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CPT symmetry, the combination of Charge Conjugation, Parity and Time reversal, is a cornerstone of
our model building strategy and therefore the repercussions of its potential violation will severely
threaten the most extended tool we currently use to describe physics, i.e. local relativistic quantum fields.
However, limits on its conservation from the Kaon system look indeed imposing. In this work we will
show that neutrino oscillation experiments can improve this limit by several orders of magnitude and
therefore are an ideal tool to explore the foundations of our approach to Nature.
Strictly speaking testing CPT violation would require an explicit model for how CPT is broken and its
effects on physics. Instead, what is presented in this paper is a test of one of the predictions of CPT
conservation, i.e., the same mass and mixing parameters in neutrinos and antineutrinos. In order to do
that we calculate the current CPT bound on all the neutrino mixing parameters and study the sensitivity
of the DUNE experiment to such an observable. After deriving the most updated bound on CPT from
neutrino oscillation data, we show that, if the recent T2K results turn out to be the true values of
neutrino and antineutrino oscillations, DUNE would measure the fallout of CPT conservation at more than
30. Then, we study the sensitivity of the experiment to measure CPT invariance in general, finding that
DUNE will be able to improve the current bounds on A(Am%l) by at least one order of magnitude. We
also study the sensitivity to the other oscillation parameters. Finally we show that, if CPT is violated in
nature, combining neutrino with antineutrino data in oscillation analysis will produce imposter solutions.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

tion. Tests of CPT conservation might be performed by comparing
the masses of particles and antiparticles. Indeed, these mass differ-

CPT invariance is arguably one of the few sacred cows of par-
ticle physics. Its position as such arises from the fact that CPT
conservation is a natural consequence of only three assumptions:
Lorentz invariance, locality and hermiticity of the Hamiltonian, all
of which have plenty of reasons to be included in our theory, be-
sides CPT itself. In short, the CPT theorem states that particle and
antiparticle have the same mass and, if unstable, also the same
lifetime (for a nice proof of the CPT theorem see Ref. [1]). There-
fore, the consequences of finding evidence of CPT non-conservation
would be gigantic [2]. At least one of the three ingredients above
must be false and our model building strategy would need to be
revisited.

It should be noted however that testing the predictions of CPT
conservation is not strictly equivalent to constraining CPT viola-
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ences might be regarded as CPT violating observables. Neverthe-
less, the interpretation and comparison of bounds from different
observables would only be possible with the consideration of a
particular model of CPT violation.

Having said that, it is also clear that tests of CPT invariance
have been historically associated with the neutral kaon system and
therefore although in the absence of an explicit model any connec-
tion is meaningless, the comparison between kaons and neutrinos
seems unavoidable. A superficial face value extrapolation leaves no
room to be optimistic: the current limits on CPT violation arising
from the neutral Kaon system seem to be quite solid

Im(K% —m(®")|
mg

<0.6x 10718, (1)

However, the strength of this limit is indeed artificial. Its ro-
bustness derives from the choice of the scale in the denomina-
tor, which is arbitrary at any rate and has nothing to do with a
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Fig. 1. Generic CPT violating spectrum. We have not included an overall shift be-
tween the neutrino and antineutrino sector as it cannot be tested by oscillation
experiments.

concrete model of CPT violation. Besides the Kaon is not an el-
ementary particle and therefore this test has more to do with
testing QCD rather than a fundamental symmetry of (elementary)
fermions. Additionally, the parameter present in the Lagrangian is
not the mass but the mass squared and therefore this limit should
be re-written as

im2(K°) —m?(K")| < 0.25 eV? . (2)

Now it becomes obvious that neutrino experiments can test CPT
to an unprecedented extent and therefore can provide stronger
limits than the ones regarded as the most stringent now.! Let us
stress again, however, that without an explicit model for CPT vio-
lation it is not straightforward or even meaningful to compare the
neutrino-antineutrino mass squared differences and the kaon ones.
CPT violation may show up only in one of the sectors and therefore
the strong bounds in one of them might not be directly applicable
to the other.

On the other hand, there are reasons to believe neutrinos are
an ideal probe for CPT violation: quantum gravity is assumed to
be non-local, opening the door to a potential CPT violation. Its ef-
fects however are expected to be Planck suppressed, ie. (v)?/Mp,
exactly in the right ballpark for neutrino experiments to see them.

Furthermore, as it is well known, neutrinos offer a unique mass
generation mechanism, the see-saw, and therefore their masses are
sensitive to new physics and new scales. Scales where non-locality
can be expected to show up. Of course, in lack of a concrete the-
ory of flavor, let alone one of CPT violation, the difference in the
spectra of neutrinos and antineutrinos can appear not only in the
mass eigenstates but also in the mixing between flavor and mass
eigenstates. Neutrino oscillation experiments can test only CPT in
the mass differences and mixing angles. An overall shift on the
spectrum of neutrinos relative to that of antineutrinos cannot be
detected in oscillation experiments and can be bound only by cos-
mological data, see Ref. [3]. It is important to notice that future
kinematical direct searches for neutrino mass use only antineutri-
nos and thus cannot be used as a CPT test on the absolute mass
scale either. (See Fig. 1.)

Studies separating neutrinos and antineutrinos were done in
the past [4-7] under several assumptions. In Ref. [8] the authors
obtained the following model-independent bounds on CPT invari-
ance for the different parameters

|Am2, — Ai3;|  <5.9 x 1072 eV?,

|am3, — Am% | <1.1x 102 eV?,
['sin® 615 — sin® 02| < 0.25, 3)
| sin® 613 — sin®#13| < 0.03,

| sin2 6r3 — Sil‘l2 523| < 0.44,

1 CPT was tested also using charged leptons. However, these measurements in-
volve a combination of mass and charge and are not a direct CPT test. Only neutri-
nos can provide CPT tests on an elementary mass not contaminated by charge.

2 Here we follow the standard convention of denoting neutrino parameters as

Am? Eij.

ij» 0ij» and antineutrino parameters as A

ij

at 30. MINOS has also bounded the difference in the atmospheric
mass-splitting to be

|Am3, — Af3,| < 0.8 x 107> eV?2 (4)

at 30, see Ref. [5]. Although this latter bound is stronger than the
one in Eq. (3), it is not indicated whether it has been obtained af-
ter marginalizing over the atmospheric mixing angle or not. In any
case, it seems clear that the previous bounds in Egs. (3) and (4)
have been derived assuming the same mass ordering for neutrinos
and antineutrinos. Note that different mass orderings for neutrinos
and antineutrinos would automatically imply CPT violation, even if
the same value for the mass difference is obtained. At this point
it is worth noting that, in this work, we are not considering any
particular model of CPT violation and therefore all the results ob-
tained can be regarded as model-independent.

In the light of the new experimental data, mainly from reactor
and long-baseline accelerator experiments, here we are going to
update the bounds on CPT from neutrino oscillation data. We will
use basically the same data considered in the global fit to neu-
trino oscillations in Ref. [9]. Note, however, that in this work we
will analyze neutrino and antineutrino data separately. Given that
current atmospheric experiments, such as Super-Kamiokande [10],
IceCube-DeepCore [11,12] and ANTARES [13], can not distinguish
neutrinos from antineutrinos event by event, we will not include
them in this study. Here we summarize the neutrino samples con-
sidered, indicating in each case the neutrino or antineutrino pa-
rameters they are sensitive to

e solar neutrino data [14-23]: 612, Am%r 013

e neutrino mode in long-baseline experiments K2K [24], MI-
NOS [5,25], T2K [26,6] and NOvA [27,28]: 623, Am%r 613

e KamLAND reactor antineutrino data [29]: 81, Aff3;, 613

e short-baseline reactor antineutrino experiments Daya Bay [30],
RENO [31] and Double Chooz [32]: 613, A%,

e antineutrino mode in long-baseline experiments® MINOS [5,
25] and T2K [26,6]: 23, A3, 013

There is no reason to put bounds on |§ —§| at the moment,
since all possible values of 8 or § are allowed. The exclusion of
certain values of § in Ref. [9] can only be obtained after combining
neutrino and antineutrino data. Hence, performing such an exer-
cise, the most up-to-date bounds on CPT violation are:

|Am3, — Am3,| <4.7 x 107°eV?,
|Am3, — Am3;|  <3.7 x 107 %eV2,
sin 613 — sin® 01| < 0.14,
|sin® 6 in®01,| <0.14 (5)
sin” ¢13 — sIn _13 < 0U.U5,
[sin? @ in?913| < 0.03
sin? 6,3 — sin” B3] < 0.32,
| sin’ & in 03] < 0.32

improving the older bounds in Egs. (3) and (4), except for sin®6;3,
that remains unchanged. Note that the limit on A(Am%l) is al-
ready better than the one of the neutral Kaon system and should
be regarded as the best bound on CPT violation on the mass
squared so far. It should be noted as well that, to obtain these
bounds we assume that neutrinos and antineutrinos have the same
definition of Am?, ie. the mass difference has the same sign. In
principle, of course the mass difference in neutrinos and antineu-
trinos may have a different sign, but in this case one may argue
that the sign difference is already a sign of CPT violation in itself.

3 The K2K experiment took only data in neutrino mode. The NOVA experiment
has not yet published data in antineutrino mode.
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Our article is structured as follows: in section 2 we explain the
details of our simulation of the DUNE experiment. In section 3,
we consider the independent analysis of neutrino and antineu-
trino data performed by the T2K collaboration and analyze the
sensitivity of DUNE to this scenario with neutrino and antineu-
trino parameters fixed by the T2K analysis. In section 4 we check
DUNE's sensitivity to measure CPT violating effects in all the os-
cillation parameters, except the solar ones, to which DUNE will
have no sensitivity. In section 5 we explicitly show that, by per-
forming the joined analysis of neutrino and antineutrino data, fake
solutions, which we dubbed imposter solutions, can be obtained
evidencing that the separate analysis is not an option. It is a must.
Otherwise one risks sacrificing the physics for the sake of statis-
tics. Finally in section 6 we summarize our results and give some
concluding remarks.

2. Simulation of the DUNE experiment

The Deep Underground Neutrino Experiment (DUNE) will con-
sist of two detectors exposed to a megawatt-scale muon neutrino
beam that will be produced at Fermilab. One detector will be
placed near the source of the beam, while a second, much larger,
detector comprising four 10-kiloton liquid argon TPCs will be in-
stalled 1300 kilometers away of the neutrino source. The primary
scientific goal of DUNE is the precision measurement of the pa-
rameters that govern neutrino mixing. To simulate DUNE we use
the GLoBES package [33,34] with the most recent DUNE configu-
ration file provided by the Collaboration [35] used to produce the
plots in Ref. [36]. We assume DUNE to be running 3.5 years in neu-
trino mode and another 3.5 years in antineutrino mode. Assuming
an 80 GeV beam with 1.07 MW beam power, this corresponds
to an exposure of 300 kton-MW-years. This means that, in this
configuration, DUNE will be using 1.47 x 102! protons on target
(POT) per year, which amounts basically in one single year to the
same amount T2K has used in all of its lifetime until now (runs
1-7¢) [26]. Our analysis includes disappearance and appearance
channels, simulating signals and backgrounds. The simulated back-
grounds include contamination of antineutrinos (neutrinos) in the
neutrino (antineutrino) mode, and also misinterpretation of flavors.
Unfortunately, using GLoBES has one disadvantage in the treatment
of backgrounds, since for a given channel, for instance the neutrino
channel, the antineutrino backgrounds are oscillated with the same
probability as the neutrino signals and vice versa. While it is pos-
sible to use a customized probability engine in GLoBES, we have
actually checked that the effect of the backgrounds is negligible.
Therefore, in our analysis we oscillate the backgrounds with the
same parameters as the signal. In any case, in order to mitigate
the impact such a simplification can have, we have increased the
systematic errors due to misidentification of neutrinos by antineu-
trinos and vice versa by a further 25% over the original error given
by the collaboration. Note, however, that this limitation would only
potentially affect the study in section 3, since for the sensitivity
studies we always assume all of the parameters to be equal for
neutrinos and antineutrinos.

3. Probing the T2K neutrino and antineutrino analysis in DUNE

In this section we explore the sensitivity of DUNE to the sep-
arate analysis of neutrino and antineutrino data performed by the
T2K Collaboration in Ref. [6]. Therefore, we consider the best fit
values in this analysis as the true values for the atmospheric pa-
rameters: Am2, = 2.60 x 107> eV? and sin? 6,3 = 0.51 for neutri-
nos and Aim3; =2.62 x 1073 eV? and sin®#,3 = 0.42 for antineu-
trinos. The analysis considers only normal mass ordering, as we
assume that the current hint on this being the path followed by

Table 1
Oscillation parameters considered in the
analysis of Sec. 3.

Parameter Value

Am3, 2.60x1073 eV?
A, 2.62x1073 eV?
sin® 63 0.51

sin 053 0.42

AmZ,, Am3, 7.56 x 1075 eV?
sin® 6y, sin81, 0321

sin®0y3, sin913  0.02155
53 1507
2.75 0.04 ‘

- 0.031

0.02 -

2
31
~
(=)}
LSS s e
< >
o b b b by
2
sin 0
—

[ 203040
25L I P P T
0.4 0.5 0.6 0.4 0.5 0.6

Fig. 2. DUNE expected regions at 20, 30 and 4o in the atmospheric plane sin® 6,3
- Am%1 (left) and the sin®6,3 - sin®6;3 plane (right) for neutrinos (blue) and an-
tineutrinos (red). The stars indicate the assumed true values for neutrino (blue) and
antineutrino (red) oscillation parameters. (For interpretation of the colors in the fig-
ure(s), the reader is referred to the web version of this article.)

Nature will be solid when DUNE turns on. The remaining oscil-
lation parameters are fixed to their best fit value from the cur-
rent global fit of neutrino oscillations in Ref. [9] except for the
CP-violating phase, set to § = 8§ = 37 /2 for simplicity. The neu-
trino and antineutrino oscillation parameters used in this study are
summarized in Table 1. Note that we assume the neutrino oscilla-
tions being parameterized by the usual PMNS matrix Upmns, With
parameters 612, 613, 623, Am3,, Am3,, 8, while the antineutrino os-
cillations are parameterized by a matrix Upyns with parameters
12,013, 023, Aim3;, A3, 8. This results in the same probability
functions for antineutrinos as for neutrinos with the neutrino pa-
rameters replaced by their antineutrino counterparts, besides the
standard change of sign in the CP phase.

We then simulate DUNE neutrino and antineutrino mode data
using the parameters above as the true values and try to recon-
struct them within the sensitivity of the DUNE experiment. In the
antineutrino channel, a prior on the determination of the reac-
tor mixing angle, sin®6@13 = 0.02155 % 0.00090 [9], is considered.
This result comes mainly from the latest measurements of the
Daya Bay reactor experiment [30]. We present the results of the
analysis of neutrino and antineutrino data together in the same
plot, projecting over two-dimensional regions and marginalizing
over the other parameters not plotted. In Fig. 2 (left) we present
the allowed regions at 20, 30 and 40 in the atmospheric plane
(sin® 6,3, Am%l). There one can see that, unlike what happens
for T2K, in DUNE there would be no overlap of the allowed re-
gions at the 3o level, although there would be still some overlap
at the 40 level. To make this point even clearer, we have plot-
ted in Fig. 4 the sensitivity to A(Amé) = |Am%l — Aﬁ%ﬂ and
Asin? 053 = | sin® 623 — sin® B3| from this analysis. There one can
see that for the mass splittings CPT conservation remains allowed
at 10, while for the mixing angles the hypothesis of CPT conser-
vation is disfavored at around the 50 level.
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Fig. 3. DUNE expected regions at 20, 30 and 4o in the sin®6,3 - & plane (left)
and the sin®6;3 - & plane (right) for neutrinos (blue) and antineutrinos (red). The
stars indicate the assumed true values for neutrino (blue) and antineutrino (red)
oscillation parameters and for both (black) in the right panel.
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Fig. 4. Ax? profiles as a function of A(Am%l) and Asin? 63 assuming the param-
eters obtained by T2K as true values.

Note also that the antineutrino run in DUNE alone could resolve
the octant of the atmospheric mixing angle at 3¢ if sin® 6,3 = 0.42
turns out to be the true value. In the right panel of Fig. 2 we see
that the DUNE neutrino mode is not very sensitive to the reactor
angle 63, since values as large as sin 03 = 0.034 (far from the
Daya Bay upper bound) are allowed at the 2o level. On the other
hand, in the right panel of Fig. 3 one can see the impact of consid-
ering a prior on sin613 on the determination of 8. The lack of a
prior in the neutrino mode results in a more reduced sensitivity to
the CP-phase 8. This can also be observed in Fig. 5, where we plot
the A x? profiles of the oscillation parameters. On the contrary, the
neutrino mode is more sensitive to the atmospheric mixing angle
and mass splitting, see lower panels in Fig. 5.

As commented above, the main constraint on the reactor an-
gle in antineutrino oscillations comes from the Daya Bay experi-
ment [30], while in the case of neutrino oscillations no such mea-
surement exists. So, even though the neutrino channel has higher
statistics because of the reduced cross section for antineutrinos,
the constraints from Daya Bay improve drastically the sensitivity
in the antineutrino channel. We will see in Sec. 4 that a good de-
termination of the reactor angle also helps in resolving the octant
problem of the atmospheric angles. For example, when we study
the sensitivity of DUNE to the atmospheric angle for two different
true values of it, we will see that in the neutrino mode the degen-
erate solutions cannot be distinguished from the real solution, but
in antineutrino mode it is disfavored at more than 30 confidence
level, due to the good determination of 63.

25 T I T I T T
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o
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W
—_
wn
S}

sz
IIIIIIIIIIIIIIIIIIIIIIII

2.5 2.6 2.7 0.4 0.5 0.6

2 -3 2 .2
Amy, [107eV] sin 0,
Fig. 5. Ayx? profiles as a function of 8, sin? 63, Am%1 and sin® 63 from the sepa-
rate analysis of neutrino and antineutrino data in DUNE assuming the atmospheric
parameters as determined by the separate analysis by the T2K collaboration.

Table 2

Oscillation parameters used to
simulate neutrino and antineutrino
data analyzed in Sec. 4.

Parameter Value

Am3, 7.56 x 10~%eV?2
Am3, 2.55 x 107 3eV?
sin? 612 0.321

sin? 63 0.43, 0.50, 0.60
sin® 643 0.02155

b 1.507

4. DUNE sensitivity to CPT-violating neutrino oscillation
parameters

In this section we study the sensitivity of DUNE to measure CPT
violation in the neutrino and antineutrino oscillation parameters.
For a given oscillation parameter x, we first perform simulations of
the DUNE experiment with Ax = |x — x| =0, i.e., assuming equal
parameters for neutrinos and antineutrinos. Next, we estimate the
sensitivity of DUNE to Ax # 0. In our analysis of the DUNE neu-
trino and antineutrino mode, we vary freely all the oscillation
parameters except the solar ones, as explained above. The treat-
ment of the reactor angle 013 in the case of the antineutrino mode
is also slightly different, since we put the same prior on sin®613 as
in the previous section. To simulate the data in DUNE we consider
as true parameters the values in Table 2. To explore possible corre-
lations between DUNE CPT sensitivity and the atmospheric octant,
we have chosen three values for 6,3. First we choose its best fit
value as given in Ref. [9], which lies in the lower octant. Then, we
also consider 6,3 in the upper octant as well as maximal atmo-
spheric mixing. After minimizing over all parameters except x and
X, we calculate

x2(A%) = x2(1x = X)) = x2(®) + x*®, (6)
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Fig. 6. The sensitivities of DUNE to the difference of neutrino and antineutrino pa-
rameters: A8, A(Am3,;), A(sin®013) and A(sin®6p3) for the atmospheric angle in
the lower octant (magenta line), in the upper octant (cyan line) and for maximal
mixing (green line).

where we have considered all possible combinations of |x —X|. Our
results are presented in Fig. 6, where we plot three different lines,
labelled as “high”, “max” and “low”. These refer to the assumed
value for the atmospheric angle: in the lower octant (low), maxi-
mal mixing (max) or in the upper octant (high). There, one can see
that there is no sensitivity to A(sin®6;3) = | sin® 613 — sin® 813, nor
to AS =|8 — §|. Note that, in the case of A(sin? 613), there would
be a 30 exclusion only for A(sin? 613) ~ 0.015, which is basically
of the order of sin® 813 = 0.02155. For A§ we would not even dis-
favor any value at more than 2o confidence level.

On the contrary, we obtain very interesting results for A(Am%l)

and A(sin® 6,3). First of all, we find that DUNE should be able to
set bounds on A(AmZ,) tighter than 8.1 x 107> at 30 confidence
level. This would imply an improvement of one order of magnitude
with respect to the old bound in Ref. [5] and four orders of magni-
tude with respect to the neutral Kaon bound, once it is viewed as
a bound on the mass squared. Concerning the atmospheric mixing
angle, we obtain different results depending on the true value as-
sumed to simulate DUNE data. In the lower right panel of Fig. 6 we
see the different behavior obtained for maximal 6,3 and 6,3 in the
upper or lower octant. In the case of true maximal mixing, the sen-
sitivity increases with A(sin®653), as one might expect. However,
if we assume the true values to be in the first or second octant, a
degenerate solution appears in the complementary octant, as can
be seen in Fig. 7. Since there is no prior on sin®6;3 in the neutrino
mode, the second fake solution survives with Ax?2 = 0.15. Hence,
in minimizing over |sin2 623 —sin? 053], a second minimum appears
if one value is in the lower octant and the other one in the upper
one close to the degenerate solution. This means that, if in nature
for example sin® 6,3 ~ 0.43 and sin® 6,3 ~ 0.60, DUNE would be
blind to this difference, as long as no better determination of 613
is obtained. This behavior can be explained by looking at the A x?
profiles of the atmospheric angles in Fig. 7. Note that the neutrino
channel alone is basically blind to the octant discrimination and
then the degenerate solution always appears. Even in the antineu-

70 T T T T
F lower octant
60 —

T T T T T
upper octant

50—

~ 40 —

= - 4 L

< 30— vVil+H4 \

20— — * v —

101 =4 F %

0 | | | ! | A | !
0.4 0.5 0.6 0.4 0.5 0.6

.2 .2
sin 623 sin 923

Fig. 7. The sensitivity to the atmospheric angle for true values in the lower (left)
and upper (right) octant.

trino channel, the degeneration disappears only if sin®6@,3 lies in
the lower octant. If it lies in the upper octant, the degenerate solu-
tion also shows up. This is because the constraint on sin® 943 from
Daya Bay pulls sin® 63 into the lower octant. Hence, both solutions
appear also in this case. Note also that, in the cases considered
here, every single channel on its own could rule out maximal mix-
ing at 40 -70 confidence level.

5. Obtaining imposter solutions

In neutrino experiments whose beam is produced at acceler-
ators, neutrino and antineutrino data are obtained on separated
runs. However, courtesy of the smallness of antineutrino cross sec-
tion as compared to the neutrino one, roughly only one third of
the data are obtained with the former, implying larger statistical
errors. Because of that and under the seemingly “light” assumption
of CPT conservation, it is tempting to perform a joint analysis. Such
a path, as we have shown so far, is not risk-free. First of all, the op-
portunity to set the best limit on the possible CPT violation in the
mass-squared of elementary particles and antiparticles is lost. And
most important, if CPT is violated in Nature, the gain in statistics is
done by sacrificing the physics. The outcome of the joint data anal-
ysis will not be that of either channel but what we call an imposter
solution. A solution which results from the combined analysis but
does not correspond to the true solution of either channel.

Nevertheless, in experiments and also global fits one normally
assumes CPT to be conserved. In this case the x2-functions are
computed according to

Xiptal = X> (V) + (@) (7)
before marginalizing over any of the parameters. In contrast, in
Eq. 6 we first marginalized over the parameters in neutrino and
antineutrino mode separately and then added the marginalized
profiles.

In this section we assume that CPT is violated, but treat our re-
sults as if it was conserved. We assume that the true value for at-
mospheric neutrino mixing is sin® 6,3 = 0.5, while the antineutrino
mixing angle is given by sin®@,3 = 0.43. The remaining oscillation
parameters are fixed to the values in Table 2. If we now combine
the results of our simulations for these values, but assume the
same mixing for neutrinos and antineutrinos in the reconstruc-
tion analysis, we obtain the sensitivity to the atmospheric angle
presented in Fig. 8. We also plot the individual reconstructed pro-
files for neutrinos and antineutrinos for comparison. By combining
the two results we obtain the best-fit value at sin? 53 = 0.467,
disfavoring the true values at close to 30 and more than 50 for
neutrino and antineutrino parameters, respectively.

We also performed a similar study fixing sin® 6,3 = sin 923 =
0.430, but choosing § = 0(0.57) and § = 0.577(0). The results are
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Fig. 8. DUNE sensitivity to the atmospheric angle for neutrinos (blue), antineutrinos
(red) and to the combination of both under the assumption of CPT conservation
(black).
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Fig. 9. Obtaining imposter solutions for the CP-phases. As before, blue (red) line cor-
responds to DUNE sensitivity for neutrinos (antineutrinos). Black line corresponds to
the combined neutrino + antineutrino sensitivity if CPT conservation is assumed.

presented in the left (right) panel of Fig. 9. As it can be seen, the
good sensitivity to § we found before holds only if § ~ 1.5, due
to correlations with #13. Putting 8§ =0 or 0.57 all sensitivity gets
lost. On combining both channels the value of § =0 gets highly
disfavored, close to 50 in one case and more than 7o in the other,
even though it is one of the true values of oscillations.

6. Summary and conclusions

Being the CPT theorem one of the few solid predictions of local
relativistic quantum field theories, the implications of its poten-
tial violation cannot be underestimated. If found, CPT violation will
threaten the very foundations of our understanding of Nature. The
impressive limit on CPT from the neutral Kaon system, normally
referred as the world best bound on CPT, turns out to be very
weak if viewed as constraint on the mass squared. For a true test
one has to turn to neutrino oscillation experiments where more
than four orders of magnitude better limits can be obtained. DUNE
therefore has the capability of obtaining the best limit on the pos-
sible CPT violation in mass-squared of particles and antiparticles
testing the region where a potential CPT violation arising from
non-local quantum gravity, which is suppressed by Planck scale,
is well within reach.

It should be noticed that, due to the current tension between
KamLAND results (using antineutrinos) and solar neutrino experi-
ments (using neutrinos), bounds on the solar mass difference, i.e.,
A(Am%l) are not better than the ones obtained with future DUNE

data for the atmospheric splitting. It is also worth noticing that
since the Daya Bay prior is only applicable on 613, contrary to the
general case, the CP violating phase sensitivity improves in this
mode as compared to the neutrino one.

In summary, regardless of whether the atmospheric mixing an-
gle is in the lower octant, the upper one or it is just maximal
mixing, DUNE will test CPT violation in the atmospheric mass dif-
ference to an unprecedented level, being able to place a bound (if
not finding it)

|Am3, — Am3,| < 8.1 x 107> eV? (8)

at 30 C.L. Four orders of magnitude more stringent than the neu-
tral Kaon mass difference, once written in this form.

As we have explicitly shown, the separate analysis of the neu-
trino and antineutrino runs is not an option. Imposter solutions
crop up in the joint analysis which do not capture the physics of
either mode.
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