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Why neutrinos?
The mystery of neutrino masses The nature of neutrinos

The least known sector of the SM The darkest of all particles
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and far detector data. We perform several analyses using
both Bayesian and frequentist statistical paradigms. Ex-
clusive measurements of (anti)neutrino candidates in the
near detector, one of which is shown in Figure 4, strongly
constrain the neutrino production and interaction mod-
els, reducing the uncertainty on the predicted number of
events in the four single-lepton SK samples from 13-17%
to 4-9%, depending on the sample. The electron-like with
additional charged pion sample’s uncertainty is reduced
from 22% to 19%.
A neutrino’s oscillation probability depends on its en-
ergy, as shown in Eqs. 2 and 3. While the energy dis-
tribution of the T2K neutrino beam is well understood,
we cannot directly measure the energy of each incoming
neutrino. Instead the neutrino’s energy must be inferred
from the momentum and direction of the charged lepton
that results from the interaction. This inference relies on
the correct modeling of the nuclear physics of neutrino-
nucleus interactions. Modeling the strong nuclear force
in multi-body problems at these energies is not computa-
tionally tractable, so approximate theories are used [26–
29]. The potential biases introduced by approximations
in these theories constitute the largest sources of sys-
tematic uncertainties in this measurement. Furthermore,
as well as CCQE interactions, there are non-negligible
contributions from interactions where additional parti-
cles are present in the final state but were not detected
by T2K’s detectors. To check for bias from incorrect
modeling of neutrino-nucleus interactions, we performed
fits to simulated data sets generated assuming a range
of di↵erent models of neutrino interactions [27, 28]. We
compared the measurements of the oscillation parame-
ters obtained from these fits with the measurement from
a fit to simulated data generated assuming our default
model. We observed no significant biases in the obtained
�CP best-fit values or changes in the interval sizes from
any model tested. Any biases seen in the other oscilla-
tion parameters are incorporated as additional sources of
error in the analysis.
The observed number of events at SK can be seen in
Figure 1. The probability to observe an excess over pre-
diction in one of our five samples at least as large as
that seen in the electron-like charged pion sample is 6.9%
for the best-fit value of the oscillation parameters. We
find the data shows a preference for the normal mass
ordering with a posterior probability of 89%, giving a
Bayes factor of 8. We find sin2(✓23) = 0.53+0.03

�0.04 for
both mass orderings. Assuming the normal (inverted)
mass ordering we find �m2

32 = (2.45 ± 0.07) ⇥ 10�3

(�m2
13 = (2.43±0.07)⇥10�3) eV2/c4. For �CP our best-

fit value and 68% (1�) uncertainties assuming the nor-
mal (inverted) mass ordering are �1.89+0.70

�0.58(�1.38+0.48
�0.54),

with statistical uncertainty dominating. Our data show
a preference for values of �CP which are near maximal
CP violation (see Figure 3), while both CP conserv-
ing points, �CP = 0 and �CP = ⇡, are ruled out at
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FIG. 3. The upper panel shows 2D confidence intervals at
the 68.27% confidence level for �CP vs sin2 ✓13 in the normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. The mid-
dle panel shows 2D confidence intervals at the 68.27% and
99.73% confidence level for �CP vs sin2 ✓23 from the T2K +
Reactors fit in the normal ordering, with the colour scale rep-
resenting the value of the likelihood for each parameter value.
The lower panel shows 1D confidence intervals on �CP from
the T2K + Reactors fit in both the normal (NO) and inverted
(IO) orderings. The vertical line in the shaded box shows the
best-fit value of �CP , the shaded box itself shows the 68.27%
confidence interval, and the error bar shows the 99.73% con-
fidence interval. It is notable that there are no values in the
inverted ordering inside the 68.27% interval.

the 95% confidence level, consistent with the previous
T2K measurement [8]. Here, we also produce 99.73%
(3�) confidence and credible intervals on �CP . In the
normal ordering the interval contains [�3.41,�0.03] (ex-
cluding 46% of the range of parameter space), while in
the inverted ordering the interval contains [-2.54,-0.32]
(excluding 65% of the parameter space). The 99.73%
credible interval marginalized across both mass order-

candidate events at the FD, reflecting a significant sup-
pression from the unoscillated expectation of 476. We find
27 ν̄μ → ν̄e candidate events with an estimated background
of 10.3þ0.6

−0.5 , a 4.4σ excess over the predicted background.

This observation is the first evidence of ν̄e appearance in a
ν̄μ beam over a long baseline. These new antineutrino data
are analyzed together with 113 νμ and 58 νμ → νe candi-
dates from the previous data set.
Table IV shows the overall best-fit parameters and the

best fits for each choice of θ23 octant and hierarchy. The
best-fit point is found for the normal hierarchy with θ23 in
the upper octant where −2 lnL ¼ 157.1 for 175 degrees of
freedom (goodness of fit p ¼ 0.91 from simulated experi-
ments). The measured values of θ23 and Δm2

32 are con-
sistent with the previous NOvAmeasurement [21] that used
only neutrino data, and are consistent with maximal mixing
within 1.2σ.
Confidence intervals for the oscillation parameters are

determined using the unified approach [62,63]. Figure 2
compares the 90% confidence level contours in Δm2

32 and
sin2 θ23 with those of other experiments [19,20,64,65].
Figure 3 shows the allowed regions in sin2 θ23 and δCP.
These results exclude δCP values in the inverted mass
hierarchy from −0.04 to 0.97π in the lower θ23 octant and
0.04 to 0.91π in the upper octant by more than 3σ. The data
prefer the normal hierarchy with a significance of 1.9σ
(p ¼ 0.057, CLs ¼ 0.091 [66]) and the upper θ23 octant
with a significance of 1.6σ (p ¼ 0.11) [67].

We are grateful to Stephen Parke (FNAL) for useful
discussions. This document was prepared by the NOvA
collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work was
supported by the U.S. Department of Energy; the U.S.
National Science Foundation; the Department of Science
and Technology, India; the European Research Council; the
MSMT CR, GA UK, Czech Republic; the RAS, RFBR,
RMES, RSF, and BASIS Foundation, Russia; CNPq and
FAPEG, Brazil; STFC, and the Royal Society, United
Kingdom; and the state and University of Minnesota.
This work used resources of the National Energy
Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility
operated under Contract No. DE-AC02-05CH11231. We
are grateful for the contributions of the staffs of the
University of Minnesota at the Ash River Laboratory
and of Fermilab.
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FIG. 2. The 90% confidence level region for Δm2
32 and sin

2 θ23,
with best-fit point shown as a black marker [61], overlaid on
contours from other experiments [19,20,64,65].
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and far detector data. We perform several analyses using
both Bayesian and frequentist statistical paradigms. Ex-
clusive measurements of (anti)neutrino candidates in the
near detector, one of which is shown in Figure 4, strongly
constrain the neutrino production and interaction mod-
els, reducing the uncertainty on the predicted number of
events in the four single-lepton SK samples from 13-17%
to 4-9%, depending on the sample. The electron-like with
additional charged pion sample’s uncertainty is reduced
from 22% to 19%.
A neutrino’s oscillation probability depends on its en-
ergy, as shown in Eqs. 2 and 3. While the energy dis-
tribution of the T2K neutrino beam is well understood,
we cannot directly measure the energy of each incoming
neutrino. Instead the neutrino’s energy must be inferred
from the momentum and direction of the charged lepton
that results from the interaction. This inference relies on
the correct modeling of the nuclear physics of neutrino-
nucleus interactions. Modeling the strong nuclear force
in multi-body problems at these energies is not computa-
tionally tractable, so approximate theories are used [26–
29]. The potential biases introduced by approximations
in these theories constitute the largest sources of sys-
tematic uncertainties in this measurement. Furthermore,
as well as CCQE interactions, there are non-negligible
contributions from interactions where additional parti-
cles are present in the final state but were not detected
by T2K’s detectors. To check for bias from incorrect
modeling of neutrino-nucleus interactions, we performed
fits to simulated data sets generated assuming a range
of di↵erent models of neutrino interactions [27, 28]. We
compared the measurements of the oscillation parame-
ters obtained from these fits with the measurement from
a fit to simulated data generated assuming our default
model. We observed no significant biases in the obtained
�CP best-fit values or changes in the interval sizes from
any model tested. Any biases seen in the other oscilla-
tion parameters are incorporated as additional sources of
error in the analysis.
The observed number of events at SK can be seen in
Figure 1. The probability to observe an excess over pre-
diction in one of our five samples at least as large as
that seen in the electron-like charged pion sample is 6.9%
for the best-fit value of the oscillation parameters. We
find the data shows a preference for the normal mass
ordering with a posterior probability of 89%, giving a
Bayes factor of 8. We find sin2(✓23) = 0.53+0.03

�0.04 for
both mass orderings. Assuming the normal (inverted)
mass ordering we find �m2
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13 = (2.43±0.07)⇥10�3) eV2/c4. For �CP our best-

fit value and 68% (1�) uncertainties assuming the nor-
mal (inverted) mass ordering are �1.89+0.70

�0.58(�1.38+0.48
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with statistical uncertainty dominating. Our data show
a preference for values of �CP which are near maximal
CP violation (see Figure 3), while both CP conserv-
ing points, �CP = 0 and �CP = ⇡, are ruled out at
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FIG. 3. The upper panel shows 2D confidence intervals at
the 68.27% confidence level for �CP vs sin2 ✓13 in the normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. The mid-
dle panel shows 2D confidence intervals at the 68.27% and
99.73% confidence level for �CP vs sin2 ✓23 from the T2K +
Reactors fit in the normal ordering, with the colour scale rep-
resenting the value of the likelihood for each parameter value.
The lower panel shows 1D confidence intervals on �CP from
the T2K + Reactors fit in both the normal (NO) and inverted
(IO) orderings. The vertical line in the shaded box shows the
best-fit value of �CP , the shaded box itself shows the 68.27%
confidence interval, and the error bar shows the 99.73% con-
fidence interval. It is notable that there are no values in the
inverted ordering inside the 68.27% interval.

the 95% confidence level, consistent with the previous
T2K measurement [8]. Here, we also produce 99.73%
(3�) confidence and credible intervals on �CP . In the
normal ordering the interval contains [�3.41,�0.03] (ex-
cluding 46% of the range of parameter space), while in
the inverted ordering the interval contains [-2.54,-0.32]
(excluding 65% of the parameter space). The 99.73%
credible interval marginalized across both mass order-

candidate events at the FD, reflecting a significant sup-
pression from the unoscillated expectation of 476. We find
27 ν̄μ → ν̄e candidate events with an estimated background
of 10.3þ0.6

−0.5 , a 4.4σ excess over the predicted background.

This observation is the first evidence of ν̄e appearance in a
ν̄μ beam over a long baseline. These new antineutrino data
are analyzed together with 113 νμ and 58 νμ → νe candi-
dates from the previous data set.
Table IV shows the overall best-fit parameters and the

best fits for each choice of θ23 octant and hierarchy. The
best-fit point is found for the normal hierarchy with θ23 in
the upper octant where −2 lnL ¼ 157.1 for 175 degrees of
freedom (goodness of fit p ¼ 0.91 from simulated experi-
ments). The measured values of θ23 and Δm2

32 are con-
sistent with the previous NOvAmeasurement [21] that used
only neutrino data, and are consistent with maximal mixing
within 1.2σ.
Confidence intervals for the oscillation parameters are

determined using the unified approach [62,63]. Figure 2
compares the 90% confidence level contours in Δm2

32 and
sin2 θ23 with those of other experiments [19,20,64,65].
Figure 3 shows the allowed regions in sin2 θ23 and δCP.
These results exclude δCP values in the inverted mass
hierarchy from −0.04 to 0.97π in the lower θ23 octant and
0.04 to 0.91π in the upper octant by more than 3σ. The data
prefer the normal hierarchy with a significance of 1.9σ
(p ¼ 0.057, CLs ¼ 0.091 [66]) and the upper θ23 octant
with a significance of 1.6σ (p ¼ 0.11) [67].
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FIG. 2: E↵ect of an underestimation of the missing energy
in the calorimetric energy reconstruction on the confidence
regions in the (✓13, �) plane, see text for details. The true
values of the oscillation parameters are indicated by the dot,
and are the same for all contours shown.

particles in the final state.
The fitted event rates are smeared using a di↵erent

function. In the ideal case where no particle escapes de-
tection, the neutrino energy would be smeared according
to a Gaussian distribution centered around the true neu-
trino energy, whose width depends on the energy smear-
ing of the di↵erent particles observed. In our analysis,
the event rates used to fit the data are smeared using
a linear combination between the two cases described
above: the realistic scenario where migration matrices
are used, and the ideal case with a Gaussian smearing
around the true energy. By varying the coe�cients in
this linear combination, the e↵ective smearing function
obtained can be deformed smoothly from one situation
to the other. In this way, we introduce a way to manu-
ally tune the amount of missing energy in the oscillation
analysis, while at the same time we account for the e↵ect
of realistic energy resolutions of the detector.

To illustrate how the energy reconstruction is a↵ected
by the missing energy, in Fig. 1 we show an example
for deep-inelastic ⌫e scattering at the true energy E⌫ =
2.95 GeV. The solid line presents the reconstructed-
energy distribution calculated from the Monte Carlo sim-
ulations with all detector e↵ects. Should no energy be
missing, the distribution would be centered at the true
value of the neutrino energy, as the dot-dashed curve. A
common way used in the literature to parametrize the
resolution in neutrino energy in oscillation experiments

is by using a Gaussian function with a simple function for
its standard deviation: �(E⌫) = ↵+�

p
E⌫ +�E⌫ , where

E⌫ is the true neutrino energy in GeV. Typical values
used in phenomenological studies of liquid argon detector
experiments are �(E⌫) = 0.15

p
E⌫ , see e.g. Refs. [43–

46]. In our case, we use the migration matrices which
have been obtained from the event generator, and fit the
result to a Gaussian with a width in the above form. In
the case of ⌫e DIS events (i.e., the dot-dashed curve in
Fig. 1), the best-fit to the matrices is given by a Gaussian
with standard deviation �(E⌫) = 0.158E⌫ + 0.13

p
E⌫ .

Finally, the dashed curve, obtained from linear interpo-
lation between the dot-dashed and solid lines, represents
an intermediate situation in which 50% of the missing en-
ergy is accounted for: the two distributions used in the
linear interpolation do have the same width, while their
central value di↵ers due to the impact of missing energy
in the events. It should also be noted that, for each type
of neutrino interaction considered in this work, the width
of the distribution obtained when computing the migra-
tion matrices is generally di↵erent.
Based on Monte Carlo studies, the hadronic energy un-

certainty in the MINOS experiment has been estimated
not to exceed 8.2% [47]. However, in view of the re-
ported di�culties with the description of nuclear e↵ects
in modern simulations [48], our results are presented for
uncertainties up to 30%.
The allowed confidence regions from the oscillation

analysis are shown in the (✓13, �) plane in Fig. 2. In this
figure, the di↵erent contours have been obtained under
di↵erent assumptions regarding the ability of the exper-
iment to determine the missing energy involved in the
events. The shaded area corresponds to the correct re-
sult, where all the missing energy in the events is per-
fectly estimated in the fit. The solid, dashed, and dot-
dashed lines represent the results obtained when 90%,
80%, and 70% of the missing energy is correctly ac-
counted for, respectively. Our results show that even
a 20% underestimation of the missing energy introduces
a sizable bias in the extracted �CP value. Should an ex-
perimental analysis su↵er from a 30% underestimation
of the missing energy, it would exclude the true value of
�CP at a confidence level between 2 and 3�.
The legend in Fig. 2 also shows the values of the �2

for the best fit (✓13, �) points divided by the e↵ective
number of degrees of freedom, i.e., the number of data
bins minus the number of parameters extracted from the
data. In an actual experiment, this ratio would give an
additional contribution to the goodness of fit. A large
enough contribution would indicate that the model used
to fit the data is not correct. Our results indicate that
such contribution would be small enough that, from a
fit to the far detector data alone, it would be virtually
impossible to realize that the energy carried away by un-
detected particles is being underestimated in the fit.
In summary, we have analyzed the impact of missing
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Neutrino Oscillation Results from NOvA – J. Hewes – NuPhys 2019

Resolving Degeneracies

�18

• Both neutrino and 
antineutrino beam suffer 
degeneracies due to the 
interplay of θ23, δcp and the 
mass hierarchy. 

• Measuring both and fitting 
simultaneously gives us an 
additional constraint to help 
break this degeneracy.
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Liquid argon time projection chambers

ArgoNeuT produced physics results with a “table-top” size experiment  [240 Kg LArTPC]  

LAr TPC:  Bubble chamber quality of data with  
added calorimetry 

…or LArTPC is “a “colored” bubble chamber” 
(theorist simplified view!) 

From O. Palamara
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ArgoNeuT 1810.06502

ArgoNeuT demonstrated the LAr 
capability to detect 21 MeV recoil 
protons.

Palamara JPS 12 010017 (2016)

Event topology carries 
extra information
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Redundancy: CP phase with sub-GeV atmospheric neutrinos
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Kelly et al 1904.02751
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produced by higher energy neutrinos should be subleading,
as they are suppressed by the lower fluxes, the neutral
current cross section and the misidentification rate which
should be below 10% [47].
In Fig. 3, cos θz event spectra for a small subset of the

data are shown for δCP ¼ 3π=2 (green) and δCP ¼ 3π=4
(purple). Two-dimensional event spectra in the cos θz ×
E dep plane can be found in the Supplemental Material [38].
These spectra are used to calculate a χ2 test statistics for
each distinct final-state event topology, assuming no charge
identification, but perfect μ − e separation. The sensitivity
to δCP , presented in the following sections, comes
from combining of all these event topologies and margin-
alizing the test statistics over the systematic uncertainties
aforementioned.
Discussion.—The sensitivity to δCP for an input value of

δCP ¼ 3π=2 is shown in Fig. 4. The individual Δχ2
contribution for each topology is shown, as well as the
combined fit. A significant sensitivity to δCP may be
achieved, allowing for excluding regions of the parameter
space beyond the 3σ level.
Several factors contribute to this sensitivity. As already

discussed, the CP violation effect for sub-GeVatmospheric
neutrinos is a sizable effect, an order of magnitude larger
than the corresponding one for beam neutrinos. To observe
CP violation, one should be able to independently measure
oscillations of neutrinos and antineutrinos and/or the time-
conjugated channels νμ → νe and νe → νμ. At these low
energies, a neutrino interaction is more likely to kick out a

proton from a nucleus than an antineutrino interaction, and
vice-versa for neutrons—therefore, the CC-1p0π sample is
neutrino rich while CC-0p0π is antineutrino rich.
Combining these two samples allows for measuring, sta-
tistically, the flux of ν and ν̄ from the atmosphere. Besides,
θz has a typical spread betweenΔθ ∼ 20°–30°, mainly due to
intranuclear cascades, except for the CC-0p0π topology
which has Δθ ∼ 50°. This allows us to disentangle the
baseline dependent oscillation effects discussed earlier fairly
well. These aspects indicate a synergy between each distinct
topology, as it can be seen in Fig. 4: the sum of the individual
Δχ2 contributions for each topology is significantly below
the combined sensitivity.
We have found that DUNE constrains the pull param-

eters beyond the uncertainties adopted here, namely
(2%, 2%, 1%, 0.02) for ðΦ0; re; rν; γÞ, evidencing that
the experimental sensitivity is not induced by any prior
uncertainty on the atmospheric fluxes, and therefore is quite
robust (see Supplemental Material [38] for details). As we
see in Fig. 3, the effects of δCP on the atmospheric spectra
are highly nontrivial. Therefore, the available range ener-
gies and baselines (given by θz) helps to disentangle these
effects from the several uncertainties in the sub-GeV
atmospheric neutrino flux. This will have significant
consequences for determining the atmospheric background
in diffuse supernovae neutrino measurements [48] and dark
matter experiments [49].
The sensitivity to δCP obtained here, though not as

powerful as the one obtained with beam neutrinos [50], is
competitive, providing an important cross check for the

FIG. 3. Event spectra as a function of the zenith direction of the
deposited energy θz, for δCP ¼ 3π=2 (green) and δCP ¼ 3π=4
(purple), and for a small subset of the entire data: deposited
energies between 0.2–0.4 GeV (upper panel) and 0.6–0.8 GeV
(lower panel). The error bars include only statistical uncertainties.

FIG. 4. DUNE sensitivity to the leptonic CP -violating phase
δCP using sub-GeV atmospheric neutrinos, for an input value
δCP ¼ 3π=2 and 400 kton-year exposure.

PHYSICAL REVIEW LETTERS 123, 081801 (2019)
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Redundancy: hierarchy with atmospheric neutrinos

χ2Bðsin2 θtrue23 Þ ¼ min
sys;Δm2

31;θ13;θ23
fχ2;capμ þ χ2;restμ þ χ2e−þ eþ g:

ð17Þ
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

χ2;Xμ ¼ 2
X

i;j

NWO;X
i;j;μ − NTO;X

i;j;μ þ NTO;X
i;j;μ log

 
NTO;X

i;j;μ

NWO;X
i;j;μ

!

; ð18Þ

where X ∈ fcap; restg; see Eqs. (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 1σ allowed region for sin2 θ23.
Note how the sensitivity to the mass ordering is now at
the 2.5 − 4σ 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 3.5σ 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 sin2 θ23 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 νμ contami-
nation exists in the ν̄μ 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 σE=Eν
(top) and neutrino angle σθ (bottom) resolutions as a
function of neutrino energyEν, for charged-current neutrino

FIG. 4. The DUNE sensitivity to the neutrino mass ordering as
a function of sin2 θtrue23 . 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 1σ region for the atmospheric angle.

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 νe ν̄e νμ ν̄μ

A 22.4 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 νe ν̄e νμ ν̄μ

C 7.85 8.42 7.79 8.46
D 3.70 2.31 3.71 2.29

NEUTRINO MASS ORDERING AT DUNE: AN EXTRA ν … PHYS. REV. D 100, 093004 (2019)

093004-7
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DUNE as the Next-Generation Solar Neutrino Experiment
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We show that the Deep Underground Neutrino Experiment (DUNE), with significant but feasible
new e↵orts, has the potential to deliver world-leading results in solar neutrinos. With a 100 kton-
year exposure, DUNE could detect & 105 signal events above 5 MeV electron energy. Separate
precision measurements of neutrino-mixing parameters and the 8B flux could be made using two
detection channels (⌫e + 40Ar and ⌫e,µ,⌧ + e�) and the day-night e↵ect (> 10�). New particle
physics may be revealed through the comparison of solar neutrinos (with matter e↵ects) and reactor
neutrinos (without), which is discrepant by ⇠ 2� (and could become 5.6�). New astrophysics may
be revealed through the most precise measurement of the 8B flux (to 2.5%) and the first detection
of the hep flux (to 11%). DUNE is required: No other experiment, even proposed, has been shown
capable of fully realizing these discovery opportunities.
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FIG. 1. Present measurements (1, 2, 3-�) of neutrino mixing
with solar [1–6] and reactor [7] neutrinos.

Introduction.— Tremendous scientific opportunities
remain in solar neutrinos. What are the particle prop-
erties of neutrinos? What are the nuclear processes that
power our Sun and other stars? Although the basics are
known [1–6], there are multiple unknowns and discrep-
ancies. To progress, we need precise measurements of all
neutrino-producing processes, plus ways to isolate new
physics from new astrophysics. Here we focus on high
energies (> 5 MeV electron energy).

For particle physics, the primary opportunity is to
test for new physics through a precision comparison of
neutrino-mixing parameters [10–17] measured in solar
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FIG. 2. Future precision of neutrino mixing with solar (DUNE
alone; 1, 2, 3-�) and reactor (JUNO alone; 3-� [8, 9]) neutri-
nos, using present best-fit points and 100 kton-year for each.

versus reactor experiments. Figures 1 and 2 preview this.
There is a ⇠ 2-� discrepancy for �m2

21 [6, 7, 18, 19].
The reactor measurement will soon be greatly improved
by the JUNO experiment [8], but testing new physics
depends on improving the solar measurement too. The
contrast in physical conditions is striking: neutrinos ver-
sus antineutrinos, matter versus vacuum mixing, plus a
much larger distance, giving sensitivity to CPT viola-
tion [10, 11], non-standard neutrino interactions [12, 20],
neutrino decay [21, 22], and more.
For astrophysics, the primary opportunity is to make

an independent precise measurement of the 8B flux,
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3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ
CCQE prediction as a function of EQE

⌫ . This matrix in-
cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the EQE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed EQE

⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e
CCQE event selection requirements with 200 < EQE

⌫ <
1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of EQE

⌫ in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed EQE

⌫ event distributions for muonlike and
electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < EQE

⌫ <
3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��2 = �2(point) � �2(best), as a func-
tion of oscillation parameters, �m2 and sin2 2✓, is de-

+ LSND
+ Reactor anomaly
+ Gallium anomaly
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Arguelles, Ballett, Bertuzzo, Cabezudo, 
Conrad, De Gouvea, Dentler, Esteban, 
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Jana, Karagiorgi, Kopp, Laveder, Li, Machado, 
Maltoni, Martinez-Soler, Palomares-Ruiz, 
Pascoli, Peres, Schwetz, Shaevitz, Spitz, 
Stenico, Tsai, Zukanovich Funchal, ……
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Complementarity: ν oscillations, 
meson decay and oscillation, parity 

violation, kaon physics…
Babu Friedland M Mocioiu 1705.01822

More complementarity: low energy 
measurements, dedicated collider 

searches, general searches, …
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