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1. Introduction

The Deep Underground Neutrino Experiment (DUNE) is a loagdline neutrino experiment
in the mid-western United States. From 2026, it will make arbef muon neutrinos or antineu-
trinos at Fermilab, Illinois and send it through two detestd he near detector will be 574 metres
from the target and will consist of a 30 tonne liquid argondiprojection chamber (LArTPC) with
a downstream magnetised spectrometer that will be eitheaa-sube tracker or a high-pressure
argon gas time projection chamber. The far detector will baige of four 10 kt LArTPCs located
1500 metres underground at the Sanford Underground RésEagility, South Dakota, which is
1300 km from Fermilab. LArTPC technology gives excelleribdanetric and spatial resolution,
and high-quality tracking of charged particles down to loementa.

The DUNE neutrino beam will be made at Fermilab using a prdieam that will initially
have a power of 1.2 MW but can be upgraded to 2.4 MW. The DUNEatets will be on the
neutrino beam axis, and this will give neutrino flux over adat@ange of energies including the
first and second oscillation maxima~aR.6 and~0.9 GeV respectively (figures 1 and 2).

<
=

4
o
o

—_
(=]
©
-y
(=]
©
TTT

108} 10°%

v flux/m*GeV/10%° POT at 1300 km
v flux/m*/GeV/10% POT at 1300 km

—_
(=3
=
-
o
=4
T

0 1 2 3 4 5 6 7 8 9 10 0 1t 2 3 4 5 6 7 8 9 10
v Energy (GeV) v Energy (GeV)
Figure 1: DUNE neutrino beam fluxes Figure 2: DUNE antineutrino beam fluxes

DUNE plans a rich physics programme including precise nmreasents of neutrino oscillation
parameters and determination of the neutrino mass higraruth the octant 06,3. It also plans to
determine whether CP is violated in neutrinos and to make asorement obcp. Searches will
be made forv; appearance, nucleon decay and physics beyond the Standatel,M.g. sterile
neutrinos, heavy neutral leptons, non-standard intenastand large extra dimensions. Precise
measurements of neutrino interactions will be made in tlee detector, while the far detector will
be ready to detect low-energy neutrinos from a core-caiagugpernova if one occurs.

2. Sengitivitiesto neutrino oscillation parameters and mass hierarchy

Sensitivities to the neutrino oscillation parameters ardsrhierarchy are obtained by using
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GLoBES[1, 2] to simultaneously fit the,— vy, v,—Vy, vy— Ve andv,— Ve reconstructed energy
spectra (figures 3-6).
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Figure 3: DUNE v,—v, reconstructed energy Figure 4. DUNE v,—v, reconstructed energy
spectrum (the normal mass hierarchy is assumed) spectrum (the normal mass hierarchy is assumed)
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Figure 5. DUNE v,—Ve reconstructed energy Figure 6: DUNE v,—Ve reconstructed energy
spectrum (the normal mass hierarchy is assumed) spectrum (the normal mass hierarchy is assumed)

It is assumed that the running time will be split 50/50 betweeutrino and antineutrino
modes. Another assumption is that the far detector will bestacted in stages: it will be 20
kt at the start of beam running in 2026, 30 kt by 2027, and 4¢/&029. It is further assumed that
the beam power will be increased to 2.4 MW in 2032.

The neutrino oscillation parameters are allowed to varhefits with a Gaussian constraint
using NUuFIT 2016 values [3]. The effect of systematic uraisties is approximated using normal-
isation uncertainties in each constituent interaction enthéit comprise signal and background in
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each event sample. The signal normalisation uncertairbgg2% in both neutrino and antineu-
trino modes, where 5% is the normalisation uncertainty éf#n-detectov, or v, sample and 2%
is the effective correlated uncertainty in the far-deteetoor ve sample after fits of both near- and
far-detector data and external constraints.

The sensitivities are calculated using\g? test statistic that compares the predicted energy
spectra for different hypotheses. For the neutrino masaruiey,AxZ, = X2, - X3y (true normal
hierarchy) orx2, - x3; (true inverted hierarchy), while for CP violatidixZ, = Min[AxZs (3LESt
= 0), AxZo (3L€St= m)], whereax, = thest' thrue and a scan is made over all possible values
CP CP
of 5(t:rpue. The neutrino mass hierarchy afigh octant are varied in the fits, and the lowest value of
Ax? is used to estimate the sensitivities. For each set of ingmatrpeters, the predicted spectrum is
calculated without applying statistical fluctuations, mieg thatx? is zero fordIU€ and the true

mass hierarchy.

If &cp # O or m, the oscillation probability R{,— V) is not the same as P(—Ve). There is
also a significant asymmetry betweewp{ve) and P, — Ve) due to matter effects, with the sign
of the asymmetry depending on the mass hierarchy. The DUINE&liba is relatively long at 1300
km, and the asymmetry from matter effects440% in the region of the peak flux, which is greater
than the largest possible asymmetry from CP violation. Tisns that the mass hierarchy can
be resolved by DUNE irrespective of the valuedeb. The DUNE sensitivities to determination
of the mass hierarchy are shown as a function of the true \ldep for exposures of 7 and 10
years for the normal hierarchy in figure 7 and for the invettealarchy in figure 8. For the normal
hierarchy, the sensitivity is best &p = -7 since the asymmetry due to CP violation adds to that
due to matter effects, and it is worstdp = +7 as the asymmetries are in opposite directions. This
is reversed for the inverted hierarchy for which the sevigitis best atdcp = +’—2T and worst atep
= -7. DUNE aims to determine the mass hierarchy to at IQ,éAT(z = 5 for all true values obcp
using beam neutrinos; figures 7 and 8 suggest it will be abi® tihis in 7 years’ running.

DUNE will use the full range of its broad energy spectrum iarshing for CP violation and
making measurements dgp. This broad spectrum will help to separate the asymmetrytdue
ocp from that due to matter effects since the latter predoméatehigh energies around the first
oscillation maximum, whereas the former is most promin¢fdva energies and particularly at the
second oscillation maximum at0.9 GeV. The significances with which DUNE can determine CP
violation, i.e.dcp # 0 or 1, are shown as a function of the true valuedgp for exposures of 7
and 10 years for the normal hierarchy in figure 9 and for theriied hierarchy in figure 10. Other
than the true value odcp itself, the most important factor in these significanceshé value of
6>3 which has a larger effect thahs or Am%l; the significances are highest for the lowest allowed
value of sirf 6,3. The resolution of the measurementd®f is shown as a function of running time
for true &cp = ’—27 and 0 in figure 11; this shows that the resolution is betternr®B is conserved
than when it is maximally violated, and suggests that DUNfEroa@asurécp in 10 years’ running
to better than 10 degrees if itis 0 or to better than 20 dedféeis - 7.

The sensitivity to thé,3 octant is shown as a function of the true value of §in for exposures
of 7 and 10 years in figure 12. As expected, the significanceeases steeply as true St
increases or decreases away from maximal mixing, and thésesiggest that DUNE can resolve
the octant at & significance in 10 years’ running if true $ifp3 is < 0.45 or> 0.57.
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Figure 7: Sensitivity to the neutrino mass hierar- Figure 8: Sensitivity to the neutrino mass hierar-
chy as a function of the true value &fp (true nor-  chy as a function of the true value &p (true in-

mal hierarchy). The dashed lines are the sensitiviverted hierarchy). The dashed lines are the sensi-
ties for the central value dh3 and the widths of the tivities for the central value 06,3 and the widths
bands show the range of sensitivities for the 90%of the bands show the range of sensitivities for the
C.L. range inB,3 values; sensitivity increases with 90% C.L. range irf,3 values; sensitivity increases

increasingdys. with increasingd,s.
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Figure9: Sensitivity to CP violation, defined @&p  Figure 10: Sensitivity to CP violation, defined as
=# 0 or m, as a function of the true value &p (the dcp # 0 or 1, as a function of the true value of
normal mass hierarchy is assumed). The dashedcp (the inverted mass hierarchy is assumed). The
lines are the significances for the central value ofdashed lines are the significances for the central
6,3 and the widths of the bands show the range ofvalue of 6,3 and the widths of the bands show the
significances for the 90% C.L. range 6h3 values;  range of significances for the 90% C.L. rang&jg
significance decreases with increastag. values; significance decreases with increaging
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O, Resolution Octant Sensitivity
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Figure 11: &cp resolution as a function of running Figure 12: Sensitivity to6,3 octant as a function of

time (the normal mass hierarchy is assumed). Thehe true value of sih6,3 (the normal mass hierarchy

dashed lines are the resolutions for the central valués assumed); the green and orange bands represent

of B,3 and the bands represent the ranges of resoluthe range of significances due to uncertaintydp

tions for the 90% C.L. range of values 6{3; reso-  excluding the best and worst 10% of significances.

lution worsens with increasins. The yellow band shows the 90% C.L. range of al-
lowed values of sifiB,3 from NuFIT 2016 [3].
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Figure 13: sin? 6,3 resolution as a function of ex- Figure 14: sin? 26,3 resolution as a function of ex-
posure (the normal mass hierarchy is assumed). Thgosure (the normal mass hierarchy is assumed). The
dashed line is the resolution for the central value ofdashed line is the resolution for the central value
6,3 and the band represents the range of resolutioof 6,3 which gives the best resolution; the highest
for the 90% C.L. range of values ép3; resolution  value of6,3 is at the top of the band and the lowest
worsens with increasinga. value in the middle of the band.
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The resolutions of measurements of oscillation parametershown for sifif,3 in figure 13
and for sirf 26,3 in figure 14. These resolutions are expected to improve tyickhe early stages
of the experiment but to flatten as it continues. The resuiggsst that DUNE will be able to
measure sifB,3 to 0.004 - 0.018 and sfr26;3 to 0.004 - 0.006 in 10 years’ running.

3. Conclusion

DUNE will produce an on-axi/, and v, beam with a broad range of energies including
the first and second oscillation maxima. Due to its long iaself 1300 km, neutrino oscillations
between the near and far detectors will be significantlyedtéy matter effects. These features will
enable DUNE to search for CP violation in neutrinos, measgge and resolve the neutrino mass
hierarchy and thé,3 octant in a single experiment. Matter effects will enableNIEto resolve the
neutrino mass hierarchy for any true valuedp, and the broad range of energies will facilitate
the measurement @p since its effects on reconstructed energy spectra are rppatent at the
second oscillation maximum.
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