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Effect of a light sterile neutrino at NOvA and DUNE
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Now that the NOvA experiment has been running for a few years and has released some preliminary
data, some constraints for the oscillation parameters can be inferred. The best fits for NOvA include three
degenerate results; the reason they are indistinct is that they produce almost degenerate probability curves.
It has been postulated that these degeneracies can be resolved by running antineutrinos at NOvA and/or
combining its data with T2K. However, this degeneracy resolution power can be compromised if sterile
neutrinos are present due to additional degrees of freedom that can significantly alter the oscillation
probability for any of these best fits. We aim to investigate this degradation in predictive power and the
effect of the DUNE experiment on it. In light of the 2018 NOvA data, we also consider the same fits but
with 6,3 = 45° to see if the sensitivity results are different.
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I. INTRODUCTION

The existence of neutrino oscillation implies that the
mass eigenstates (v, 1,, v3) and flavor eigenstates (v,, v,
v,) of neutrinos do not have one-to-one correspondence;
instead, each mass eigenstate has a different mix of each
flavor eigenstate defined by some mixing matrix (named
the PMINS matrix after Pontecorvo, Maki, Nakagawa, and
Sakata). Solar, atmospheric, and reactor experiments have
put limits on oscillation parameters (primarily 6,, 83, 053,
and Am3,) but are unable to fully resolve the parameter
space. Long baseline (LBL) experiments are required to
determine some of the more elusive parameters including
the mass hierarchy and the CP phase §,3, but unfortunately
this is where several degeneracies arise.

Degeneracies are a big part of neutrino analyses due to
probability expressions that contain many trigonometric
terms which can, for several input parameters, output the
same answer. We focus our attention the mass hierarchy-d,3
(MH-6,3) and octant-6,3 degeneracies. When taken all
together, these degeneracies imply that for certain combi-
nations of 6,3, Am3,, and &;3 we will have multiple sets of
parameters that give the same oscillation probability, and
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thus an experiment may not be able to tell these situations
apart. The true and test parameters we investigate therefore
can be roughly divided into upper and lower ranges, i.e.,
normal hierarchy (NH)/inverted hierarchy (IH), lower
octant (LO)/higher octant (HO), with the midpoint between
these ranges corresponding to maximal mixing (MM).
These ranges are defined by

NH = |Am3,| > 0, (1)
H = |Am3,| <0, (2)
LO = 0,3 < 45°, (3)
HO = 6,3 > 45°, (4)
MM = 0y3 = 45°. (5)

Similarly, when discussing test ranges, we also use the
shorthand wrong octant (WO)/right octant (RO), WH/RH
(wrong hierarchy (WH)/right hierarchy (RH), and
wrong &;3/right 813 (Wé;3/R813) to describe the test
solutions surrounding the correct or incorrect regions in
the parameter space.

In addition to the aforementioned parameter uncertain-
ties, several short baseline experiments have reported
results inconsistent with the three-flavor oscillation para-
digm; for an overview of the anomalies, we refer to Ref. [1].
A possible explanation is that oscillation is still the culprit
and that this implies there is a third independent mass-
squared difference which we label Am3,. The caveat,
though, is that this additional mass splitting must be much
larger than the other two (roughly 1 eV) to get such a
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TABLE 1. The three HO/LO and three MM true solutions
considered in this analysis.

Solution o3 Octant Hierarchy
A -90° LO NH

B 135° HO NH

C -90° HO H
A’ -90° MM NH
B’ 135° MM NH
c -90° MM H

significant effect over such short distances. Additionally,
this implies a fourth mass eigenstate (v,4) and hence, due to
unitarity, a new flavor eigenstate (v,) which we assume
must be “sterile” to not interfere with astrophysical and
particle physics constraints on the sum of active neutrino
masses. Once we have this new splitting, we discover that
in turn we must introduce new oscillation parameters: 64,
924, 934, 514, 534, and Amil.l

For an overview of the phenomenology and experi-
mental constraints on a fourth neutrino, we refer to
Refs. [1-16]. Similarly, for LBL analyses featuring sterile
neutrinos, see Refs. [17-27]. For a more thorough analysis
of 6,3 and d;5 in the 3v case for DUNE, see Ref. [28].

For true values, we use the three best fits from the NOvA
Collaboration 2017 results [29], which are good examples
of degenerate results, as well as the same results but for the
MM case. Note that the significance of some of these
results has dropped in the latest 2018 release [30], but all
are still allowed at around 26. These solutions are outlined
in Table I with the rest of the oscillation parameters
identical between each case. We aim to expand on the
analyses of Refs. [31,32] to analyse all three true
solutions in the case where a sterile neutrino is intro-
duced. We also produce plots with 6,3 = 45° (which was
previously ruled out by NOvA but is now allowed [30])
in each case to examine how the degeneracies and
allowed regions change.

We will refer to these three solutions using the shorthand
from Table I. It is important to analyze these results because
they are examples of solutions degenerate in probability
and thus must be resolved by detector effects or combined
analyses. We also analyze hypotheses with 6,3 = 45°
because these “maximal-mixing” solutions are allowed
by MINOS, T2K, and recently NOvA at 90% C.L.
[33,34]. However, we do not fully explore the maximal-
mixing parameter space because it is beyond the scope of
this analysis and in general should have fewer issues with
degeneracies.

The main part of our analysis is introducing the sterile
parameters and then changing the new sterile phase 64 to

'Note that the choice of which splitting to treat as independent
and which CP phases to use is up to the physicist. For example,
some papers parametrize with ,, instead of &4.

TABLE II. 3v and 4v true and test parameter values
and marginalization ranges. Parameters with N/A are not
marginalized over.

3y parameters True value Test value range
sin® 6, 0.304 N/A
sin?26,5 0.085 N/A

059 40° (35°,55°)

055 50° (35°55%)

M 45° (35°,55°)

013 -90°, 135° (—180°, 180°)
Am3, 7.5 x 1075 eV? N/A

Am?, (NH) 2475 x 1073 eV? (2.300,2.500) x 1073
Am3, (NH) —2.400 x 1073 eV?  (=2.425,-2.225) x 1073
4y parameters

sin? 0,4 0.025 N/A

sin? 0,4 0.025 N/A

034 0° N/A

014 —-90°,90° (—180°, 180°)

O34 0° N/A

Am3, 1 eV? N/A

be several values and investigating its effect on the octant
and mass hierarchy sensitivity, specifically their degener-
acies. The standard three neutrino (3v) and the extended
3 + 1 parameters with the two representative values for 03
are in Table II.

II. OSCILLATION THEORY

Extending to 4v requires modification to the standard
neutrino oscillation equations; it is important to pay
attention to the parametrization chosen, because comparing
mixing angles and CP phases between different choices is
nontrivial. We utilize the same parametrization as in
Ref. [32], defined as

U%Tvms = U(923vO)U(91375CP)U(91270)- (6)

where U(6;;,6;;) is a 2 x 2 mixing matrix,

Cij 5;€"% ) @

—Sl‘jel(sif Cij

in the i, j sub-block of an n xn identity array with
trigonometric terms abbreviated with the notation

i (8)

= cos 6. 9)

Sij = sin Qi

The four-flavor parametrization is then

Ukins = U(034,634)U(024,0)U (014, 814) U ns  (10)
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with new mixing angles 64, 0,4, and 034 and phases 64
and 834. The fourth independent is chosen to be Am3, for
consistency.

The probability expression is simplified with approx-
imations as detailed in [19,32]. Note that the Am7, terms
are averaged over to represent the limited detector reso-
lution, removing explicit dependence, leaving:

dv 2 2 2 2 in2
Pue = (1 = siy — s3,)[4s3;8738in% A,
+ 8513512C12523C23 sin A21 sin A31 COS<A31 + 513)]

+ 451482481383 sin Az; sin(Az; + 813 = 814). (11)
where:

W 12
y= ik (12

The Aj;;, 0,3, and 04 dependent terms can lead to the
MH-CP degeneracies, due to the unconstrained” CP phases
(613 and Oy4) and the sign of Ajs;. Note also that the
antineutrino probability can be obtained by performing the
replacements 63 — —d;3 and d14 = —0d4-

III. EXPERIMENT SPECIFICATION

We run our simulation for the currently running NOvA
experiment [35,36] (with the modified experimental setup
taken from Ref. [37]) as well as the future experiment
DUNE [38,39]. To simulate these experiments, we use the
GLoBES package along with auxiliary files to facilitate
sterile neutrino simulation [40-43].

NOvA is a United States—based experiment with a
baseline of 812 km. It runs from Fermilab’s NuMI complex
in Illinois to a far detector in Ash River, Minnesota. We
assume that NOvA will run for a total of three years in
neutrino mode and three years in antineutrino mode
3+ 3).

If these degeneracies can be solved at all with the current
experiments T2K [34] and NOvA [29], then they may give
the first hints of the values of §;3, 6,3, and the sign of Am% 1
at some significant confidence level.

The addition of sterile neutrinos to the oscillation model
can greatly lower sensitivity to degeneracies for NOvA and
T2K [23], and DUNE is already predicted to have very
good degeneracy resolution [44,45] for 3v, so it is impor-
tant to see how much it is affected by the sterile neutrino. In
addition, to see the how the sensitivity scales for run time,
we simulate DUNE for 2 +2 and 5 + 5.

It is predicted that DUNE, along with other proposed
next-generation long-baseline experiments such as Tokai to

The entire range of d3 is allowed at 2¢ for NH, while in IH,
most of the range is allowed at 36, though the approximate 1/4
plane centred on ;3 = 90° is excluded.

Hyper-Kamiokande [46] and/or Tokai to Hyper-
Kamiokande and Korea [47] will be very sensitive to
sterile induced CP phases [48,49]. As such, they will
contribute much further to oscillation physics once the
current degeneracies and issues are resolved, especially if
sterile neutrinos are present.

IV. IDENTIFYING DEGENERACIES
IN THE 3+1 CASE

A. Degeneracies at the probability level

After taking the standard best fits for oscillation param-
eters from sources such as global fits and oscillation
experiments [50-52] and choosing sterile parameters con-
sistent with Refs. [12,15,53,54], we then set 63, and &34 to
zero because they are not present in the vacuum equation
for P,,, Eq. (11), and we are under the assumption that
matter interactions will not add any significant dependence
to these terms. Finally, we smooth our curves with a
moving box-windowed average to represent the small
oscillations that will be present but cannot be seen in real
data, as mentioned in Sec. II.

When we plot the probability plots for our three true
values into the 4v sector and vary §;4 from —90° to +90°,
our lines will become bands. This may cause additional
overlap where there was none before, thus introducing or
reintroducing specific degenerate solutions. This is the
primary feature we are interested in as it will determine
the sensitivity degradation that would be present in the
3+ 1 case.

For the plots where they are not axis variables, we
marginalize |Am3, |, 85", and 8'%' to minimize y? in the fit.
All of the marginalization ranges are summarized in
Table II.

It can be seen from Fig. 2 that the curve separation for
antineutrinos relative to the neutrino case seen in HO/LO is
lessened for MM. This implies that it will be less important
to run antineutrinos to distinguish these three values. This
is due to the octant-6;3 degeneracy vanishing as 6,3
approaches 45°. The MH degeneracy for results B’ and
C’ is still significant in all cases as with B and C.

1. NOvA

It can be seen that for the unprimed 3v case (Fig. 1) all
three probability curves for NOvA running neutrinos are
almost entirely degenerate, though in the antineutrino case,
only the B and C solutions are degenerate. In the primed
case (Fig. 2), the B’ and C’ solutions are distinct from
the A’ solution for neutrinos and antineutrinos. Extending
to 4v shows bands that are also almost totally overlapping
for neutrinos, while for antineutrinos, 4v, the bands get
closer together again, but solution A is still mostly separate
(Fig. 3). For the primed solutions, the A’ band is still mostly
distinct but now has significant overlap in both neutrinos
and antineutrinos (Fig. 4).
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lines overlaid for NOvA showing the largely degenerate curves
except in the antineutrino case where the LO curve is distinct.
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FIG. 3. Four-flavor probability plots with all three true value

bands overlaid for NOvA. The comparison between the neutrino
and antineutrino cases is similar to the 3v case, but the LO and
HO curves in the antineutrino case do get closer.

2. DUNE

In contrast with the NOvA plot, the 3v DUNE plots
(Fig. 5) show only the A and B neutrino curves overlapping
and no overlap for the antineutrino case, as shown in
Ref. [31]. This points to much better degeneracy resolution
than NOvA, especially while running antineutrinos. The
primed MM case curves (Fig. 6) are widely spaced and
have no overlap for DUNE in the 2-3 GeV range. So, if
MM is the true case, DUNE should have better resolution
power when running neutrinos and slightly worse power
when running antineutrinos. Thus, the MM case does not
have a disparity in neutrino/antineutrino degeneracy reso-
lution power unlike the octant cases. The 4v plots (Fig. 7)
do show overlap, specifically A, B, and some C for
neutrinos and B and C for antineutrinos. Thus, it is possible
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FIG. 4. Same as Fig. 3 but for 6,3 = 45°.
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lines overlaid for DUNE, highlighting the larger separation of
curves for the longer baseline detector.

that some degeneracies can be reintroduced by extending
our parameter space, even with the DUNE detector.
Comparing these plots with the NOvA ones shows that
solution A is still the favored solution for degeneracy
resolution. The probability plots do not tell the whole story,
however, as they do not reflect the statistics of the detector;
therefore, we must do more analysis to get an idea of at
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overlap introduced by the sterile CP phase 4.
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FIG. 8. Same as Fig. 7 but for 6,3 = 45°.

what significance degeneracies arise. Similarly, in the 4v
primed case (Fig. 8), the neutrino overlap improves slightly,
while the antineutrino overlap gets slightly worse.

B. Degeneracies at the detector level

We now analyze our test hypotheses using several y’-
type analyses to see for which values we can resolve the
MH degeneracy, see what regions are allowed at 90% C.L.,
and also look at the CP sensitivity for a variety of true
values. This is necessary because we need to account for
statistical effects and combined neutrino/antineutrino runs.
Note that because 65,4 and d34 do not come into the vacuum
expression for P,, we set them to zero and do not
marginalize. However, for neutrinos propagating in matter,
these extra mixing parameters will contribute from terms
introduced by matter effects. Despite this, these contribu-
tions are small at NOvA and DUNE and as such can be
ignored when performing phenomenological analyses.

When performing the y> analysis, we take the true
parameters to be A, B, or C (then A’, B/, and C’) and
the test parameters to be as specified in Table II including
marginalization ranges for the free parameters.

Our test statistic comes from GLoBES and is defined as

Ntue _ pgtest 2
P = Z (11\7# (13)
i 1

where N'™¢ is the distribution for whatever the current true
value is and N is the distribution for the test values that
are varied over. This is calculated automatically by func-
tions in by the GLoBES program with marginalization
performed manually.

1. NOvA

Exclusion plots.—To investigate the explicit range of true
values for which the MH can be resolved, we can create a
new plot, known as a hierarchy exclusion plot, by varying
the true oscillation parameters, flipping the hierarchy in the
test hypothesis, and marginalizing over every other vari-
able. When we examine the exclusion plots for NOvA
(Fig. 9), we can see that the excluded region for true NH
(true TH) includes the 6,5 = +90° (6,5 = —90°) favored
region; this should be expected because for the favored

NOVA (3v) NOVA (614=90") NOVA (814= —90°)

o Test90% C.L.
W Excluded Region
True NH/ Test IH

True NH / Test IH

True NH / Test IH

613 (true) [degree]

90 I

613 (true) [degree]

35 40 45 50 55 35 40 45 50 55
623 (true) [degree] 623 (true) [degree]

35 40 45 50 55
623 (true) [degree]

FIG. 9. MH exclusion plots for NOvA (3 + 3).

parameters it is predicted that in the 3v case NOvA alone can
resolve the mass hierarchy. Extending into 4 changes these
regions somewhat; e.g., for true NH, 6,4, = 90°, the exclu-
sion zone retreats toward the HO side of our plot, indicating
that the MH degeneracy can only be solved for true values
roughly in the ranges 0,3 > 45° and &3 € (—45°, —135°).
The change in the corresponding true IH plot with 6,4, = 90°
is much less extreme, still allowing MH resolution for some
LO true values. On the other hand, for 6,4 = —90°, both NH
and IH are mostly similar to the 3v case, and as such, the
favored half-planes are mostly excluded.

Allowed region plots.—From Fig. 10, it can be seen that
in the 3v case the plot for A shows one allowed region
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FIG. 10. Allowed region plots in the test 6,3 — §;35 plane for
three different true values of 6,3, 6,3, MH for 3v (first column) as
well as 6,4 + 90° in 4v (second and third columns) all for NOvA.
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surrounding the true value, while the B and C plots have
WO-WH-W6,3, RO-WH-W¢§; and WO-RH-R4,; regions
as well as the correct solution. For the 4v cases, in general,
the regions are broadly the same, though for §;, = +90°,
true value A gains a WH region, while for 6, = —90°, it
gains a WO region. More significantly, for true values B and
C, the regions mostly get larger (though the WO-WH-W§,3
solution for C vanishes). Overall, Fig. 10 shows that solution
A can be resolved more easily than the other cases, by
relating the probability plots to the allowed regions; the
particularly large separation of the curves for antineutrinos
compared to neutrinos contributes strongly to this.

Similarly in Fig. 11, the A’ case is still the one with the
least degeneracy having only a small WH solution when
614 = +90°. In the other MM cases, the MH degeneracy
exists with regions almost reflected about 6,3 = 0°. For
most of these cases, the LO and HO solutions we tested
(0,3 = 40°,50°) are just outside the 90% C.L. regions,
though 0,3 ~ 42.5°,49° are included in all regions, imply-
ing that some HO/LO solutions with less extreme values
cannot be ruled out by NOvA in the MM case.

2. DUNE

Exclusion plots.—Evaluating the exclusion plots for the
reduced or partial run of DUNE 2+ 2 (Fig. 12) and
comparing to NOvA shows that the excluded region
expands to include much of the unfavored half-plane.
On the 6,3 < 45° side of the plot, there is a reasonable
area still allowed, implying that true LO is unfavored for
degeneracy resolution, even at DUNE. In the 6;, = —90°
cases, there is still a small spread at 0,3 = 45°, 6,5 =~ £90°
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for true MH=NH/IH, in which MH degenerate solutions
will still exist.

Extending DUNE’s run to 5 + 5 further increases the
parameter space for which the wrong mass hierarchy can be
excluded (Fig. 13), and only small areas in the unfavored
half-planes remain for 8,5 < 40°, which is roughly 26 to 3¢
outside of NOvA’s current fits depending on the value of
|Am3,|. Because these nonexcluded values are only valid
for 6,3 well below current LO estimates, this reinforces the
prediction that after its full run DUNE will be capable of
resolving the MH degeneracy independently of other
experiments, regardless of 0,3, even in the case of small
sterile mixing.

Allowed region plots.—Evaluating the allowed regions for
DUNE 2 + 2 shows an almost complete disappearance of
WH solutions. Many of the WO solutions are gone, too, for
example the 3v IH scenario in Fig. 14. Despite the
sensitivity improvements over NOvA, some cases still
have particularly bad degeneracies, e.g., true value B has
a WO solution that almost spans §;3’s entire range.

For the MM case with only 2 + 2 running (Fig. 15), the
MH degenerate regions present for NOvA vanish for most

DUNE (3v)

e Test90%C.L.
W Excluded Region

DUNE (614 =90") DUNE (614= —90°)

[
» 0 O @
&G S o 3

IS
&

613 (true) [degree]
I

N
@
&

613 (true) [degree]

[ e e
L oo & 520 DL B &
68 & o &8 68 8

N
@
3

35 40 45 50 55 35 40 45 50 55

35 40 45 50 55
83 (true) [degree]

823 (true) [degree]

023 (true) [degree]

FIG. 13. MH exclusion plots for DUNE (5 + 5).
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cases and only remain for B’ 3v and &, = —90° as small
regions. The size of the regions does not change much
compared to NOVA, so the allowed 8,5 range is roughly the
same though the allowed regions to avoid 6,3 = 40°,50° in
more of the cases. Overall, for DUNE (2 + 2), the trade-off
is between octant true values with degenerate solutions or
maximal-mixing true values with more uncertainty in the
exact value of 6,3.
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From Fig. 16, it can be seen that, despite the additional
probability overlap induced by the sterile parameters, for
DUNE 5 + 5 the degeneracies are practically resolved at
90% C.L. aside from small wrong octant regions for values
A and C with 6,4, = —90° and for B with 6,4, = +90°. This
is due to the fact that hierarchy resolution ability is related
to the baseline of the experiment and, as seen in Fig. 7(b) at
2.5 GeV neutrino energy, DUNE has no overlap for our

3 6u=+9 3 6u=-9%
3 Pl 3 -
E ’ \ E T
) 1 1 1
= LI A | = [ 1
E ool E \ 1
<
I R S iR R RS N RRE P T e
3 su=+9 3 6u=-9%
E N E —
E [ 3 [
3 Ly 3 (.
\ * ~—"
I R s Re i R RS I SR P e
) ~
3 6u=+9 \ 1= -do \
E)’ I [
E 7 E \ 1
1 \ 7
1 1 ~—
-’
E - ,~~
180 e e AT e s L
35 40 45 50 55 35 40 45 50 55 35 40 45 50 55

035042-7

623 (test) [degree]

6,3 (test) [degree]

6,3 (test) [degree]

FIG. 17. Same as Fig. 16 but for 6,3 = 45°.



GUPTA, MATTHEWS, SHARMA, and WILLIAMS

PHYS. REV. D 98, 035042 (2018)

three parameter bands when running antineutrinos; this
allows excellent degeneracy resolution.

In the MM case (Fig. 17), the allowed regions for DUNE
get larger but have no MH degenerate regions. In all cases,
the HO/LO solutions are outside the 90% C.L. regions,
implying good rejection of HO/LO solutions and a good
contribution to the precision measurement of 0,5.

V. CONCLUSION

We extend the analysis from Ref. [32] in light of the
discussions from Ref. [31] regarding the results in
Ref. [29]. We include a light sterile neutrino specified as
such to rectify the short baseline oscillation anomalies.
From our analysis, we see that the degenerate solutions are
predicted to be worse at probability level for the 4v case due
to the additional free parameter space. We find that for
certain values of ;4 the sensitivity of NOvVA to the octant
degeneracy and (to a much lesser extent) hierarchy degen-
eracy may be reduced. We also predict that DUNE 2 + 2
can solve the MH degeneracy at 90% C.L. while some
octant ambiguity still exists. However, extending to the full
DUNE 5 + 5 run removes almost all ambiguity at 90% C.L.
in all cases regardless of d;4. So, it can be seen that for any
of these true values with the sterile hypothesis being correct
or not DUNE can resolve these degeneracies at 90% C.L.
while NOvA alone loses some potential for degeneracy
resolution in the sterile case.

We also find that if the 0,5 value chosen by nature is 45°
then the need for combined neutrino/antineutrino analysis
to distinguish certain results is diminished. This leads to
increased MH resolution power but less precision for the
exact value of #,5. However, it can be seen that DUNE has
similar MH resolution power at 90% C.L. no matter the
case. It remains to be seen over the next few years how
important DUNE will be in this field, depending on what
best fit parameters NOvA and T2K favor.
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Note added.—New results from NOvVA have been pub-
lished recently [30,55,56] and indicate new 1o parameter
ranges,
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Am3, = 244470079 x 1073 eV? (14)

0.558+0041 (HO
sin? s = { —-0.033 ( ) (15)

0.47575:93% (LO),

with best fits of §;3 = 1.21zx ~ —142.2°, HO, NH. These
align somewhat better with previous T2K and MINOS
results and no longer explicitly rule out 6,3 = 45° at
90% C.L. We will still continue to analyze our three values
despite the fact that neither A or B is fully favored and C is
disfavored, because we are interested purely in degeneracy
resolution. With regard to these new preliminary best fits
from NOvA, our sensitivity predictions do not really
change; these results still fall into the favored area for
mass hierarchy resolution, and as such, the NOvA only
loses MH sensitivity in the specific 4v case with 6;4 =
—90° (Fig. 18). The octant region does have more spread
for this true value, but the allowed region does not include
the wrong octant, instead including the maximal-mixing
(03 = 45°) case. For DUNE (2 + 2), the results are similar
(Fig. 19). Therefore, in this case, MM cannot be ruled out at
90% C.L. and may require a combined analysis to
differentiate.
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