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Neutrino mass ordering at DUNE: An extra v bonus
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We study the possibility of extracting the neutrino mass ordering at the future Deep Underground
Neutrino Experiment using atmospheric neutrinos, which will be available before the muon neutrino beam
starts being operational. The large statistics of the atmospheric muon neutrino and antineutrino samples at
the far detector, together with the baselines of thousands of kilometers that these atmospheric (anti)
neutrinos travel, provide ideal ingredients to extract the neutrino mass ordering via matter effects in the
neutrino propagation through Earth. Crucially, muon capture by argon provides excellent charge tagging,
allowing us to disentangle the neutrino and antineutrino signature. This is an important extra benefit of
having a liquid argon time projection chamber as a far detector, that could render an ~3.5¢ extraction of the

mass ordering after approximately 7 yr of exposure.
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I. INTRODUCTION

Neutrino oscillation experiments imply the first depar-
ture from the Standard Model of particle physics, as they
have found overwhelming evidence for the existence of
neutrino masses. Despite the accuracy they provide on the
neutrino oscillation parameters—which is of the order of
the percent level [1]—the sign of the atmospheric mass
splitting, Am3,, and the value of the CP-violating phase &
both remain unknown. The sign of Am3, originates two
possible scenarios, normal (NO) or inverted ordering (I1O)
[2,3]. The sensitivity to the neutrino mass spectrum at
oscillation experiments is mostly coming from the presence
of matter effects [4—13] in the neutrino and antineutrino
propagation. In the normal (inverted) mass ordering
scenario, the neutrino flavor transition probabilities will
get enhanced (suppressed), while in the case of antineutrino
propagation the opposite happens and the antineutrino
flavor transition probabilities will get suppressed
(enhanced) in the normal (inverted) mass ordering scenario.
At long-baseline accelerator experiments, matter effects,
and, consequently, the sensitivity to the mass ordering,
increase with the baseline, while these effects will be
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negligible at short-baseline and medium-baseline experi-
ments. Despite this, when extracting both the mass ordering
and the CP-violating phase from results of long-baseline
facilities, knowledge on the mixing angle 6,5 in a vacuum is
required. Short- and medium-baseline experiments at
reactors have been fundamental to establish strong con-
straints on such an angle. Despite the fact that the neutrino
mass ordering remains unknown, current oscillation data
are mildly favoring the normal ordering scenario. The
authors of Refs. [1,3] have reported a global preference for
normal ordering at the level of 2.7¢ from all long-baseline
accelerator and short-baseline reactor data (i.e., T2K,
NOvA, K2K, MINOS, Daya Bay, RENO, and Double
Chooz).

The future long-baseline facility Deep Underground
Neutrino Experiment (DUNE) [14-16] aims to extract
the sign of the atmospheric mass splitting and the
CP-violating phase 6 through the golden channels v, — v,
and 7, — U,, the same channels exploited by the current
T2K [17,18] and NOvA [19,20] experiments. However,
both quantities can also be extracted using atmospheric
neutrino beams.' Indeed, the idea of using atmospheric
neutrino fluxes to distinguish the type of mass ordering has
been well known in the literature for a long time [23,24].
These pioneer studies focused mostly on muon calorimeter
detectors, such as MONOLITH [25], MINOS [26], or INO
[27], in which the muon charge can be determined; see also
Refs. [28—41]. Furthermore, in the absence of a charged-
current event by event final muon charge discrimination,
the addition of the atmospheric neutrino oscillation data to
the analysis performed in Ref. [1] improves the preference

ISee Ref. [21] and the recent work of [22] for a CP-violation
measurement using sub-GeV atmospheric neutrinos.
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for normal ordering to the level of 3.40, mostly due to the
Super-Kamiokande v, — v, data sample [42], where the
separation among v, and 7, events is done statistically.

Neutrino observatories can also extract the sign of the
atmospheric mass difference with lower energy detection
thresholds for atmospheric neutrino extensions by looking
at the less sensitive but higher statistics muon disappear-
ance channels such as v, - v, and 7, — 1, [43]. The
IceCube Collaboration has recently reported a preference
for NO with a p value of p;g = 15.3% for the 10
hypothesis [44] using data collected by the DeepCore
extension. This will also be the main target for ORCA
[45,46] and PINGU [47-50]; see, e.g., [S1-58].

In this manuscript, we exploit the atmospheric neutrino
signatures at the DUNE detector, a liquid argon time
projection chamber (LArTPC). Despite this detection tech-
nology, in the absence of a magnetic field, not allowing for a
charge identification of the final lepton state, one can make
use of a particular event topology available in argon
detectors: muon capture. This bonus process will provide
a clean measurement of the muon charge that will consid-
erably improve the capabilities of DUNE to perform mass
ordering measurements with atmospheric neutrinos. Notice
that the advantage is twofold, as (i) measurements of the
mass ordering could be available before the beam starts,
and (ii) the combination with the beam information will
notably enhance the expected sensitivity reach. We shall
show that muon capture events could greatly enhance the
sensitivity to the mass ordering from atmospheric neutrinos
only. For an earlier, and preliminary, appraisal of the neutrino
mass ordering sensitivity in DUNE using atmospheric
neutrinos, including a statistical discrimination between
neutrinos and antineutrinos, see Ref. [59]. The latter work
was largely based on previous studies in the framework of
the LBNE project; see [60].

The structure of the paper is as follows: In Sec. II, we
describe the oscillations of atmospheric neutrinos and the
matter effects they undergo. Next, in Sec. III, we discuss
the simulation of the neutrino event rates at the DUNE far
detector and how the muon capture comes into play.
Section IV contains the description of the statistical method
and the main results obtained in this study. Our final remarks
are presented in Sec. V.

II. MATTER EFFECTS AND ATMOSPHERIC
NEUTRINOS

In atmospheric neutrino experiments, the size of matter
effects is given by the effective mixing angle 6,5 in matter,
which leads to the golden channel transitions v, — v,,
Ve = Uy, U, = U,, and U, — 1, and reads, within the simple

two-flavor mixing framework, as

Sin2 2913

sin? 20", =
13 Sin2 2913 -+ (COS 2613 F ﬁ)z
31

.

where the minus (plus) sign refers to neutrinos (antineu-
trinos). The matter potential is given by A = 2v/2G¢N,E,
and N, is the electron number density in Earth’s interior.
Consequently, matter effects will enhance (deplete) the
neutrino (antineutrino) oscillation probabilities P(v, — v,)
and P(v, = v,) [P(D, = D,) and P(D, — D,)] if the mass
ordering is normal. When the resonance condition

Am2, cos 203 = 2v2GpN,E (2)

is satisfied, matter effects are expected to have their largest
contribution. In the case of atmospheric neutrinos, which
travel distances of several thousand of kilometers, and for
Am3, ~2.5x 1072 eV? [1], the resonance condition will
take place at neutrino energies ~3-8 GeV, depending on
the precise value of N, in Earth’s interior.

Matter effects are also present in the muon disappearance
channels P(v, — v,) and P(0, — ©,), relevant for both
long-baseline and atmospheric neutrino beams. In the
simplified case of a constant matter density, the disappear-
ance probability at terrestrial baselines” is given by

P((I/) - (y)) =1 — cos’00sin’203

"
M m
x sin? [ 1.27 <Am31 + A+ (Amg)) ) %]

— sin0%sin%20,;
<Am31 +A—(Amd)™ L]
E

x sin?|1.27

L
— sin*0,35in*207sin? [1 27(Am3, m—],

where 67} is that of Eq. (1) and

A \2
(Am3,)™ = Am%l\/sin2 205 + (cos 2013 F — > .
Amsz,
(4)

The muon survival probabilities will be suppressed
(enhanced) if the ordering is normal (inverted), so the
effect is opposite to the one present in the v, — v,
oscillation channel. Therefore, when dealing with atmos-
pheric neutrino beams, since there is an irreducible muon
neutrino background from v, — v, oscillations, the size of
the matter effects will be reduced. The distance L traveled
through Earth by these atmospheric neutrino beams is fixed

by their arrival zenith angle 6, (with cos 8, = 1 for vertical

*For an expansion with solar mixing effects included, see
Ref. [61].
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FIG. 1. Left panels: Survival probability P(v, = v,) as a
function of the neutrino energy E and the cosine of the zenith
angle, cos 8., for normal (inverted) ordering in the top (bottom)
line. Right panels: The same as in the left panels, but for the
antineutrino channel.

downgoing neutrinos and cos #, = —1 for vertical upgoing
neutrinos):

L —R@<\/<1 +é>2 — (1 =cos0,)? —cost>, (5)

with Rg Earth’s radius and 4 ~ 15 km the neutrino pro-
duction distance from Earth’s surface. The dependence of
the survival probabilities P(v, — v,) and P(7, — 7,) on
the neutrino energy E and the cosine of the zenith angle,
cos @, is shown in the left and right panels in Fig. 1 for
normal and inverted ordering (top and bottom figures),
respectively. Notice that, in the case of normal ordering,
the resonance takes place at the aforementioned energies
(3-8 GeV) for almost vertical upgoing neutrinos, —1 <
cos@, < —0.8, while for the inverted ordering, such a
resonant enhancement in the transition probabilities will
take place in the antineutrino channel instead. Therefore,
even if both the angular and the energy resolution of the
detector should be optimal, the key ingredient to disen-
tangle matter effects (and, ultimately, the neutrino mass
ordering) is to have a detector with muon charge tagging,
generally achieved with a magnetized detector. However, as
we shall shortly see, LArTPCs allow for such a possibility
without the need of a magnetic field.

III. ATMOSPHERIC NEUTRINO EVENTS IN
DUNE: MUON CAPTURE IN ARGON

Our statistical analyses will deal with three possible fully
contained event samples at atmospheric neutrino detectors:

p-like events that undergo muon capture (N;7,), the rest

of the muons and all of the antimuons that undergo muon
decay (Ng?;,;), and e-like events (NV;, j‘e).3

Let us start with the p~-like contained events produced
by the interactions of atmospheric upgoing neutrinos in the
LArTPC DUNE detector. In a LArTPC, both ionization
charge [62,63] and scintillation light [64] information can
be used to infer the neutrino and antineutrino content in a
muon neutrino beam. This is possible by exploiting the
signature of u~ capture on argon nuclei, only available
for contained events. In argon, the effective y~ lifetime
resulting from the competing decay and nuclear capture
processes is given by

T = (l/Tcap + Q/Tfree)_l s (6)

where 7., is the lifetime of the capture process, O = 0.938
is the Huff correction factor [65], and 7y, = 2197.0 ns
[66] is the muon lifetime in a vacuum. The resulting u~
capture fraction is then given by

€ = T/Tcap =1- T/Tfree' (7)

The most precise determination of the y~ lifetime in
argon was obtained in Ref. [67], 7 = (616.9 £ 6.7) ns,
resulting in

€ = (71.9 £ 0.3)%. (8)

This measurement is fully compatible with the earlier
measurement of 7 = (606 +29) ns in Ref. [65] and the
preliminary result from LArIAT of 7 = (626 + 48) ns [68].
In our analysis, we use the central value and uncertainty in
Eq. (8).

For our sensitivity estimates, we also assume a 100%
efficiency for tagging Michel electrons and positrons from
u* decays at rest, as done in Ref. [60]. Any tagging
inefficiency would cause decay events to be misinterpreted
as capture events and should, therefore, be avoided for
optimal muon neutrino and antineutrino separation. We
consider this approximation to be sufficient for the pur-
poses of this feasibility study. Efficiency estimates using
detailed DUNE simulations are not yet publicly available.
Still, early data from ICARUS [69] and LArIAT [68] have
already shown that the Michel electron tagging efficiency
can reach values close to unity in LArTPC detectors using
either charge or light information. In any case, any Michel
electron tagging inefficiency smaller than (1 — ) ~28%
will have a subdominant contribution to the mixing of
muon neutrino and muon antineutrino stopping samples in

*Electron charge identification is impossible at GeV energies,
and we shall consider just one event sample which accounts for
both ¢ and e~ -like events.
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FIG. 2. Number of expected muon events after 400 kt - yr exposure time, separating capture and decay events (first two panels) and
combining all muon-type events (right panel), using the parameters in Table I and sin? 0,; = 0.547.

our analysis, compared to the effect of .~ tracks that do not
capture and decay.

Therefore, it appears possible to select a statistically
significant, highly pure, sample of p~-like atmospheric
neutrino interactions, with an identification efficiency of
€“P as given in Eq. (8). The number of muonlike contained
events in the ith neutrino energy (E,) and jth cosine of
the zenith angle (c,,) bin (both reconstructed quantities)
reads as

2N+t E,; Cruj+ o 1
_ / " dE,, / e, / dE, / de,V,
Vet E,; - Je 0 -1

APy, ,)@.,) cc
(oS Pt s )

X Re(E,,. E,)Ry(0,,.0,). 9)

where d¢,’s are the atmospheric neutrino differential
fluxes, 6“C is the charged current (CC) neutrino cross
sections in argon, Nt is the number of available targets,
Vet 18 the total volume of the detector, V, is the effective
detector volume, and ¢ is the exposure time. Finally,
R.(E,,.E,) and R}(0,,.0,) account for the energy and
angular smearing, respectively.

The p~-like contained events that undergo muon capture
are given by

N?;pﬂ = €CapNi’j’M—, (10)
while the remaining muonlike events are given by
N, = (1= €PNy, + Nijue (11)

In Fig. 2, we show an example for the expected number
of events, fixing the value the oscillation parameters to
the ones in Table I and the atmospheric mixing angle to
sin? @3 = 0.547. In the first two panels, we plot the capture
and decay events separately, respectively, while showing
the combination of both samples in the right panel.

Note that, when trying to reconstruct the right panel, there
can be more degeneracies among parameters in the analysis
than when fitting the two sets independently, and, therefore,
one expects to obtain stronger results. This is indeed the
case, as we will see below.

In the case of electrons, the number of e-like events in
the ith and jth bins in (E,, ¢, ,) reads as

Ni,j,e'(e*)

E, i Crujt o0 1
:27rNTt/ dEm,/ dc,y/ dED/ dc,
E,; c “Jo -1

dPy,,)6.,)
( T dEdQ Gi%e>Pue<we<ﬂe<ﬂ~>%’)

X R¢(E, . E,)R5(0,,.0,). (12)

As previously stated, we just consider one electronlike
event sample N, ; ., which is computed as the sum of N;
and N, j +.

Regarding the atmospheric electron and muon (anti)

. . . d,,
neutrino fluxes, for the differential fluxes E.da that appear

in Egs. (9) and (12), we use the results from Ref. [70],
albeit very similar numbers would have been obtained using
the fluxes from Refs. [71-73]. We shall comment in the
following section on the errors on these atmospheric neutrino
fluxes that have been properly added to other sources of
systematic uncertainties in our numerical studies.

.J.e’ N

TABLE L. The oscillation parameters used to generate the mock
data [1]. We use various values for the atmospheric angle 6,5.

Parameter Normal ordering Inverted ordering
Am3, 7.55 x 1073 eV? 7.55 x 1073 eV?
Ami, 2.50 x 1073 eV? —2.42 x 1072 eV?
sin? 0}, 0.320 0.320
sin 0,5 0.02160 0.0222

0 0

093004-4



NEUTRINO MASS ORDERING AT DUNE: AN EXTRA v ...

PHYS. REV. D 100, 093004 (2019)

The cross sections for muon and electron (anti)neutrino
interactions on argon nuclei in the 0-10 GeV neutrino
energy range have been simulated by means of the GENIE
Monte Carlo neutrino event generator [74]. GENIE is exten-
sively used by the neutrino physics community and by the
DUNE Collaboration, in particular. As our cross section
model, we use the total charged-current (anti)neutrino cross
sections provided by GENIE version 2.12.10 on “°Ar nuclei
(18 protons and 22 neutrons). The model accounts for a
comprehensive list of interaction processes, including qua-
sielastic scattering, baryon resonance production, coherent
pion production in neutrino-nucleus scattering, and deep
inelastic scattering. Nuclear effects affecting total cross
sections are included. Final state hadronic interactions
occurring within the argon target nucleus are not simulated
but indirectly accounted for via our assumed energy and
angular resolution functions.

To compute the effective volume fraction V,/Vg in
Eq. (9) for contained muon events, we have approximated
the DUNE detector to be made of four independent
modules with approximately 13 kton of LAr active mass
each, each of them assumed to have an elliptical cylindrical
shape of 12 m height and major and minor axis of a =
29 m and b = 7.25 m, respectively. For the calculation of
the effective volume, we have taken into account the muon
range in argon, R,(E,), which depends on the lepton
energy. Conservatively, we have also computed the number
of u"-like events, restricting ourselves to the contained
topology. This assumption eases the comparison with
respect to the case in which no flavor tagging is available
and ensures good energy reconstruction for the full muon-
like event sample.

As for the energy and angular smearing inherent to
reconstruction processes and final state hadronic inter-
actions within argon nuclei, Rz (E, ,,E,) and R}(6,,.0,)
in Eq. (9), and R¢(E, . E,) and R(6,,, 6,) in Eq. (12), are
taken to be Gaussian functions. The assumed Gaussian
widths 6/ E and o for v,, 7,, v,, and 7, charged-current
interactions on argon are shown in Fig. 3. We use the
dashed curves in the figure to parametrize the resolutions as
functions of the neutrino energy E,, according to

GE/EI./ = A/Ell/?’

o9 =C/E,+ D. (13)

The numerical values for the parameters in Eq. (13) are
reported in the Appendix. The resolution functions were
obtained via fast Monte Carlo simulations as follows,
similarly to what was done in Refs. [59,60]. First, large
samples of monoenergetic neutrino-argon interactions are
simulated with GENIE, for the various neutrino flavors
(es Ues vy, and 7,) and for the relevant neutrino energy
range 0.5-8 GeV. The GENIE simulation includes nuclear
effects. Second, for each event, each final state particle
exiting the nucleus has its kinetic energy and angular
direction smeared according to the assumptions described

e T
30— —
< 20 — —
S I ]
= — —
S i
© 10 _|
B . Y
- P 1
0 L v b b v b v b v b b by u ]
0 1 2 3 4 5 6 7 8
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20 e
B ‘, v, CC i
! my, CcC B
15— % _|
S Av, CC .
- ff -
- by vv,CcC B
~ - ‘ _
g 10— ]
= - .
L o' i
e I :‘ ]
s - e 3
B RRbbl LT o
Py P N N AN BN I R W
0 1 2 3 4 5 6 7 8
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FIG. 3. Relative neutrino energy resolution oy/E, (top) and

absolute neutrino angular resolution o, (bottom) as a function of
neutrino energy E, assumed in this study, for v,, 7,, v,, and 7,
charged-current interactions on argon nuclei.

in Ref. [60]. The relative energy resolutions are taken to be
1%/+/E, + 1% and 3% and 30%/+/Ey,q for electrons,
muons, and hadrons, respectively, where E, and Ey 4 are
expressed in GeV. The absolute angular resolutions are
taken to be 1°, 1°, and 10°, respectively, for the same three
final state particle categories and for all energies. Third, the
incoming neutrino energy and direction of each interaction
is reconstructed as follows:

E,,=K. ; +m+ ZKr,hv
h

(14)

where K, ; and K, are the reconstructed charged lepton
and hadron kinetic energies, respectively, m; is the charged
lepton mass, the sum »_, is intended over all final state
hadrons, and p,, = p,;+ >, P, is the reconstructed
3-momentum of the incoming neutrino, where the true
neutrino direction is defined along the z axis. Fourth,
histograms of the reconstructed neutrino energy and direc-
tion are obtained for each (neutrino flavor, neutrino energy)
simulated data sample. Fifth, o;/E, and o, for each data

0}",1/ = arCCOS(er,IJ/|ﬁI‘,IJ|)’
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sample are obtained from a Gaussian fit to the energy
histogram and from the mean of the angle histogram,
respectively. The resolution functions are shown in Fig. 3
for each sample via marker symbols. Sixth, the energy
dependence of the resolutions functions is parametrized
according to Eq. (13).

The behavior of the resolution functions in Fig. 3 can be
easily understood. The main effect is that both 6/ E and o,
improve noticeably as the neutrino energy increases. For
og/E, this is a direct consequence of the relative energy
resolutions assumed for electrons and (especially) hadrons,
improving as the particle energies increase. For oy, this is
due to the Fermi momentum of the target nucleon, whose
angular smearing effect is more important at low neutrino
energies. A second, smaller, effect can also be appreciated
in Fig. 3, namely, that antineutrino resolutions are slightly
better than neutrino ones, for both 65/ E and 64. On the one
hand, this is due to the fact that the average inelasticity (or
energy fraction carried away by final state hadrons) is
somewhat lower in antineutrino interactions [75] and, on
the other, because hadron resolutions are substantially
worse than charged lepton ones. An even smaller difference
can be appreciated between the relative energy resolutions
of electron and muon antineutrinos of the same energy.
In this case, electron antineutrino energy resolutions are
slightly better because of the better assumed accuracy in
reconstructing electron energy (1%/+/E, + 1%) compared
to muon energy (3%).

Our energy resolution assumptions in Fig. 3 are similar
to the ones in Refs. [59,60] that use similar methodologies
and assumptions. They are qualitatively similar also to the
ones obtained in more recent studies; see Refs. [75,76].
On the other hand, we are not aware of other neutrino
angular resolutions studies in LArTPCs to compare our
findings with.

IV. ANALYSES AND RESULTS

Here, we describe the statistical analysis and how we
extract the sensitivity to the neutrino mass ordering. In
order to emphasize the impact of the muon capture in
argon, we present two possible analyses. The first case will
assume that no charge identification is possible. Then, we
will focus on the extra bonus that the muon capture in argon
process provides.

In the following, we define a fiducial mass ordering, true
ordering (TO), in order to generate mock data. Then, we try
to reconstruct the event rates using the wrong ordering
(WO) assumption. Although there is some preference for
normal neutrino mass ordering, as previously stated, we
shall also study the case of inverted ordering as TO.

We use Egs. (9) and (12) to generate our mock data,
using the oscillation parameters from Table I and assuming
a 400 kt - yr exposure. We will present our results as a
function of the atmospheric angle 6,5. Therefore, there is
no fixed value for this angle in the table. Notice that, since

our main sensitivity comes from the v, — v, channel, the
effects of the CP-violating phase 6 are negligible, and,
therefore, we set 6 = 0, finding very similar results for
other values of the CP phase.

Next, we try to reconstruct the event rates following the
two methods mentioned above. Before presenting our
results, let us discuss our treatment of systematic uncer-
tainties. We consider several sources of systematic uncer-
tainties in our analyses, coming from the fact that we do not
have a perfect knowledge of the atmospheric flux and
detector response. In particular, we include an overall rate
normalization error accounting for both flux normalization
and detector efficiency uncertainties, an error on the v/o
atmospheric flux ratio, and an error on the v,/v, atmos-
pheric flux ratio. We follow Ref. [60] and assume a 15%,
5%, and 2% Gaussian error on these three quantities,
respectively. We have verified that adding a systematic
on the spectral index of the neutrino flux would have a
negligible effect. As explained in the previous section,
we also add an uncertainty on ¢“*?; see Eq. (8). Apart from
the systematic uncertainties, we also marginalize over the
oscillation parameters Am3,, sin? 03, and sin 6,3 within
their current 3¢ ranges for both orderings, namely,
|Am3,|€[2.31,2.60] x 10~3eV?, sin?6,3€[0.0196,0.0244],
and sin’ 0,5 € [0.455,0.599). It is well known that the solar
parameters do not have big effects in atmospheric neutrino
oscillations; hence, they are fixed to their best-fit values
throughout the analysis.

A. Method A: Analysis without muon capture tagging

In this case, muons and antimuons cannot be distin-
guished. We therefore build a y? function in the following
way:

2 («in2 ptrue :
x5 (sin” @ = min
A( 23 ) sys.Am§1,913~623

Ut 1o o} (15)

We use a Poissonian y?, which for muons is

NTO
By = 2NN NID, NS, boe (). (10
i LJp
TO(WO TO(WO TO(WO
i.j.;<¢ )= Ni,j,/(ﬁ ) +Ni,j,/(f )
muon and antimuon contributions. The same formula
applies to ;(i_ +o+» With the replacement y — e. The results
of our analysis with method A are shown as red curves in
Fig. 4. Note that the sensitivity ranges between 1.5 and 3.5¢
approximately when normal ordering is the TO (solid lines)
and between 1.5 and 20 for true inverted ordering
(dashed line).

where N is the sum of the

B. Method B: Analysis with muon capture tagging

In this other strategy, we use muon capture to distinguish
~T72% of the muons from antimuons. Therefore, this time
our ;(2 function contains three terms, namely,

093004-6
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FIG. 4. The DUNE sensitivity to the neutrino mass ordering as
a function of sin? @53°. Red (blue) lines correspond to analysis
method A (B). Solid lines are for normal ordering as true
ordering, while dashed lines show the sensitivity in the case
of true inverted ordering. The gray band corresponds to the
current 1o region for the atmospheric angle.
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(17)

The electron term is the same as for method A, while the
other two terms, corresponding to the events with muon
capture (cap) and all other events (rest), are given by

NTOX
= N s () 9
i

i.j.u

where X € {cap, rest}; see Egs. (10) and (11). The results
of the analysis with muon capture are shown in Fig. 4 by
the blue curves. As before, true normal ordering is shown as
a solid line, while the case of true inverted ordering is
represented by a dashed line. The gray band in the figure
represents the current 1o allowed region for sin’6,s.
Note how the sensitivity to the mass ordering is now at
the 2.5 —4¢ level, implying an important improvement
with respect to the results obtained with method A. In
particular, for the current best-fit point [1] we find that,
using atmospheric neutrinos with muon capture, DUNE
could measure the neutrino mass ordering at the 3.5¢ level.
Our method B results can also be compared with the results
in the DUNE conceptual design report [59], where a similar
sensitivity reach and dependence on sin? #,3 were obtained.
Compared to Ref. [59], however, our results more clearly
highlight the importance of the muon capture tag.

V. CONCLUSIONS

We have explored the advantages of muon capture on
argon nuclei, a process that improves the sensitivity to the
neutrino mass ordering using atmospheric neutrino events
at the liquid argon time projection chamber DUNE far

detector. This is a very relevant result, since it comes
without any extra cost. Furthermore, it can be combined
with DUNE beam neutrino results, allowing for an
enhancement in the total sensitivity to the mass ordering
determination. It is important to notice that our results are
applicable to any experiment using argon. In the case of
accelerator-based neutrinos, where significant Uy contami-
nation exists in the 7, beam, statistical neutrino and
antineutrino separation based on muon capture could also
be used to enhance DUNE oscillation sensitivities.
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APPENDIX: NEUTRINO ENERGY AND ANGLE
RESOLUTIONS

Figure 3 shows our estimated neutrino energy ocy/E,
(top) and neutrino angle o, (bottom) resolutions as a
function of neutrino energy E,, for charged-current neutrino

TABLE II. Numerical values for the parameters appearing in
Eq. (13) and defining the energy dependence of the neutrino
energy resolution assumed in this work.

Parameter v, U, vy U,
A 224 20.8 22.0 20.3
B 0.582 0.680 0.548 0.625
TABLE III. Numerical values for the parameters appearing in

Eq. (13) and defining the energy dependence of the neutrino
angle resolution assumed in this work.

Parameter v, U, v, v,
C 7.85 8.42 7.79 8.46
D 3.70 2.31 3.71 2.29
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interactions on argon. The resolutions are parametrized
according to Eq. (13). The A and B parameters describing
the relative neutrino energy resolution (in percent) and
the C and D parameters describing the neutrino angle

resolution (in degrees) are given in Tables II and III,
respectively. The parameters are given separately for each
neutrino flavor: v,, 7,, v,, and 7,. The parameters in

Eq. (13) assume that E, is expressed in GeV.
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