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Abstract: Neutrino beams produced from the decay of muons in a racetrack-like decay ring (the
so called Neutrino Factory) provide a powerful way to study neutrino oscillation physics and, in
addition, provide unique beams for neutrino interaction studies. The Neutrinos from STORed
Muons (nuSTORM) facility uses a neutrino factory-like design. Due to the particular nature of
nuSTORM, it can also provide an intense, very pure, muon neutrino beam from pion decay. This
so-called “Neo-conventional” muon-neutrino beam from nuSTORM makes nuSTORM a hybrid
neutrino factory.

In this paper we describe the facility and give a detailed description of the neutrino beams that
are available and the precision to which they can be characterized. We then show its potential for a
neutrino interaction physics program and present sensitivity plots that indicate how well the facility
can perform for short-baseline oscillation searches. Finally, we comment on the performance poten-
tial of a “Neo-conventional” muon neutrino beam optimized for long-baseline neutrino-oscillation
physics.
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1 Introduction

The nuSTORM facility has been designed to deliver beams of ↪ ↩ν e and ↪ ↩ν µ from the decay of a
stored µ± beamwith a central momentum of 3.8GeV/c [1, 2]. The facility has three primary physics
objectives:

• Serve future long- and short-baseline neutrino-oscillation programs by providing definitive
measurements of ↪ ↩ν eN and ↪ ↩ν µN scattering cross sections with percent-level precision;

• Allow searches for sterile neutrinos of exquisite sensitivity to be carried out; and

• Constitute a crucial first step in the development of muon accelerators as a powerful new
technique for particle physics.

The nuSTORM facility represents the simplest implementation of the Neutrino Factory concept [3].
Protons are used to produce pions off a conventional solid target. These pions are then collected
with a magnetic horn and quadrupole magnets and are transported to, and injected into, a decay ring.
The pions that decay in the first straight of the ring can yield muons that are captured in the ring.
The circulating muons then subsequently decay into electrons and neutrinos. A decay ring design
was developed that is optimized for a 3.8 GeV/c muon central momentum. This momentum was
selected to maximize the physics reach for both ν oscillation and cross section physics. See Figure 1
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Figure 1. Schematic of the facility

for a schematic of the facility. The nuSTORM facility can be considered a “near-term” facility,
since if funds were available, it could be built without the development of any new technology.

Muon decay yields a neutrino beam of precisely known flavor content and energy. In addition,
if the circulating muon flux in the ring is measured accurately (with beam-current transformers, for
example), then the neutrino beam flux is also accurately known. Near and far detectors are placed
along the line of one of the straight sections of the racetrack decay ring. Purpose-specific near
detectors can be located in a near hall (' 50 m from the end of the decay ring straight) and will
measure neutrino-nucleon cross sections and can provide the first precision measurements of νe
and ν̄e cross sections in the energy range 1 ≤ Eν ≤ 4 GeV. A far detector at ' 2000 m would study
neutrino oscillation physics and would be capable of performing searches in both appearance and
disappearance channels. The experiment will take advantage of the “golden channel” of oscillation
appearance νe → νµ (µ+ stored in the ring; µ+ → e+ + νe + ν̄µ), where the resulting final state has
a muon of the wrong-sign from interactions of the ν̄µ in the beam. This detector would need to
be magnetized for the wrong-sign muon appearance channel, as is the case for the current baseline
Neutrino Factory detector [4]. A number of possibilities for the far detector exist. However, a
magnetized iron detector similar to that used in MINOS appears to be the most straight forward and
cost effective approach.

2 The nuSTORM facility

The components of nuSTORM consist of six major elements: the primary proton beam line, target
station, pion transport line, muon decay ring, near and far detector halls [5].

At Fermilab, a candidate site for the facility was identified. It would be located south of the
existing Main Injector accelerator and west of Kautz Road. The proton beam will be extracted
from the Main Injector at the existing MI-40 absorber and directed east towards a new below grade
target station, pion transport line and muon decay ring. The neutrino beam will be directed towards
a near detector hall located ' 50 m east of the muon decay ring and towards the far detector
located approximately 2 km away in the existing D0 Assembly Building (DAB). Figure 2 shows
the nuSTORM facility components as they would be sited near the Main Injector. The nuSTORM
facility will follow, wherever possible (primary proton beam line, target, horn, etc.), NuMI [6]
designs. Our plan is to extract one “booster batch” at 120 GeV from the Main Injector (' 8 × 1012

protons) and place this beam on a carbon target. Forward pions are focused by a horn into a capture
and transport channel. Pions are then “stochastically” injected into the decay ring (see [7, 8]). Pion
decays within the first straight of the decay ring can yield a muon that is stored in the ring. Muon
decay within the straight sections will produce ν beams of known flux and flavor via: µ+ → e+ +
ν̄µ + νe or µ− → e− + νµ + ν̄e. For the implementation which is described here, we chose a 3.8
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Figure 2. nuSTORM facility components.

GeV/c decay ring to obtain the desired spectrum of ' 2 GeV neutrinos. This means that we capture
pions at a momentum of approximately 5 GeV/c.

3 Facility details

As mentioned above, the primary proton beam line and target station (and its components, i.e.,
target and horn) for nuSTORM follow the NuMI designs. From the downstream end of the horn,
however, the nuSTORM beam system is no longer similar to a conventional neutrino beam. From
the downstream end of the horn, we continue the pion transport with several radiation-hard (MgO
insulated) quadrupoles. Although conventional from a magnetic field point of view, the first two
to four quadrupoles need special and careful treatment in their design, in order to maximize their
lifetime in this high-radiation environment. The pion beam (5 ± 1.0 GeV/c) is brought out of the
target station and transported to the injection point of the decay ring, which we have called the “Orbit
Combination Section” (OCS), where a large dispersion is introduced in order to combine the pion
and muon reference orbits. Figure 3 gives a schematic of this concept. In the “production straight
section”, approximately 50% of the pions decay into muons, a fraction of which are captured within
the ring’s acceptance. The figure-of-merit for the baseline nuSTORM design is that 8×10−3 muons
are stored in the ring per proton on target (POT). The decay ring straight-section FODO cells were
designed to have betatron functions βx, βy (the Twiss parameters) optimized for beam acceptance
and neutrino beam production (small divergence relative to the muon opening angle (1/γ) from
π → µ decay). At the end of the production straight there is a mirror of the OCS which removes the
pions that have not decayed, along with muons coming from the very forward decay of pions, and
transports these particles to a beam absorber. With a beam absorber depth of ∼ 3.5 m, all the pions
are absorbed, but the muons produce an intense, pulsed low-momentum muon beam (1010/pulse
with 100 ≤ P ≤ 300 MeV/c) exiting the back of the absorber.

Large betatron functions increase the beam size leading to aperture losses, while smaller
betatron functions increase the divergence of the muon beam. Balancing these criteria, we have
chosen FODO cells with βmax ∼ 30.2 m, and βmin ∼ 23.3 m for the 3.8 GeV/c muons, which for the
5.0 GeV/c pions, implies ∼ 38.5 m and ∼ 31.6 m for the pion’s βmax and βmin, respectively.
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Figure 3. Schematic of pion injection into the nuSTORM ring.

The nuSTORM pion beamline consists of the pion delivery section, starting from the down-
stream end of the horn to the OCS, followed by the production straight section of the muon decay
ring (see the red enclosure in Figure 3). The linear optics of the pion beamline, from the downstream
end of the horn into the production straight FODO cells, are shown in Figure 4. (Only one FODO
cell is shown to omit the periodic Twiss values.) The design of the optics from the first dipole to the
end of the production straight has been fixed to provide the best stochastic injection performance
and a good accommodation of both the pion and the muon beams in the production straight [9]. The
production straight contains 21 FODO cells, with a total length of ∼150 meters. The length of the
pion beamline is ∼200 meters, in whose length approximately 50% of the 5 GeV/c pions will decay
to muons. A large dispersion, Dx, is required at the injection point, in order to achieve π and µ

beam separation. The OCS readily reaches this goal. A schematic drawing of the injection scenario
is shown in Figure 5. The pure sector dipole for muons in the OCS has an exit angle for pions that
is non-perpendicular to the edge, and the pure defocusing quadrupole in the OCS for muons is a
combined-function dipole for the pions, with both entrance and exit angles non-perpendicular to
the edges. The OCS will be followed by a short matching section to the decay FODO cells. The
performance of the injection scenario can be gauged by determining the number of muons at the
end of the decay straight using a G4beamline simulation. In this simulation, we were able to obtain
0.012 muons per POT (see Figure 6). These muons have a wide momentum range, which is beyond
that which the ring can accept (3.8 GeV/c ± 10%) and thus will only be partly accepted by the ring.
The green region in Figure 6 shows the 3.8±10% GeV/c acceptance of the ring, and the red region
shows the high momentum muons which will be extracted by the mirror OCS at the end of the
injection straight (see below). Within the acceptance of the decay ring, we obtain approximately
0.008 muons per POT.

3.1 Decay ring

We propose a compact (480m in circumference) racetrack ring design based on large aperture, sepa-
rate function magnets (dipoles and quadrupoles). The ring is configured with FODO cells combined
with DBA (Double Bend Achromat) optics. The ring layout, including pion injection/extraction
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Figure 4. The linear optics of the pion beamline. The complete FODO production straight was replaced by
a single FODO cell to avoid repeating periodic Twiss functions. The pions move from the left to the right in
this figure.

points, is illustrated in Figure 7 and the current ring design parameters are given in Table 1. With
the 185m length for the injection straight, ∼ 48% of the pions decay before reaching the arc. Since
the arcs are set for the central muon momentum of 3.8GeV/c, the pions remaining at the end of the
straight will not be transported by the arc, making it necessary to guide the remaining pion beam
into an appropriate absorber. Another OCS, which is just a mirror reflection of the injection OCS,
is placed at the end of the decay straight. It extracts the residual pions and muons that are in the
5±0.5 GeV/c momentum range. These extracted muons will enter the absorber along with pions in
this same momentum band and can be used to produce an intense low-energy muon beam. With the
lifetime of 3.8 GeV/c muons in the lab frame being ∼ 79µs, approximately 87% of them will decay
(two lifetimes) in 100 turns. We define this 2 muon lab-frame lifetime as the useful store duration.

4 Performance

In this section we will give details on the neutrino beams that would be available at the nuSTORM
facility. We show the observable event samples in a generic 100 ton and in a 1 kT SuperBIND
detector (see section 4.2.1) located ' 50 m and 2 km, respectively, from the end of the production
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Figure 5. Schematic drawing of the orbit combination section (OCS). The green region indicated by the
green vertical lines shows the 3.8±10% GeV/c acceptance of the ring, and the region indicated by the red
lines shows the high momentum muons which will be extracted by the mirror OCS at the end of the injection
straight.
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Figure 6. The muon momentum distribution at the end of decay straight.

Figure 7. The decay ring layout. Pions are injected into the ring at the Orbit Combination Section (OCS).
Similarly, extraction of pions and muons at the end of the production straight is done using a mirror image
of the OCS.

straight. Finally, we present a detailed discussion as to the physics reach in the neutrino oscillation
∆m2 - sin22θeµ phase space, assuming the detector described in section 4.2.1 at the 2 km position.
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Table 1. Decay ring specifications
Parameter Specification Unit

Central momentum Pµ 3.8 GeV/c
Momentum acceptance ± 10%
Circumference 480 m
Straight length 185 m
Arc length 50 m
Arc cell type DBA
Ring Tunes (νx, νy) 9.72, 7.87
Number of dipoles 16
Number of quadrupoles 128
Number of sextupoles 12

4.1 Neutrino fluxes and event samples

Uncertainty in the neutrino flux remains a significant source of systematic error for both neutrino
interaction and oscillation experiments. The neutrino beams produced at nuSTORM can be deter-
mined with excellent precision with the use of conventional beam diagnostics tools to understand
the parent particle distributions, from which the neutrino flux can then be precisely calculated. In
order to determine the neutrino beams available at the nuSTORM facility, an ensemble of particles
produced in a MARS [10] simulation of the target and horn were tracked using G4beamline [11],
from the downstream face of the horn and then through the transfer line and injection into the decay
ring via the OCS. The particles’ energy and 4-momenta in the G4beamline tracking were then used
to determine the neutrino flux at an arbitrary distance from the end of the production straight. This
methodology was used to both determine the flux from the decay of circulating muons (those that
decayed in the production straight) and from pions that decayed in the production straight. The cal-
culation of the flux in this way presents a real-case flux determination based upon a modeled lattice
and beam instrumentation. The errors on the binned flux are dependent solely on the knowledge
of the particle trajectories and momentum distribution obtained by the beam diagnostics. In order
to understand the effect of errors on the measurement of the beam divergence, simulations were
conducted in which the beam divergence was inflated by 2% from nominal, chosen to encompass
all possible sources of error. The flux at the detector location was calculated and compared to the
flux produced by the nominal divergence. The bin-to-bin bias shown in Figure 8 shows the error on
the neutrino flux from a beam divergence error of 2%. The RMS error over the momentum range
of 500 to 3500 MeV/c is 0.6%. A full description of the instrumentation proposed for nuSTORM
can be found in [12].

A combination of instrumentation performance predictions and simulations indicate that the
flux error will be below 1%. The simulated flux from the stored muon beam (for an exposure of
1021 POT) is given in Figure 9 (left) at the near detector position and in Figure 9 (right) at the 2km
far detector position. The corresponding fluxes for pion decay are shown in Figure 10. As can be
seen in Figure 10, nuSTORM produces an extremely pure νµ beam. Based on the flux calculations
given above, the total number of neutrino interactions for a 100T detector at the 50m near position
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Figure9.Neutrinofluxfromµdecayattheneardetector(left)andatthefardetector(right).

(exposureof1021POT)canbedeterminedandisshowninTable2. Withafluxprecisionof≤

1%andwiththestatisticsgiveninthistable,nuSTORMoffersunprecedentedopportunitiesforthe

studyofneutrino(bothνµandνe)interactionphysics.Table3givesthenumberofevents(again

1021POT)seenina1kTSuperBINDdetector[13]at2kmfromtheendoftheproductionstraight.

Theeventsamples,assumingnoshort-baselineoscillationandanoscillationscenariofollowinga

3+1scenario(3standardneutrinosand1sterileneutrino),arebothgiveninthistable.

AscanbeseeninTable2andTable3,nuSTORMsimultaneouslyproducesνµbeamsfrom

π±decayandνeandνµbeamsfromµ
±decay.Thesebeamscansupportbothacomprehensive

neutrinoscatteringprogramattheneardetectorpositionand,atthefardetectorposition,allowfor

thestudyof6oscillationchannels.Noothersinglefacilitycanmakethisclaim.
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Table2.

Eventsampleat50mfromtheendofthedecay

straightper100Tfor1021POT.

µ+Stored µ−Stored

Channel kEvents Channel kEvents

νeCC 5,188 ν̄eCC 2,519

ν̄µCC 3,030 νµCC 6,060

νeNC 1,817 ν̄eNC 1,002

ν̄µNC 1,174 νµNC 2,074

π+Injected π−Injected

Channel kEvents Channel kEvents

νµCC 41,053 ν̄µCC 19,939

νµNC 14,384 ν̄µCC 6,986

Table3.Eventsamplesat2kmper1.3kTfor

1021POTforthenooscillationscenarioandone

with1sterileneutrino

µ+Stored

Channel NoOscillation Oscillation

νe→νµ 0 288

νe→νe 188,292 176,174

ν̄µ→ ν̄µ 99,893 94,776

ν̄µ→ ν̄e 0 133

π+Injected

Channel NoOscillation Oscillation

νµ→νµ 915,337 854,052

νµ→νe 0 1,587

4.2 Searchforlight-sterileneutrinos

Withanexposureof1021120GeVPOT,thenuSTORMfacilityprovidesapproximately1.9×1018

usefulµdecays.Theappearanceofνµ,viathechannelνe→νµ,givesnuSTORMbroadsensitivity

tosterileneutrinosanddirectlyteststheLSND/MiniBooNEanomaly[14].

4.2.1 FarDetector

Wehavechosenanironandscintillatorsamplingcalorimeter(SuperBIronNeutrinoDetector,

SuperBIND)whichissimilarinconcepttotheMINOSdetector[15].Ithasacrosssectionof6m

inordertomaximizetheratioofthefiducialmasstototalmass.Themagneticfieldwillbetoroidal,

asinMINOS,andSuperBINDwillalsouseextrudedscintillatorforthereadoutplanes.However,

SuperBINDwillusesuperconductingtransmissionlines[16]tocarrytheexcitationcurrentand

thuswillprovideamuchlargerBfieldinthesteel( 2Tovermostofthesteelplate).Figure11

givesanoverallconceptforthedetector.
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Figure 11. Far Detector concept. The insert in the upper left shows the 8 superconducting transmission
lines combining in the central bore. The insert in the lower right shows a schematic of the superconducting
transmission line.

4.2.2 Results

A detailed detector simulation and reconstruction program has been developed to determine the
detector response for the far detector in the short baseline experiment. Event reconstruction uses
multiple passes of a Kalman-filter algorithm to identify muon trajectories within events and to
determine the momentum and charge of an identified track. Multiple tracks are identified within the
simulation, and the length of all identified tracks is determined by a fitting algorithm. The longest
track is chosen as the prospective muon track for the event and all other tracks are assumed to be
the result of pion production or electron showers.

Following the reconstruction, the events are analyzed to select events with well reconstructed
muon tracks, and to remove tracks that are mis-identified from pions or electron showers. The
optimization of themuon neutrino appearance channel was conducted using the significance statistic
S/
√

S + B where S is the total number of selected signal events and B is the number of background
events selected. Several different multi-variate methods were tested for this analysis, but it was
determined that the Boosted Decision Tree (BDT) method produced the best result [17]. The
resultant integrated signal efficiency in this optimization is 0.17 with a background efficiency of
4×10−5. This degree of background suppression is what allows for a measurement in this channel at
the 10σ sensitivity level. A contour plot showing the sensitivity of the νµ appearance experiment to
sterile neutrinos, utilizing a boosted-decision-tree (BDT)multi-variate analysis, appears in Figure 12
for the exposure given above. The 99% confidence level contours from a global fit to all experiments
showing evidence for unknown signals (appearance + reactor + Gallium) and the contours derived
from the accumulated data from all applicable neutrino appearance experiments [18] are also shown.
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Figure 12. The sensitivity of a νµ appearance experiment to a short baseline oscillation due to a sterile
neutrino at nuSTORM assuming a 3+1 model. Both the 10σ significance and 99% confidence level contours
are shown for two different scenarios for the systematic uncertainties; one in which the total systematic
uncertainty is 1% of the beam normalization and a second when the systematic uncertainty is a factor of 5
times larger. The 99% contours generated from the fit to the MiniBooNE and LSND data are shown as the
tan region, while the fit to all available appearance data is shown in brown (see [18]). The 99% exclusion
contour from Icarus is also shown. [19]

5 Optimization of the nuSTORMpion beam line for long-baseline oscillation physics

If the decay ring of nuSTORM is tilted, beams could be used for a long-baseline neutrino oscillation
experiment. We have investigated this option, but have determined that the flux available from pion
decay in the production straight is too small to be useful. We then considered a configuration
that was optimized for the production of a ↪ ↩ν µ beam from pion decay. We removed the capability
for a stored muon beam, considering only a pion injection line (from the target to the end of the
production straight). This concept of producing neutrinos from an instrumented pion beam line,
nuPIL, is shown in Figure 13. In this configuration, the injection OSC, the arcs and the return
straight are removed (no ring) and the lattice design is only optimized to transport pions in a
momentum band of 5 ± 1 GeV/c. Since the straight is no longer required to transport both pions
and muons (with a lower momentum), the compromises needed to do so are no longer incorporated
and pion transport is more efficient. In this case, a simplified mirror OSC is used to extract the
remaining pions (and some muons as described above) to a beam absorber. This pion injection
beam line would, of course, need to be tilted at an appropriate angle.

Figure 14 shows the νµ flux/yr obtained at 1300 km for this configuration. This is for 1.47×1021

80 GeV POT. Also shown is the flux that would be obtained for nuSTORM and, for reference, the
current baseline optimized flux for DUNE [20] (Optimized Beam, 80 GeV, 204m × 4m DP). The
nuPIL flux uses an idealized target and a realistic (engineered) horn. The DUNE flux uses a
realistic target and horn. This shows that this nuPIL configuration (FODO) produces ' 40× the
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Figure 13. Schematic of the nuPIL pion injection line. The red Xs indicate the components removed from
the nuSTORM configuration.

flux of nuSTORM. The flux does fall short of what is obtained at DUNE, but the beam systematics
will be greatly reduced since effects due to uncertainties in secondary particle production, proton-
beam targeting stability, target degradation/stability and horn stability can be removed by in situ
measurement of the pion flux (via beam line instrumentation) in the production straight. We plan
to use a combination of fast beam-current transformers, beam position monitors and Direct Diode
Detection Base-Band Q (3D-BBQ) for tune measurements. These are all in situ measurements. In
addition, during calibration periods, destructive measurements can also be made in order to improve
our understanding of the beam. See [12] for details. Furthermore, the wrong-flavor neutrinos (νµ
in the ν̄µ beam and vice versa) and the high-energy component of the ↪ ↩ν µ beams are essentially
entirely suppressed in this neutrino beam line design.

5.1 nuPIL design based on the FFAG principle

In order to increase the flux, we developed several lattice designs utilizing Fixed-Field Alternating
Gradient (FFAG) optics. The use of scaling FFAG magnets [21, 22] can substantially increase
the momentum acceptance for the pion beam from the horn as compared to the FODO design. A
schematic of the concept is shown in Figure 15 and assumes that pions after the horn are transported
in a 5.8 deg beam line arc consisting of large aperture FFAG magnets and then are either injected
into a beam line production straight (composed of large bore quadrupoles or of straight scaling
FFAG magnets [21]) or into a decay pipe. In this approach, the pions would go through a charge
selection process in the bend, providing a cleaner neutrino beam at the detector. Furthermore, the
engineering complexity of the beam line or the decay pipe is also lessened, since the remaining
high energy protons would only be slightly bent. The remaining proton beam stays at surface level,
which allows it to be directed to a relatively simple beam absorber. This simplifies the radiation
safety issues in the production straight (beam line or decay pipe). Instrumentation can also be
installed, as described above, giving the possibility to have access to an actual in situ measurement
of the pion flux. Finally, the wrong sign pions could be extracted from the bending section and
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nu_mu flux @ DUNE Optimized Beam
anti_nu_mu flux @ DUNE Optimized Beam

Figure 14. The neutrino flux (νµ from π+ decay at a distance of 1300 km) for nuSTORM and nuPIL. The
flux for DUNE (Optimized Beam: 80 GeV, 204m × 4m DP [20] is shown for comparison. In addition, the
ν̄µ in the DUNE beam is also shown. For nuPIL, the ν̄µ contamination is negligible and is not visible on this
plot.

could be used to feed a nuSTORM facility running in parallel.
We developed many solutions, among which some used a dispersion creator followed by a

dispersion suppressor. In this configuration, since dispersion will be matched to zero after the bend,
the bend can be followed by a regular quad channel in the production straight section. In another
configuration, with only a dispersion creator where dispersion would remain non-zero, the design
used straight FFAG magnets in the straight. Both of these solutions could also assume decay pipe
(no magnets in the production straight) and such a solution (called Lattice 11) is presented in this
paper. It is a bending beam line composed of scaling FFAG magnets with a 5.8 deg bend and
a decay pipe similar to the LBNF baseline scenario. The layout of the FFAG bend is presented
in Figure 16. First, a dispersion creator is used to adjust the dispersion (null after the horn) to a
suitable value. Second, an optics matching section is used in order to minimize the divergence of
the beam at the entrance of the decay pipe, while completing the required 5.8 degrees of bend. The
dispersion is kept constant, while leaving zero derivative of dispersion at the end of the bend.

A pion distribution coming from a nuSTORM-like horn has been tracked in the FFAG bend.
The momentum distribution of the pions at different points along the lattice (decays turned off)
has been simulated and the results are presented in Figure 17. The surviving particles have been
used to compute the resulting neutrino flux and anti-neutrino flux at the far detector (see Figures 18
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and 19). We can see that the nuPIL concept has the potential to deliver a very pure neutrino beam
for long-baseline neutrino experiments.

Figure 15. A schematic of the concept to extend the nuPIL design to a FFAG lattice.

Figure 16. Layout of the nuPIL lattice 11 bend. The horn is at z = 0, and the decay pipe starts at z = 39m.

6 Conclusions

In this article we have summarized the status and capabilities of the nuSTORM facility. We have also
shown how one component of the facility (the pion injection line) could be re-optimized solely for
the production of ↪ ↩ν µ from π± decay, producing a neutrino beam with very small flux uncertainties
and greatly reduced backgrounds.
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Figure 17. Momentum distribution of the pions from the nuSTORM horn at different places along lattice
11, with pion decay turned off in the simulation.

Figure 18. Neutrino flux at far detector with nuSTORM horn in nuPIL, lattice 11 (plain lines) and for the
LBNF 2-horn optimized solution (dotted line).
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Figure 19. Anti-neutrino flux at far detector with nuSTORM horn in nuPIL, lattice 11 (plain lines) and for
the LBNF 2-horn optimized solution (dotted line).
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