret the priors
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Fig. 5 continued

4 MCMC fits in alternate parameterisations

The reanalysis of T2K’s results is performed by weighting
steps from a Markov chain Monte Carlo (MCMC) analysis
of T2K data, as rerunning the analysis is computationally
expensive. To do this, the ratio between the prior used in the
original analysis and the new priors is calculated and the pos-
terior distributions are reweighted accordingly. While there
is an analytic bijective map between the parameterisations,
propagating the alternate prior distributions onto the standard
parameters analytically is a challenging and time-consuming
task. Instead, the weights are approximated numerically on
a grid. This approximation is performed through the binned
distribution in the original space of a large (1011 draws) uni-

formly distributed sample drawn from the alternate parame-
terisation space.

This method introduces two sources of uncertainty: sta-
tistical uncertainties in the weight approximation, which
become negligible in areas of high posterior density,4 and
amplified uncertainties resulting from giving a large weight
to a sparsely populated posterior bin.

Assuming the approximated weights and the posterior bins
follow Poisson distributions and the number of steps in any
two posterior bins are uncorrelated, the induced uncertainty

4 This is true as long as the assigned weights for steps in the same
posterior bin are largely uncorrelated. We ensure this is the case by
having many more grid points than steps in our Markov-Chain and
studying marginalised 1D and 2D posteriors instead of the complete
4D posterior distribution.
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on the number of steps n in bin b of the reweighted posterior
Var(n(b)) is

Var(n(b)) = N

W
w(b)p(b) + N 2

W
w(b)p2(b) + Nw2(b)p(b)

(4)

where N is the total number of steps in the MCMC chain,
W is the number of draws used in the approximation of the
weights, w(b) is the true weight of bin b and p(b) is the true
value of the unweighted posterior at bin b.

The first two terms can be made arbitrarily small by taking
a large sample in the calculation of the weights; in this study,
their contribution is kept at below 1% of the original bin
uncertainty for the entire 3σ range. We can find an upper
bound for the final term by assuming the largest weights are
given to the low posterior density regions and the smallest
weights are assigned to the highest posterior density bins. In
this scenario, the final term is at most

√
Nw2(b)p(b) ≤ max(w(b′))

min(w(b′))
√
Np(b) (5)

that is, the ratio of largest to smallest weight applied to an
MCMC chain serves as a (conservative) upper bound for the
amplification factor on the variance of the posterior approx-
imation introduced by the new weights.

Figure 4 shows the ratio between the largest and smallest
applied weights of each parameterisation for two sensitivity
analyses and one data chain.5 Taking the largest ratio as an
upper limit of the amplification, the new uncertainty is at most
3 times larger than the original; this is satisfactory because
the statistical uncertainty within the 3σ region of our 2×108

step posterior chains is sub-percent.

5 Results

Figure 5 shows the 1D and 2D marginalised priors derived
from uniform priors in the alternate parameterisations on the
standard parameters. Some parameterisations share a uni-
form prior on δPDG

CP while others favour small/large δCP by
up to 15%. This is the consequence of a re-definition of the
complex phase happening in those parameterisations where
the elements with a complex component swap places with
the purely real ones.6 Since JCP takes the same from under
all parameterisations, every Tait-Bryan prior must assign to

5 The oscillation parameters used in the sensitivity fits are presented in
Appendix B.
6 This is allowed because oscillations are only sensitive to specific linear
combinations of the phases.

Fig. 6 Priors uniform in each of the 9 flavour/mass symmetric Tait-
Bryan parameterisations and Haar prior for the relevant oscillation
parameters, after imposing a Gaussian prior on sin2 θPDG

12 (μ =
0.307, σ = 0.041) derived from the θ12 constraint reported by the
PDG. The priors are labelled by the symmetries they privilege, and
the standard PDG prior is νμντ /ν1ν2. The colours indicate the flavour
pair of the prior, and the line styles indicate the mass pair. Since some
parameterisations share the same row or column symmetry, the lines
often overlap. The y-axis is normalised to the standard uniform prior

it the same distribution. This is precisely what our compu-
tation shows, and serves as a sanity check when changing
parameterisations.

We apply the solar constraint by imposing a Gaussian prior
on sin2 θPDG

12 taken from the global solar constraint in the
PDG report [19] (as is usual in T2K analyses). Doing so on
top of uniform priors on each parameterisation breaks the
invariance and leads to different prior distributions on the
amount of CP violation. This is evident in Fig. 6, where the
alternate parameterisation priors have been applied together
with the solar constraint.

In future oscillation analyses, to more accurately cap-
ture the solar measurement and remove prior reliance on the
smallness of |Ue3|, it is advisable to consider alternative solar
constraints. This could be achieved by using priors derived
from KamLAND’s reactor measurements [28] or by playing
the reparameterisation game to express the solar measure-
ment in a Tait-Bryan scheme where the simple element falls
in Ue2.

Figures 7 and 8 show the 1D and 2D marginalised poste-
riors resulting from applying the Tait-Bryan priors, together
with the solar constraint, to T2K’s latest oscillation anal-
ysis [6]. Although the priors vary significantly (Fig. 6), the
credible regions show only small variations from the original
fit.
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Fig. 7 1D marginalised posterior over the standard parameters of
T2K’s 2022 oscillation analysis, reweighted under the 9 flavour/mass
symmetry and Haar priors. The colours indicate the flavour pair of the
prior and the line styles indicate the mass pair. The grey area corresponds
to the original posterior generated using the PDG prior, and the vertical

lines mark the 1σ (filled) and 2σ (dashed) credible regions. The red
areas include the boundaries of the credible intervals for all the studied
priors, and serve as an indication of how much each interval varies. The
bottom plot shows the fractional bin change from the standard prior

A particularly interesting way to quantify the prior depen-
dence on T2K’s physics conclusions is to ask how it affects
the credible intervals. Despite the fractional bin-by-bin dif-
ferences being up to ≈ 10%, meaningful variations in the
intervals only appear in the sin2 θPDG

23 posteriors. In this lat-
ter case, several alternate priors result in an enhancement of
the posterior in the lower octant, indicating that the weak
upper-octant preference of the original analysis is affected
by the choice of prior.

In terms of CP-violation, while the marginalised posteri-
ors in δCP show some variation, the credible intervals over
the Jarlskog invariant stay effectively constant. Since it is
more closely related to the experimental event rates than the
mixing angles [29], it is not surprising to see that the data
imposes more robust constraints on JCP than on the indi-
vidual mixing parameters. This serves as a reminder that the
Jarlskog invariant is the true measure of CP-violation and
δCP constraints do not give the full picture and shows that
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Fig. 8 2D marginalised
posteriors for T2K’s 2022
oscillation analysis, reweighted
under the 9 flavour/mass
symmetry and Haar priors. The
contour lines correspond to the
1σ , 2σ , and 3σ credible regions,
and often overlap

T2K’s evidence for CP violation is robust under these choices
of prior.

Appendix B presents the results from running this same
analysis on two additional MCMC posteriors which come
from sensitivity analyses. The simulated data for the Asimov
A MCMC chain were generated using parameter values sim-
ilar to T2K’s best fit, and serve to confirm that these results
are not an artefact of some undetected tensions between T2K
samples. The Asimov B MCMC chain uses vastly different
parameter values (though still consistent with existing data)
and serves to verify that the small difference in the posteri-
ors is a consequence of T2K’s strong constraining power and
not an artefact of the region of parameter space favoured by
current data.

6 Conclusion

This work discussed the space of Tait-Bryan parameterisa-
tions of the lepton mixing matrix and their relation to row-
column symmetries. We showed that uniform priors in the
parameters of the standard PMNS parameterisation privi-
lege symmetries between the νμ(1) and ντ(2) flavour (mass)
neutrino eigenstates and constructed a set of nine parame-

terisations that capture all such flavour and masss symme-
tries. We presented a method for applying priors induced by
these parameterisations to Bayesian long-baseline neutrino
oscillation analysis and discussed the additional uncertainties
introduced by this process. Finally, we studied the changes
to T2K’s latest constraints arising from choosing the new
priors. We found no significant alterations to the results on
CP violation in neutrino oscillations; still, the current slight
preference for the upper octant is sensitive to the choice of
prior, and almost vanishes under some of these alternate con-
straints.
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Appendix A Expanded forms of the PMNS matrix in 9
rotation parameterisations

Here we present the full form of the PMNS matrix under the
9 (6 Tait-Bryan and 3 Euler rotations) parameterisations con-
sidered in this analysis. Up to relabeling of the mixing angles
and sign of the complex phase, six of these are equivalent to
the parameterisations derived in [27] by considering different
products of the matrices R23, Γ

†
δ R13Γδ, and R12. For exam-

ple, Uνμντ /ν1ν3 ≡ PI ×UR × P− is structurally equivalent to

the Tait-Bryan rotation R23 × R12 × Γ
†
δ × R13 × Γδ . Using

the construction below, the intrinsic flavour and mass sym-
metries of each parameterisation become more obvious. The
ordering of the parameterisations mirrors the label in Fig. 7,
and expression A.1 is the canonical form. The correspon-
dences with the parameterisations in [27] may be identified
by spotting the position of the single-angle element. The 9
matrices are generated by identifying X1 and X2 with one of
the three 3 × 3 even permutation matrices (i.e. the action of
the alternating group A3):

PI =
⎛
⎝

1 0 0
0 1 0
0 0 1

⎞
⎠ , P+ =

⎛
⎝

0 1 0
0 0 1
1 0 0

⎞
⎠ , P− =

⎛
⎝

0 0 1
1 0 0
0 1 0

⎞
⎠ .

Uνμντ /ν1ν2 = PI ×UR × PI

=
⎛
⎝

c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
s12s23 − c12c23s13e

iδCP −c12s23 − s12c23s13e
iδCP c23c13

⎞
⎠

(A.1)
Uνμντ /ν2ν3 = PI ×UR × P+

=
⎛
⎝
s13e

−iδCP c12c13 s12c13
s23c13 −s12c23 − c12s23s13e

iδCP c12c23 − s12s23s13e
iδCP

c23c13 s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP

⎞
⎠

(A.2)
Uνμντ /ν1ν3 = PI ×UR × P−
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=
⎛
⎝

c12c13 s13e
−iδCP s12c13

−s12c23 − c12s23s13e
iδCP s23c13 c12c23 − s12s23s13e

iδCP

s12s23 − c12c23s13e
iδCP c23c13 −c12s23 − s12c23s13e

iδCP

⎞
⎠

(A.3)
Uνeντ /ν1ν2 = P− ×UR × PI

=
⎛
⎝

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
c12c13 s12c13 s13e

−iδCP

s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP c23c13

⎞
⎠

(A.4)
Uνeντ /ν2ν3 = P+ ×UR × P−

=
⎛
⎝

s23c13 −s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP

s13e
−iδCP c12c13 s12c13

c23c13 s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP

⎞
⎠

(A.5)
Uνeντ /ν1ν3 = P− ×UR × P−

=
⎛
⎝

−s12c23 − c12s23s13e
iδCP s23c13 c12c23 − s12s23s13e

iδCP

c12c13 s13e
−iδCP s12c13

s12s23 − c12c23s13e
iδCP c23c13 −c12s23 − s12c23s13e

iδCP

⎞
⎠

(A.6)
Uνeνμ/ν1ν2 = P+ ×UR × PI

=
⎛
⎝

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
s12s23 − c12c23s13e

iδCP −c12s23 − s12c23s13e
iδCP c23c13

c12c13 s12c13 s13e
−iδCP

⎞
⎠

(A.7)
Uνeνμ/ν2ν3 = P+ ×UR × P+

=
⎛
⎝

s23c13 −s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP

c23c13 s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP

s13e
−iδCP c12c13 s12c13s13e

−iδCP

⎞
⎠

(A.8)
Uνeνμ/ν1ν3 = P+ ×UR × P−

=
⎛
⎝

−s12c23 − c12s23s13e
iδCP s23c13 c12c23 − s12s23s13e

iδCP

s12s23 − c12c23s13e
iδCP c23c13 −c12s23 − s12c23s13e

iδCP

c12c13 s13e
−iδCP s12c13

⎞
⎠

(A.9)

Appendix B Fake data results

To test whether the main results in section 5 are due to the
robustness of T2K’s constraining power or due to the partic-
ular shape of the likelihood in the favoured area of parameter

Table 1 Parameter values for Asimov fits in the T2K experiment

Parameter Asimov A value Asimov B value

sin2 θPDG
12 0.307 0.307

sin2 θPDG
23 0.561 0.45

sin2 θPDG
13 0.022 0.022

δPDG
CP −1.601 0

Δm2
21 2.494 × 10−3 eV2 2.494 × 10−3 eV2

Δm2
32 7.53 × 10−5 eV2 7.53 × 10−5 eV2

space, we run the same analysis on chains generated from
two Asimov datasets [30] at points Asimov A and Asimov B
of the phase space (defined in Table 1). Asimov A is chosen
to recreate posteriors similar to the data fit, and Asimov B is
chosen to represent a scenario with no CP violation and true
lower octant.

Figures 9 and 10 show the 1D marginalised posteriors for
Asimov points A and B, and reweighted with the Tait-Bryan
priors. The results are consistent with the conclusions of sec-
tion 5: the θ23 octant preference weakens for some priors but
the constraints remain largely the same. Although the pos-
teriors for δCP vary substantially (Asimov B experiences a
shift of the highest posterior density from 0 to ±π ), the con-
straints on the amount of CP violation as given by the Jarl-
skog invariant show sub-percent change within the 2σ range.
This falls in line with the fact that T2K has good sensitivity
to the observable JCP , which is a more robust measure of
CP-violation than a prior-dependent extraction to δCP .
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Fig. 9 1D marginalised posterior over the standard parameters of a
T2K Asimov A fit, reweighted under the 9 flavour/mass symmetry and
Haar priors. The black line corresponds to the original posterior gener-
ated using the PDG prior, and the vertical lines mark the 1σ (filled) and

2σ (dashed) credible regions. The bottom plot shows the fractional bin
change from the standard prior. The Asimov point is marked with a red
line
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Fig. 10 1D marginalised posterior over the standard parameters of a
T2K Asimov B fit, reweighted under the 9 flavour/mass symmetry and
Haar priors. The black line corresponds to the original posterior gener-
ated using the PDG prior, and the vertical lines mark the 1σ (filled) and

2σ (dashed) credible regions. The bottom plot shows the fractional bin
change from the standard prior. The Asimov point is marked with a red
line

Appendix C Data release

This study further analyses the results reported in [31],
which provides the associated data. A small Python package
facilitating transformations between the parameterisations
used in this work is available at https://zenodo.org/records/
/17458680?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImE2
NGFlMzIyLTg0NzQtNDYyNi1iNmRmLTVjZGFkMTQ
4OGFiMSIsImRhdGEiOnt9LCJyYW5kb20iOiJmMThmY
zayYjhjYWE3NzIzMjcxN2RiNGMzNWFkYWRmZSJ9

.2GquoVhSxA7VuvDxTrl_rZ7MJBsLcS3kOsgRcsV-T3w
yFlApDO_6_jUS8e9fTL5IvyN2zrOEAe49avdeugyEvg
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