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Abstract

In a long-baseline neutrino oscillation experiment, the primary physics objectives are to determine the neutrino
mass hierarchy, to determine the octant of the neutrino mixing angle θ23, to search for CP violation in neutrino
oscillation, and to precisely measure the size of any CP-violating effect that is discovered. This presentation provides
a brief introduction to these measurements and reports on efforts to optimize the design of a long-baseline neutrino
oscillation experiment, the status of LBNE, and the transition to an international collaboration at LBNF.
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In a long-baseline neutrino oscillation experiment,
the amplitude of νµ → νe oscillation is dependent upon
the neutrino mixing parameters θ13, θ23, δCP, and matter
effects. Given the non-zero value of θ13[1, 2, 3, 4, 5],
it is possible to simultaneously determine three un-
resolved issues in neutrino physics – mass hierarchy
(MH), θ23 octant, and CP violation (CPV) – via the ap-
pearance of electron neutrinos in a muon neutrino beam.
As seen in Fig. 1, which shows the neutrino-antineutrino
asymmetry in the νµ → νe oscillation probability at the
first oscillation maximum as a function of baseline, the
asymmetry due to the matter effect, arising from the dif-
ferent effective masses of neutrinos and antineutrinos as
they propagate in matter, dominates the CP asymme-
try at long baselines. The result of this is that while
at short baselines there are degeneracies in which the
asymmetry from non-zero δCP is identical to the asym-
metry from the matter effect at the first oscillation max-
imum, these degeneracies are not present at 1300 km.
This allows a long-baseline experiment to simultane-
ously determine the mass hierarchy and measure the CP
phase. CPV effects are larger than matter effects at the
second oscillation maximum, so study of events from
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the second maximum is particularly useful in determin-
ing the mass hierarchy.

Figure 1: Neutrino-antineutrino asymmetry in the νµ → νe appear-
ance probability as a function of baseline at the first oscillation node
for the matter effect (black line) and CPV effects (colored lines).

For experiment optimization studies, a joint fit to four
samples (νe/νe appearance and νµ/νµ disappearance) is
performed using GLoBES[6, 7]. To approximate the ef-
fect of systematic uncertainties, signal and background
normalization uncertainties are applied for each of the
four samples; these uncertainties are treated as 100%
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uncorrelated among the four samples, so that there are
eight total parameters, each of which represents the
residual uncorrelated normalization uncertainty for a
given sample. The nominal values are 5% signal and
10% background uncertainty on the νµ/νµ samples and
1% signal and 5% background uncertainty on the νe/νe

samples.
Figure 2 shows the results of a study in which a horn-

focused νµ beam based on the NuMI design is individ-
ually optimized for a range of baselines to determine
the optimal baseline for MH and CPV sensitivity[8].
The top panel shows the ratio of the simulated flux rela-
tive to a perfect focus flux for three representative base-
lines. The bottom panel shows the exposure required to
achieve a given sensitivity to MH and CPV as a function
of baseline. The study concludes that a baseline of 1300
km is sufficient for MH determination and near optimal
for CPV sensitivity.
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Figure 2: Top: Ratio of simulated flux to perfect focus flux for base-
lines of 1000 km (black), 2000 km (green), and 3000 km (gray) as a
function of energy. The solid (dashed) horizontal bars show the en-
ergy range of the first (second) oscillation maximum at each baseline.
Bottom: The exposure required to reach 3σ sensitivity to CPV for
75% of δCP values (black) and ∆χ2 > 25 sensitivity to MH for all δCP
values as a function of baseline.

Optimization of the beam design is a critical aspect
of the experiment and is in progress. The beam used in
the baseline optimization study and in most LBNE sen-
sitivity studies to date is based on the NuMI design[9].

Within this basic design, it is possible to optimize the
flux by adjusting such parameters as proton beam en-
ergy, target composition, focusing horn current, and de-
cay pipe length. Design choices leading to enhance-
ments of up to 50% at both the first and second os-
cillation maxima relative to the beam described in the
LBNE CDR have been identified. Consideration of de-
signs beyond NuMI may allow for even more significant
improvements in sensitivity.

The Long-Baseline Neutrino Experiment (LBNE) is
a collaboration consisting of more than 500 members
from 90 institutions and 8 countries. Plans for LBNE
consist of a neutrino beam from Fermi National Accel-
erator Laboratory (FNAL) to Sanford Underground Re-
search Facility (SURF), a baseline of 1300 km, a preci-
sion near detector, and a massive underground far detec-
tor, which is a Liquid Argon TPC (LArTPC) with an in-
tegrated photon detection system located at the 4850-ft
level of SURF. The beam line will make use of protons
from the upgraded Main Injector at FNAL, providing
1.2 MW at 120 GeV, and a new muon neutrino beam
line. SURF is located in Lead, South Dakota and is an
operational underground physics laboratory, currently
housing the Majorana Demonstrator and LUX experi-
ments. Figure 3 shows the expected LBNE sensitivity
to MH and CPV as a function of the true value of δCP.
LBNE is capable of making precise measurements of
neutrino oscillation parameters, which are comparable
to (sin22θ13) or superior to (sin2θ23 and δCP) existing
measurements.The scientific capabilities of LBNE, in-
cluding underground physics, are detailed in [10].

The LBNE collaboration is actively performing hard-
ware R&D and developing simulation, reconstruction,
and analysis tools. A 35-ton LArTPC prototype is un-
der construction; the 35-ton cryostat performance was
successfully demonstrated in 2013 and the upcoming
run, planned for 2015, will include first LBNE demon-
strations of the full cold electronics readout chain, the
wrapped-wire TPC design, and integration of the TPC
and photon detection system. LBNE uses LArSoft[12]
for simulation and reconstruction of interactions in the
LArTPC; a full Monte Carlo simulation is available and
significant progress is being made on three-dimensional
reconstruction. Additionally, simulation and fitting
tools such as the LBNE Fast Monte Carlo, VALOR, and
MGT have been developed to study LBNE sensitivity
and systematic uncertainties.

Excellent control of systematic uncertainty is critical
to LBNE’s sensitivity to CPV, as demonstrated in Fig. 4,
in which the signal and background normalization un-
certainties described above are varied. Evaluation of
how more detailed treatment of systematic uncertain-
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Figure 3: LBNE sensitivity to neutrino mass hierarchy (top) and CP
violation (bottom) for a nominal exposure of 245 kt-MW-years as a
function of the true value of δCP. Sensitivity is shown for four values
of θ23, covering the range allowed by [11].

ties may affect experimental sensitivity and the extent to
which these uncertainties may be constrained by event
samples in the near and far detectors are currently un-
derway. Preliminary studies show significant constraint
on flux and cross-section uncertainties using near and
far detector data. Design of the experiment is ongoing
and it is expected that systematics-driven performance
requirements will guide the experiment design.

The Particle Physics Project Prioritization Panel (P5)
has recommended that neutrino physicists should “form
a new international collaboration to design and exe-
cute a highly capable Long-Baseline Neutrino Facility
(LBNF) hosted by the U.S.” The LBNE collaboration
welcomes this recommendation and is enthusiastically
engaging with all interested parties to realize this vision.
To facilitate formation of the new collaboration, an in-
terim international Executive Board (iiEB) was formed
with the goal of producing a letter of intent by the end of
2014 and a CDR by mid-2015. Since the time of the pre-
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Figure 4: LBNE sensitivity to CP violation as a function of exposure
in kt-MW-years for no systematic uncertainty (upper solid line), 1% or
2% signal and 5% background uncertainty (dashed lines), and 5% sig-
nal and 10% background uncertainty (lower solid line). As discussed
in the text, these normalization uncertainties reflect the uncorrelated
residual uncertainty on νe appearance, with the uncorrelated uncer-
tainty on νµ disappearance of 5% signal and 10% background also
included.

sentation, the iiEB has had several successful meetings
and the new collaboration has been dubbed ELBNF.
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