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Abstract The NESSIE Collaboration has been setup to
undertake a conclusive experiment to clarify the muon-
neutrino disappearance measurements at short baselines
in order to put severe constraints to models with more
than the three-standard neutrinos. To this aim the current
FNAL-Booster neutrino beam for a Short-Baseline exper-
iment was carefully evaluated by considering the use of
magnetic spectrometers at two sites, near and far ones. The
detector locations were studied, together with the achiev-
able performances of two OPERA-like spectrometers. The
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study was constrained by the availability of existing hardware
and a time-schedule compatible with the undergoing project
of multi-site Liquid—Argon detectors at FNAL. The settled
physics case and the kind of proposed experiment on the
Booster neutrino beam would definitively clarify the exist-
ing tension between the v, disappearance and the v, appear-
ance/disappearance at the eV mass scale. In the context of
neutrino oscillations the measurement of v, disappearance is
arobust and fast approach to either reject or discover new neu-
trino states at the eV mass scale. We discuss an experimental
program able to extend by more than one order of magnitude
(for neutrino disappearance) and by almost one order of mag-
nitude (for antineutrino disappearance) the present range of
sensitivity for the mixing angle between standard and sterile
neutrinos. These extensions are larger than those achieved in
any other proposal presented so far.
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1 Introduction and physics overview

The unfolding of the physics of the neutrino is a long and piv-
otal history spanning the last 80 years. Over this period the
interplay of theoretical hypotheses and experimental facts
was one of the most fruitful for the progress in particle
physics. The achievements of the last decade and a half
brought out a coherent picture within the Standard Model
(SM) or some minor extensions of it, namely the mixing of
three neutrino flavour-states with three vy, v» and v3 mass
eigenstates. Few years ago a non-vanishing 613, the last still
unknown mixing angle, was measured We quote here the
most recent papers on the measurement of 013: [1-4]. Once
the absolute masses of neutrinos, their Majorana/Dirac nature
and the existence and magnitude of leptonic CP violation
be determined, the (standard) three-neutrino model will be
beautifully settled. Still, other questions would remain open:
the reason for the characteristic nature of neutrinos, the rela-
tion between the leptonic and hadronic sectors of the SM,
the origin of Dark Matter and, overall, where and how to
look for Beyond Standard Model (BSM) physics. Neutrinos
may be an excellent source of BSM physics and their history
supports that possibility at length.

There are indeed several experimental hints for devia-
tions from the “coherent” neutrino oscillation picture recalled
above. Many unexpected results, not corresponding to a dis-
covery on a single basis, accumulated in the last decade
and a half, bringing attention to the hypothesis of the exis-
tence of sterile neutrinos [5]. A White Paper [6] provides
a comprehensive review of these issues. In particular ten-
sions in several phenomenological models grew up with
experimental results on neutrino/antineutrino oscillations at
Short-Baseline (SBL) and with the more recent, recomputed
antineutrino-fluxes from nuclear reactors.

The main source of tension originates from the absence
so far of any v, disappearance signal [7-9]. Limited exper-
imental data are available on searches for v, disappear-
ance at SBL: the rather old CDHS experiment [10] and the
more recent results from MiniBooNE [11], a joint Mini-
BooNE/SciBooNE analysis [12,13] and the MINOS [14-16]
and SuperKamiokande [17,18] exclusion limits reported at
the NEUTRINO2014 conference. The tension between v,
appearance and v, disappearance was actually strengthened
by the MINOS and SuperKamiokande results, even if they
only slightly extend the v, disappearance exclusion region
set previously mainly by CDHS and at higher mass scale
by the CCFR experiment [19]. Figure 1 shows the excluded
regions in the parameter space that describe SBL v, disap-
pearance induced by a sterile neutrino. The mixing angle is
denoted as 6., and the squared mass difference as Am?2,,, .
As evident from Fig. 1, the region sin? (2600w) < 0.1 is still
largely unconstrained While this paper was being processed
by the referees of the Journal new results were made avail-
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Fig. 1 The current exclusion limits on the v, disappearance searches
at the eV? scale. Blue (green) line: old (recent) exclusion limits on v,
from previous CDHS [10] and recent MiniBooNE/SciBooNE [12,13]
measurements. The two filled areas correspond to the exclusion limits
on the v, from CCFR [19] and MiniBooNE-alone [11] experiments.
The red curve corresponds to the very recent result from MINOS [14—
16]. All the exclusion limits were compute at 90% C.L.

able. In particular a joint analysis by MINOS and DAYA-
BAY, [20] and the IceCube experiment [21], Their results
exclude part of the phase space sin2(20new) < 0.1 even if
the critical region Amﬁew ~ 1 eV? is still only marginally
touched, while the v,— v, tension from global-fits stays
around 0.04-0.07 for sin2(20new) [7-9]. For v, the situa-
tion is even worse as it will be further discussed in Sect. 6.

The outlined scenario promoted several proposals for new,
exhaustive evaluations of the neutrino phenomenology at
SBL. Since the end of 2012 CERN started the setting up
of a Neutrino Platform [22], with new infrastructures at the
North Area that, for the time being, does not include a neu-
trino beam. Meanwhile in the US, FNAL welcomed pro-
posals for experiments exploiting the physics potentials of
their two existing neutrino beams, the Booster and the NuMI
beams, following the recommendations from USA HEP-P5
report [23]. Two proposals [24,25] were submitted for SBL
experiments at the Booster beam, to complement the about
to start MicroBooNE experiment [26]. They are all based on
the Liquid—Argon (LAr) technology and aim to measure the
v, appearance at SBL, with less possibilities to investigate
the v, disappearance [27]. In this paper a complementary
case study based on magnetic spectrometers at two differ-
ent sites at FNAL-Booster beam is discussed, built up on the
following considerations:

1. the measurement of vul spectrum in both normalization
and shape is mandatory for a correct interpretation of the
v, data, even in case of a null result for the latter;

I From hereafter vy, refers to either v, or vy, unless otherwise stated.
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2. a decoupled measurement of v, and v, interactions
allows to reach in the analyses the percent-level system-
atics due to the different cross-sect;

3. very massive detectors are mandatory to collect a large
number of events thus improving the disentangling of
systematic effects.

This paper is organized in the following way. After the
introduction a short overview of the NESSIiE proposal is
given. A detailed report of the studies performed on the
constraints of the FNAL-Booster neutrino beam is drawn
in Sect. 3. In Sect. 4 a description of the detector system
and the corresponding outcomes are provided. The statistical
analyses and the attainable exclusion-limits on the v, and v,
disappearances are depicted in Sects. 5 and 6, respectively.
Finally conclusions are drawn.

2 Proposal for the FNAL-booster beam

Assuming the use of the FNAL-Booster neutrino beam a
detailed study of the physics case was performed along the
lines followed when considering neutrino beams at CERN-
PS and CERN-SPS [28,29] and the approach of the analysis
reported in [30]. A substantial difference between FNAL and
CERN beams is the decrease of the average neutrino energy
by more than a factor 2, thus making the study very chal-
lenging for an high Z-density detector. Several detector con-
figurations were studied, investigating experimental aspects
not fully addressed by the LAr detection, such as the mea-
surements of the lepton charge on event-by-event basis and
the lepton energy over a wide range. Indeed, muons from
charged current (CC) neutrino interactions play an important
role in disentangling different phenomenological scenarios
provided their charge state is determined. Also, the study of
muon appearance/disappearance can benefit from the large
statistics of CC events from the primary muon neutrino
beam.

In the FNAL-Booster neutrino beam the antineutrino con-
tribution is rather small and it corresponds to a systematic
effect to be taken into account. For the antineutrino beam the
situation is rather different since a large flux of neutrinos is
also present. From an experimental perspective the possibil-
ity of an event-by-event detection of the primary muon charge
is an added value since it allows to disentangle the pres-
ence/absence of new effects which might genuinely affect
antineutrinos and neutrinos differently (CP violation is possi-
ble in models with more than one additional sterile neutrino).
This possibility is particularly intriguing while running in
negative horn polarity due to the sizable contamination from
the cross-section enhanced interactions of parasitic neutri-
nos.

The extended NESSiE proposal is available in [31]. It con-
sists in the design, construction and installation of two spec-
trometers at two sites, Near (at 110 m, on-axis) and Far (at
710 m, off-axis, on surface), in line with the FNAL-Booster
beam and compatible with the proposed LAr detectors. Prof-
iting of the large mass of the two spectrometer-systems, their
performances as stand-alone apparatus are exploited for the
v, disappearance study. Besides, complementary measure-
ments with the foreseen LAr-systems can be undertaken to
increase their control of systematic errors.

Practical constraints were assumed in order to draft a pro-
posal on a conservative, manageable basis, with sustainable
timescale and cost-wise. Well known technologies were con-
sidered as well as re-using of large parts of existing detectors.

The momentum and charge state measurements of muons
in a wide range, from few hundreds MeV/c to several GeV/c,
overa> 50m? surface, are an extremely challenging task. In
the following, the key features of the proposed experimental
layout are presented. By keeping the systematic error at the
level of 1-2% for the detection of the v, interactions, it will
be possible to:

e measure the v, disappearance in a large muon-momen-
tum, p,, range (conservatively a p, > 500 MeV/c cut
is chosen) in order to reject existing anomalies over the
whole expected parameter space of sterile neutrino oscil-
lations at SBL;

e collect a very large statistical sample so as to test the
hypothesis of muon (anti)neutrino disappearance for val-
ues of the mixing parameter down to still un-explored
regions (sin(26,,,) < 0.01);

e measure the neutrino flux at the near detector, in the rel-
evant muon momentum range, in order to keep the sys-
tematic errors at the lowest possible values;

e measure the sign of the muon charge to separate v, from
v, for the control of the systematic error.

3 Beam evaluation and constraints

For a proposal that aims to make measurements with the
FNAL-Booster muon-neutrino beam the convolution of the
beam features and of the muon detection constitutes the major
constraint. An extended study was therefore performed.

3.1 The booster neutrino beam (BNB)

The neutrino beam [32] is produced from protons with a
kinetic energy of 8 GeV extracted from the Booster and
directed to a Beryllium cylindrical target 71 cm long and
with a 1 cm diameter. The target is surrounded by a magnetic
focusing horn pulsed with a 170 kA current at a rate of 5 Hz.
Secondary mesons are projected into a 50 m long decay-

@ Springer
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pipe where they are allowed to decay in flight before being
stopped by an absorber and the ground material. An addi-
tional absorber could be placed in the decay pipe at about
25 m from the target. This configuration, not currently in
use, would modify the beam properties providing a more
point-like source at the near site and thus extra experimental
constraints on the systematic errors.

Neutrinos travel about horizontally at a depth of 7 m under-
ground. Proton batches from the Booster contain ~ 4.5 10'2
protons, have a duration of 1.6 j.s and are subdivided into 84
bunches. Bunches are ~4 ns wide and are separated by 19 ns.
The rate of batch extraction is limited by the horn pulsing at 5
Hz. This timing structure provides a very powerful constraint
to the background from cosmic rays.

3.2 The far-to-near ratio (FNR)

The uncertainty on the absolute v, flux at MiniBooNE,
shown in Fig. 2, top (from [32]), stays below 20% for ener-
gies below 1.5 GeV, increasing drastically at larger ener-
gies and also below 200 MeV. The uncertainty is dominated
by the knowledge of proton interactions in the Be target,
which affects the angular and momentum spectra of neutrino
parents. The result of Fig. 2 is based on experimental data
obtained by the HARP and E910 collaborations [32].

The large uncertainty on the absolute neutrino flux makes
the use of two or more identical detectors at different base-
lines mandatory when searching for small disappearance
phenomena. The ratio of the event rates at the far and near
detectors (FNR) as function of neutrino energy is a conve-
nient variable since at first order it benefits from cancella-
tion of systematics due to the common effects of proton-
target, neutrino cross-sections and reconstruction efficien-
cies. Because of these cancellations the uncertainty on the
FNR or, equivalently, on the spectrum at the far site extrapo-
lated from the spectrum at the near site is at the level of few
percent. As an example the FNR for the NuMI beam is shown
in bins of neutrino energy in Fig. 2, bottom (from [33]); the
uncertainty ranges in the interval 0.5-5.0%.

It is worth to note that, even in the absence of oscillations,
the energy spectra in any two detectors are different, thus
leading to a non-flat FNR. This is especially true if the dis-
tance of the near detector is comparable with the length of the
decay pipe. It is therefore necessary to master the knowledge
of the FNR for physics searches.

Assuming a transverse area for the detectors at near and
far sites of the same order, the solid angle subtended by the
near detector is larger than that subtended by the far one.
Therefore, neutrinos, and mostly those from mesons decay-
ing at the end of the pipe, have a higher probability of being
detected in the near than in the far detector. In the far detector,
on the contrary, only neutrinos produced in a narrow forward
cone are visible. This effect is illustrated in Fig. 3 showing
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Fig. 2 Top Uncertainties on the absolute flux of v, at MiniBooNE
(from [32]). Bottom Uncertainties on the far-to-near ratio at NuMI
according to different simulations (from [33])

the ratio of the integrated neutrino flux at the two locations
distributed over the neutrino production points (radius R vs
longitudinal coordinate Z), for a sample crossing a near (4 x4
m? transverse area) and a far (8 x 8 m?) detector with front-
surface placed at 110 and 710 m from the target, respectively.
Neutrinos produced at large Z can be detected even if they
are produced at relatively large angles, enhancing the contri-
bution of lower energy neutrinos. On the other hand neutrinos
from late decays come from the fast pion component that is
more forward-boosted. The former effect is the leading one
so the net effect is a softer spectrum at the near site.

InFig. 4 (top plots) the distributions of the neutrino energy,
E,, vs Z for neutrinos crossing the near (top left) and the
far site (top right) are shown. The assumed detector active
surface is a square of 4 x 4 m? and 8 x 8 m? for the near and far
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Fig. 3 Ratio between the Z—R distributions of neutrino production
points for neutrinos crossing a near-detector transverse surface of 4 x 4
m? at 110 m over neutrinos crossing a far-detector transverse surface
of 8 x 8 m? at 710 m. The Z origin is fixed at the middle of the decay
pipe, R being the radial distance in the pipe. The near detector has a
larger acceptance for neutrinos produced in the most downstream part
of the decay pipe, as expected
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Fig. 4 Distribution of E\, vs Z for neutrinos seen in the near (fop left)
and far (fop right) detector. Distribution of the Z production points for
neutrinos seen in the near (bottom left) and far (bottom right) detectors.
The assumed detector active surface is a square of 4 x 4 m? and 8 x 8 m?
for the near and far detector, respectively

detector, respectively. As anticipated, the energy spectrum
at the near site is softer, the additional contribution at low
energy being particularly important for neutrinos from late
meson-decays. The distribution of Z is also shown in Fig. 4
for neutrinos crossing the detectors at the near (bottom left)
and far (bottom right) sites.

From these considerations it is apparent that the predic-
tion of the FNR is a delicate task requiring the full simulation
of the neutrino beam-line and the detector acceptance. More-

Table 1 Systematic uncertainties on the flux prediction of the v,
Booster beam

Source Error (%)
p-Be 7T production 14.7
2"Y nucleons interaction 2.8
p-delivery 2.0
2"Y pions interaction 1.2
Magnetic field 2.2
Beam-line geometry 1.0

over, the systematic uncertainties on the FNR parameter play
a major role requiring deep investigation.

The various contributions to the systematic uncertainties
on the neutrino flux were studied in detail by the MiniBooNE
collaboration in [32] (Table 1). At first order they factorize
out using a double site. However, since their magnitude can
limit the FNR accuracy, we studied in detail the largest con-
tribution, which comes from the knowledge of the hadro-
production double differential (momentum p, polar angle 6)
cross-sections in 8 GeV p-Be interactions.

Other contributions are less relevant and do not practi-
cally affect the FNR estimator. As an example the system-
atic contributions due to the multi-nucleon and the final state
interactions have been investigated. Their modeling can be
important when measuring cross-sections or for the extrac-
tion of oscillation parameters with measurements from a sin-
gle detector. However, the local interaction is the same when
two sites, near (N) and far (F), are used. Any estimator of the
F/N ratio in terms of some measurable quantity correlated
to the neutrino energy is not affected at first order by shape
distortion. Therefore, in case of near and far detections the
effect of the interaction models becomes sub-leading. What
matters is the convolution of the neutrino interaction model
with fluxes, detector acceptance as well as detector compo-
sition, which may be different at the two sites. The amount
of this sub-leading contribution depends also on the char-
acteristic of the detectors: Water Cherenkov, Liquid Argon,
Scintillator, Iron etc.

NESSIE is the only proposal that could plainly profit of
its identical configuration at near and far sites (up to the iron
composition of the corresponding slabs in the near and far
detectors), its capability to contain the events, and the control
of the F/N ratio in various muon momentum ranges with
large statistics. The contribution of the interaction models to
the systematic error of the F/N ratio was checked and found
very small (below 1%). An example of the performed several
checks is reported in Fig. 5 and Table 2, for two extreme
cases of the axial-mass, M4 = 0.99 and My = 1.35 GeV,
analyzed with a full chain simulation (GENIE [34]/FLUKA
plus GEANT4 applied to configuration 4, see next section).

@ Springer
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The distortion is shown as function of the crossed iron planes of the
detector (see Sect. 4); it corresponds to the systematic error due to the
convolution of the neutrino interaction, the fluxes and the detectors’
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Table 2 Systematic uncertainties on the FNR estimator as function of
the crossed iron planes due to the convolution of the neutrino interaction,
the fluxes and the detectors’ acceptance, as shown in Fig. 5, up to amuon
momentum of about 1 GeV. Uncertainties average at 0% with a spread
<1% due to the discreetness of the variable used

nb. pl. (%) nb. pl. (%) nb. pl. (%)
0 —0.63 4 0.7 8 —-0.5
1 0.7 5 0.9 9 —0.6
2 0 6 —0.1 10 —0.1
3 0.1 7 —1.1 11 3.7

3.3 Monte Carlo beam simulation

In order to evaluate how the hadro-production uncertainty
affects the knowledge of the FNR in our experiment a
new beam-line simulation was developed. The angular
and momentum distribution of pions exiting the Be target
were simulated using either FLUKA (2011.2b) [35-37] or
GEANT4 (v4.9.4 p02, QGSP 3.4 physics list). Furthermore
the Sanford—Wang parametrization for 7+ determined from
a fit of the HARP and E910 data-set in [32], was used:

d? :
7 c1p? (1 -

PC3 C
— S —cs8(p—ce pp cos T )
— e Pp
dpd<2

pp—1
(D

with p, being the proton-beam momentum and¢; (i = 1. ..
7) free parameters. The additional subdominant contributions
arising from 7~ and K decays have been neglected when
considering positive polarity beam configurations.
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bottom plot the projection on the horizontal axis, X, fitted to a Gaussian
curve for comparison

For the propagation and decays of secondary mesons
a simulation using GEANT4 libraries was developed. A
simplified version of the beam-line geometry was adopted.
Despite the approximations a fair agreement with the offi-
cial simulation of the MiniBooNE Collaboration [32] was
obtained. This tool is sufficient for the purpose of the site
optimization that is described in the following. In order to
fully take into account finite-distance effects, fluxes and spec-
tra were derived after extrapolating neutrinos down to the
detector volumes without using weighing techniques. A total
number of 7 x 108 protons on target (p.o.t.), 2.1 x 103 p.o.t.
and 1 x 107 pions were simulated with FLUKA, GEANT4
and Sanford—Wang parametrization, respectively.

In Fig. 6 the transverse distributions of neutrinos at a dis-
tance of 110 m from the target is shown. The root-mean-
square (r.m.s.) of the distribution is about 5 m. The projected
coordinate is shown in the bottom plot of Fig. 6 with a Gaus-
sian fit superimposed for comparison. The plot indicates that
a near detector placed on ground-surface (Y = 7 m) would
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severely limit the statistics (furthermore the angular accep-
tance of the far and near detectors would be too different).

3.4 Choice of experimental sites

Once the geometry and the mass of the detectors have been
fixed additional issues affect the choice of the location of
the experimental sites, near and far ones. The ultimate figure
of merit is the power of exclusion (or discovery) for effects
induced by sterile neutrinos in a range of parameters as wide
as possible in a given running time.”

As soon as the detectors are further away from the target
they “see” more similar spectra since the production region
better approximates a point-like source. This helps in reduc-
ing the systematic uncertainty. On the other hand the larger is
the distance the smaller is the size of the collected event sam-
ple. Moreover the lever-arm for oscillation studies is reduced.
The reliability of the simulation of the neutrino spectra at the
near and far sites remains an essential condition. This point
is further addressed in Sect. 3.4.2.

On a practical basis the increasing of the depth of the
detector sites impacts considerably on the civil engineer-
ing costs. Furthermore existing or proposed experimental
facilities (SciBooNE/LAr1-ND, T150-Icarus, MiniBooNE,
MicroBooNE, LArl1, Icarus) already partially occupy possi-
ble sites along the beam line [27].

3.4.1 Dependence of vEC rates and energy spectra on the
detector position

The vﬁc interaction rates and their mean energy depend on
the distance from the proton target, as shown in Fig. 7, top
and bottom, respectively.

The horizontal axis corresponds to the distance (Z) from
the target, the vertical axis to the depth from the ground sur-
face. At a distance of about 700 m the rates and the mean
energies are barely affected when moving from on-axis to
off-axis positions. That consideration supports the possibil-
ity of placing the far detector on surface, thus reducing the

experiment cost.

3.4.2 Systematics in the near-to-far ratio for a set of
detector configurations

Six configurations were selected considering different dis-
tances (110, 460 and 710 m), either on-axis or off-axis, and
different fiducial sizes of the detectors. The configurations’

2 A similar optimization process aimed to find the best location in front
of the Booster beam was extensively performed by the SciBooNE col-
laboration [38]. In that case the aim was either to maximize the neutrino
flux or to shape out the energy interval for cross-section measurements.
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interactions vs Z (m) and depth. The origin of the reference system is

the proton-target upstream position. The hollow box close to the origin

indicates the longitudinal extension of the decay pipe

C rate (a.u.) vs distance from the target, Z, and the

Table 3 Near—far detectors’ configurations. L y(r) is the distance of the
near (far) detector from the target. yy(r) is the vertical coordinate of
the center of the near (far) detector with respect to the beam axis, which
lies at about —7 m from the ground surface. sy (r) is the transverse size
of the near (far) detector

Config. Ly (m) Lp(m) yy(m) yp(m) sy(m) sr(m)
1 110 710 0 0 4 8
2 110 710 0 0 1.25 8
3 110 710 1.4 11 4 8
4 110 710 1.4 11 1.25 8
5 460 710 7 11 4 8
6 460 710 6.5 10 4 6

parameters are given in Table 3 and illustrated schematically
in Fig. 8.

e Configuration 1 corresponds to two detectors on-axis at
110 (near) and 710 m (far) with squared active areas of
4 x 4 m? (near) and 8 x 8 m? (far). By selecting the sub-

@ Springer



23 Page8of 19

Eur. Phys. J. C (2017) 77:23

|Config. 1| |Conﬁg. 2|
E 20 [T T T [TITT T T T TTTT) 'E S LU LLLL LLLL) LLLL LLLLI LLLLI LLLL LY
> o ] > o ]
10 = 10— =
pe—— |4 o 3
wPETL PETTI PETTI FYTTY PRPR PITTI PYTTI FhTh TTTT1FTTT1 FOTTY PRPTI FYPT PYPTA IPTRITOY:
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Z(m) Z(m)
|Config. 3 | |Conﬁg. 4|
B 20 ELLILLLL LLLL) LLLL) LLLE LLLE LLLLI Ll B URLL LLLL LLLL) LLLL LLLLI LLLL] LLLL LY
> F ] > E ]
Y =] 10~ =]
0// ; 0/ ;
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Z(m) Z(m)
|Config. 5| |Config. Gl
B 20 RLLILLLL LELL) LLLL) LLLE LLLE LLLLI Ll 3l LLAL LLLL LLLLI LLLL LLLLY LLLLY LLLL L
> ] > o ]
-] 10— /I -]
2 3 0 / 3
TPT1 FTT1 FTTT1 FOATY POPTI PO PYPTA PP, TTT1FTTT1 FOTTY PROTI PYPT PYPTA IPPTA ATOT:
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Z(m) Z(m)

Fig. 8 Configurations of far and near detectors in the Y—Z plane (see
also Table 3). The blue horizontal line marks the ground level, the
vertical black lines mark the detectors and the red lines show the angle
subtended by the detectors at the beginning and the end of the decay

pipe

sample of neutrinos crossing both the near and far detec-
tors the region defined in the transverse plane has roughly
a squared shape with a significant “blurring” since the
neutrino source is not point-like.

e Configuration 2 make use of a reduced near detector area,
limited to 1.25 x 1.25 m?, in order to increase the fraction
of neutrinos seen both at the near and far sites.

e Configurations 3 and 4 replicate the same patterns as 1
and 2, respectively, with the far detector on surface and
the size of the near detector defined by the off-axis angle
(instead of being both on-axis).

e Configurations 5 and 6 are similar to 3 and 4, respectively,
but with the near site at a larger distance (460 m).

Using FLUKA, GEANT4 or the Sanford-Wang
parametrization for the simulation of p—Be interactions, the
FNR was computed for each configuration (Fig. 9).

In configuration 1 (on-axis detectors and a large near-
detector size) the FNR increases with energy, as expected
from the discussion in Sect. 3.2, largely departing from a flat
curve. By reducing the transverse size of the near detector
(configuration 2) the FNR flattens out. This same behavior is
confirmed using off-axis detectors (configurations 3 and 4).
Even flatter FNRs are obtained in configurations with a near
detector at larger baselines (5 and 6). The different behaviors
are more evident in Fig. 10, where the FNRs based on the
Sanford—Wang parametrization and normalized to each other
are compared.
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Fig. 9 Far-to-near ratios for each considered configuration. Com-
parison of results from the different hadro-productions simulations by
FLUKA, GEANT4 and the Sanford—Wang parametrization are shown.
The error bars indicate only the uncertainty introduced by the limited
Monte Carlo samples of FLUKA and GEANT4. The barely visible error
bars on the Sanford—Wang points are due to the very large number of
simulated pions
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Fig. 10 Far-to-near ratios for the six considered configurations using
the Sanford—Wang parametrization

In order to estimate the impact on the FNR of the hadro-
production uncertainties two studies were made.

First, the difference in the hadronic models implemented
in the FLUKA and GEANT4 generators were looked at.
For each configuration the FNR predictions from these two
Monte Carlo simulations are drawn in Fig. 11 as their ratio.
The (yellow) bands correspond to a fixed 3% error on the FNR
ratios between FLUKA and GEANT4. The two simulations
agree at 1-3% level when an overlapping region between the
far and near detectors occurs (configurations 2, 4 and 6).

Another approach was adopted to investigate the FNR
systematic-error due to hadro-production based on the exist-
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GEANT#4 simulations for hadro-production. The bands correspond to a
3% relative error on the different predictions by FLUKA and GEANT4

ing measurements and the corresponding covariance-error
matrix of Booster Be-target replica [32]. The coefficients
¢; of the Sanford—Wang parametrization of pion production
data from HARP and E910in Eq. 1 were sampled within their
correlation errors. The sampling of these correlated param-
eters was performed via the Cholesky decomposition of the
covariance matrix reported in Table 5 of [32]. For each sam-
pling of the ¢; coefficients, neutrinos were weighted with a
factor

do .
dpdos (ci)

W(pr,0z) = (2)

do 0
dprdo; (c;)

depending on the momentum (p,) and angle (6;) of their
parent pion. le are the best-fit values to the HARP-E910 data-
set. The FNR for different ¢; varied within their covariance
error-matrices are shown in Fig. 12 for the six considered
configurations.

For each configuration, in the top plots (plain bullets) the
average value is shown with its error bar representing the
r.m.s. of the samplings. Bottom plots (hollow bullets) show
the ratio of the r.m.s. over the central value providing an
estimate of the fractional systematic error. Uncertainties are
rather large (5-7%) when considering the full area of the near
detector at 110 m; they decrease significantly when restrict-
ing to the central region (configurations 2, 4 and 6). In par-
ticular, in configuration 4, that is a realistic one from prac-
tical considerations, the uncertainty ranges from 2% at low
neutrino energy and decreases below 0.5-1.5% at neutrino

energies above 1 GeV. The uncertainty is generally below
0.5% for a near site at 460 m.

3.5 Conclusions for Sect. 3

Full simulations of the Booster beam were made anew,
based on FLUKA and GEANT4 Monte Carlo simulations.
Indications of the systematic error on the far-to-near ratio
were obtained, showing characteristic behaviours. Moreover,
using the constraints from HARP-E910 data the uncertainties
on the FNR, associated to hadro-production, were carefully
estimated.

Six configurations of the detector locations and sizes
were considered. For a far detector on ground-surface and
a near detector at the same off-axis angle the systematic
error stays at 1-2% when the far and near transverse sur-
faces are matched in acceptance (configuration 4). Provided
the high available statistics and the large lever-arm for oscil-
lation studies, the layout with baselines of 110 and 710 m is
considered in the following as the best choice.

4 Detector design studies

The location of the Near and Far sites is a fundamental issue
in a search for sterile neutrino at SBL. Moreover the two
detector systems at the two sites have to be as similar as
possible. The NESSIE far and near spectrometer system were
designed to match with a timely schedule and also exploit
the experience acquired in the construction, assembling and
maintenance of the OPERA spectrometers [39] that own an
active transverse area of 8.75 x 8.00 m2.

The OPERA two large dipole iron magnets will be dis-
mantled in 2015-2016 and possibly be re-used for the v,
disappearance study discussed in this paper. They are made
of two vertical arms connected by a top and a bottom return
yoke. Each arm is composed of 12 planes of 5 cm thick iron
slabs, interleaved by 11 planes of Resistive Plate Chambers
(RPC) that provide the inner tracker. The magnetic field has
opposite directions in the two arms and is uniform in the
tracking region, with an intensity of 1.53 T.

Muons stopping in the spectrometers can be identified by
their range. Their fraction can be maximized by increasing
the depth of the magnets. This can be achieved by longitu-
dinally coupling the two OPERA spectrometers, both at the
far and the near sites, minimizing therefore the detector re-
design. Their modularity allows to cut every single piece at
4/7 of its height, using the bottom part for the far site and the
top part for near site. In this way any inaccuracy in geometry
(the single 5 cm thick iron slab owns a precision of few mm)
or any variation of the material properties with respect to the
nominal ones (they are at the level of few percent) will be
the same in the two detection sites. The near NESSiE spec-
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Fig. 12 The FNR results for the six configurations are shown as
function of the neutrino energy. The effect of data-driven hadro-
production uncertainties on the FNR computed using the Sanford—Wang
parametrization for the six configurations is depicted. Histogram lines
show typical individual-samplings of the ¢; parameters of Eq. 1. Plain

trometer will thus be a clone of the far one, with identical
thickness along the beam but a reduced transverse size.

With the proposed setup a very large fraction of muons
from CC neutrino interactions is stopped in the spectrometer.
For this class of events the momentum is obtained by muon
range. For higher energies the muon momentum is deter-
mined from the muon track sagitta measured in the bending
plane. The charge of the muon can be determined when its
track crosses few RPC planes (>3). The distributions of hit
RPC planes are shown in Fig. 13 for charged and neutral
current events.
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bullets correspond to the average value in each bin while the error bars
represent the r.m.s. of the samplings. For each configuration, bottom
plots (hollow bullets) show the ratios of the r.m.s. over the central val-
ues, providing an estimate of the fractional systematic error

In the positive-mode running of the Booster beam the
antineutrino contamination is rather low (see Fig. 14). In
this case the use of the charge identification is limited and it
can contribute only to keep the related systematic error under
control and well below 1% since the mis-identification of the
charge (mis-ID) of the Spectrometers is about 2.5% in the
relevant momentum range (see the bottom plot of Fig. 24).
The situation is quite different for the negative-mode running
where the neutrino contamination is rather high (see Sect. 6).

In the following the performances (efficiency and purity)
of the spectrometer with 5 cm thick iron-slabs are evaluated in
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Fig. 14 The fluxes of the Booster neutrino beam (from [32])

terms of Neutral Current (NC) contamination and momentum
resolution, and compared to a geometry with 2.5 cm thick
iron slabs.

With 5 cm slabs the fraction ¢ of neutrino interactions in
iron inducing at least one RPC hit (¢ = (> 1RPC)/all) is
68%. The efficiency for CC and NC events is ecc = 86%
and eyc = 20%, respectively. That corresponds to a frac-
tion of NC interactions over the total number of interaction
NC/all = 8.1%. With a minimal cut of 2 crossed RPC
planes, the NC contamination is reduced to 4.2%; by requir-
ing 3 RPC planes the NC contamination drops to 3.0%.

Using 2.5 cm thick slabs, the fraction of neutrino events
with at least one RPC hit increases for both NC and CC
events. The CC efficiency and the NC contamination are both
larger with respect to the 5 cm geometry. In Fig. 15 ec¢ and
the purity, CC/all =1 — NC/all, are shown as a function
of the minimum number of crossed RPC planes, for either
slab thickness.

At the same level of purity the efficiencies in the two
geometries are comparable. No advantage in statistics is
obtained with thinner slabs if the same NC contamination
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Fig. 15 CC efficiency (¢c¢) and purity as a function of the minimum
number of hit RPC planes for the two spectrometer geometries, 5 cm
thick iron slabs (squares) and 2.5 cm thick slabs (circles)

suppression is required. In conclusion the already available
5 cm thick iron slabs can be adopted. It is worthwhile to note
that purities and efficiencies have been extensively checked
not to be spoiled by second-order systematic effects due to
the convolution of the fluxes and the neutrino cross-section
with the detector acceptances at the two sites. That keeps
the systematic error due to the neutrino detection below 1%
while the most relevant contribution to systematics remains
the uncertainty on the fluxes.>

4.1 Track and momentum reconstruction

The RPC digital read-out is provided on both vertical (Y') and
horizontal (X) coordinates using 2.6 cm pitch strips. Track
reconstruction is made first in the two RPC projections (the
X Z bending plane, and the Y Z plane). Then, the two 2-D
tracks are merged to reconstruct a 3-D event.

For muons stopping inside the spectrometer the momen-
tum is obtained from the track range using the continuous-
slowing-down approximation [40]. The range distribution is
shown in Fig. 16. Similar conclusions can be drawn as for the
number of crossed RPC planes (in Fig. 13), namely the CC
efficiency and the reduction of the NC related background.

For any muon track a parabolic fit is performed in the
bending plane to evaluate the track sagitta thus determining
particle charge and momentum.

InFig. 17 (CC events) the reconstructed variables, namely
the number of fired RPC planes and the range in iron, are
plotted versus the muon momentum. A correlation is visible
for both variables. The very strong muon momentum-range
linear correlation allows to reach a sensitivity of few percent
in the momentum estimation.

3 More discussion is provided in the proposal [31].
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4.2 Conclusions for Sect. 4

In the previous Sect. 3 it was shown that by adopting a realis-
tic layout configuration, and by a proper choice of the fiducial
volume at the near site, a reduction of the uncertainty on the
Far/Near ratio to less than 2% level is possible, by plugging
the data-driven knowledge on hadro-production (HARP and
E910 [32]). This is by far the dominant component. Possible
other effects due to the running conditions of the detectors

@ Springer

once installed can be kept under control (<1%). It must be
noted that the efficiency and acceptance of the spectrometers
can be checked routinely with good accuracy using the large
amount of available cosmic rays. Furthermore the detector
in itself is very well mastered and understood due to its sim-
plicity and to the extensive experience in running it under-
ground on the CNGS beam. Furthermore, each original (from
OPERA) iron slab will be used partly at the near and partly
at the far site, providing the same geometrical and material
composition. That choice would provide a very constrained
system at the two sites, with not only identical targets, but
also similar geometrical frames and acceptances. The rel-
ative large statistical sample that could be obtained within
configuration 4 would allow a careful control of the related
systematic effects, by operating at different energy ranges,
too. Finally, all the effects due to detector acceptance and
event-reconstruction have been evaluated to be within 1%.

5 Physics analyses and performances

The disappearance probability of muon-neutrinos, P (v, —
notv,), in presence of an additional sterile-state can be
expressed in terms of the extended PMNS [41,42] mixing
matrix (Uy; witha = e, u, 7,5, andi = 1,...,4). In this
model, called “3+1”, the neutrino mass eigenstates vy, . . . , v4
are labeled such that the first three states are mostly made
of active flavour states and contribute to the “standard”
three flavour oscillations with the squared mass differences
Am3; ~ 7.5 x 1075 eV2 and |Am3,| ~ 2.4 x 1073 eV?,
where Aml.zj = ml2 — m? The fourth mass eigenstate, which
is mostly sterile, is assumed to be much heavier than the
others, 0.1 eV2 < Am?, < 10 eV2. The opposite case in
hierarchy, i.e. negative values of Amﬁl, produces a simi-
lar phenomenology from the oscillation point of view but is
disfavored by cosmological results on the sum of neutrino
masses [43].

In a Short-Baseline experiment the oscillation effects due
to Am%1 and Am%1 canbeneglected since L/E ~ 1km/GeV.
Therefore the oscillation probability depends only on Améz11
and Ugyq with @ = e, u, t. In particular the survival proba-
bility of muon neutrinos is given by the effective two-flavour
oscillation formula:

5 Am2 L
P~ v3hy = 1= [HUaP( = [Upa) ] sin? =42,

4E
3)

where 4|Uu4|2(1 — |U,L4|2) is the amplitude and, since the
baseline L is fixed by the experiment location, the oscillation
phase is driven by the neutrino energy E.

In contrast, appearance channels (i.e. v, — v,) are driven
by terms that mix up the couplings between the initial and
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final flavour-states and the sterile state, yielding a more com-
plex picture:

2
Amy, L

Py = ve)shy = HUpal*|Ueal? sin® =

“)
Similar formulas hold also assuming more sterile neutrinos
(3 + n models).

Since |Uy4| is expected to be small, the appearance chan-
nel is suppressed by two more powers in |Uy4| with respect to
the disappearance one. Furthermore, since v, or v,, appear-
ance requires |U4| > O and |U 4| > 0, it should be naturally
accompanied by non-zero v, and v, disappearances. In this
sense the disappearance searches are essential for providing
severe constraints on the theoretical models (a more exten-
sive discussion on this issue can be found e.g. in Section 2
of [44]).

It should also be noticed that a good control of the v, con-
tamination is important when using the v, — v, for sterile
neutrino searches at SBL. In fact the observed number of
v, neutrinos would depend on the v, — v, appearance and
also on the v, — v, disappearance. On the other hand, the
amount of v, neutrinos would be affected by the v, — v
and v, — v, transitions. However the latter term (v, appear-
ance) would be much smaller than in the v, case since the v,
contamination in v, beams is usually at the percent level. In
conclusion in the v, disappearance channel the oscillation
probabilities in either the near or far detector are not affected
by any interplay of different flavours. Since both near and far
detectors measure the same single disappearance transition,
the probability amplitude is the same at both sites.

Another important aspect of the analysis is related to the
procedure of either rejecting or evaluating the presence of a
sterile component. The basic hypothesis of no-sterile oscil-
lation (Hp) has been assumed against the presence of some-
thing else (H;). For Hy the analysis is simplified since the
systematic errors on the FNR estimator are definitively under
control when no-sterile component is included, as illustrated
in the previous sections. In particular the cross-section uncer-
tainties, the hadro-production modeling, the beam-flux vari-
ations and their convolutions with the detectors’ acceptance
have been checked: the systematic error on FNR is 1-2%.
Evaluation of p values for Hy allows to set the possible pres-
ence of a sterile component. However, in order to estimate the
power of an experiment exclusion plots should be also eval-
uated. The distortion of FNR due to a sterile neutrino com-
ponent with respect to the null hypothesis has been looked
through, taking care of the correlations due to the systematic
errors. In the following both procedures are depicted.

The experiment sensitivity to the v, disappearance was
evaluated by considering several estimators, related either to
(i) the muon produced in vﬁc or to (ii) the reconstructed
neutrino energy. The muon momentum can be very effective
when Hy hypothesis is checked to establish the probability of

Table 4 Fiducial mass and baselines in configuration 4 for near and far
detectors, used for the sensitivity analyses

Fiducial mass (ton) Baseline (m)

Near 297 110
Far 693 710

the non-sterile component, i.e. the observation of something
else. In such a case the simulation is limited to the standard
processes and the FNR approach in the NESSiE environ-
ment is fully efficient. Instead, to evaluate exclusion plots
one needs to extract the oscillation parameters via Monte
Carlo by looking at the FNR distortion in specific regions of
the phase space. A new procedure based on the reconstructed
muon momentum was also implemented to exclude regions
defined by new “effective” variables. Using reconstructed
measured quantities allows to keep systematic errors under
control.

In the second case (ii) the neutrino energy was recon-
structed from

_ Ey—mp /M)
1 —(E,— pucos®)/M’

E, &)

valid in the Charge Current Quasi Elastic (CCQE) approx-
imation, M being the nucleon mass, £, and p, the muon
energy and momentum, respectively.

We developed complex analyses to determine the sen-
sitivity region that can be explored with an exposure of
6.6 x 1020 p.o.t., corresponding to 3 years of data collection
on the FNAL-Booster beam. Our guidelines were the maxi-
mal extension at small values of the mixing angle parameter
and the control of the systematic effects.

The sensitivity of the experiment was evaluated perform-
ing three analyses that implement different techniques and
approximations:

e Method I A Feldman and Cousins technique (see Section
5 of [45]) with ad hoc systematic errors added to the muon
momentum distribution;

e Method II A Pearson’s X2 test [40] with a full corre-
lation matrix based on full Monte Carlo simulation and
reconstruction;

e Method Il A new approach based on the profile likeli-
hoods, often referred to as modified frequentist method
or CL; [46], similar to that used in the Higgs boson dis-
covery [47].

Throughout the analyses the detector configuration defined
in Table 4 was considered.

The distributions of events, either in E,, or p,,, normalized
to the expected luminosity in 3 years of data taking (6.6 x

@ Springer
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Fig. 18 The total number of expected v, CC interactions seen by the
far detector at 710 m, as a function of E,, (top) and p,, (bottom), for the
expected luminosity in 3 years of data taking (6.6 x 1020 p.o.t.) with
the FNAL-Booster beam in positive-mode running. The sub-sample
corresponding to the CCQE component is also shown

1020 p.o.t.) with the FNAL-Booster beam running in positive
focusing mode, are reported in Fig. 18.

The study of the v, disappearance is reported in Sect. 6
with results obtained from method III.

5.1 Sensitivity analyses

In the three analyses the two-flavour neutrino mixing in the
approximation of one mass dominance was considered. The
oscillation probability is given by:

. .5 (1.27Am2,,, L[km]

(6)

where Am2,, is the mass splitting between a new heavy-
neutrino mass-state and the heaviest among the three SM
neutrinos, and 6., is the corresponding effective mixing
angle.

In the selected procedures (Feldman and Cousins
approach, x? test with near—far correlation matrix and CL;

@ Springer

profile likelihoods) the evaluation of the sensitivity region to
sterile neutrinos was computed at 95% C.L. Some recent use
of more stringent Confidence Limits (evento 10 o ’s [48]) was
judged un-necessary, provided the correct and conservative
estimation of the systematic errors. Besides, we note that the
measurement of muon tracks is a quite old and proven tech-
nique with respect to the more difficult detection and mea-
surement of electron—neutrino interactions in Liquid—Argon
systems.

5.1.1 Method I (Feldman and Cousins technique)

In method I the far-to-near ratio was written as R; =
F;/(kN;), where F; and N; are the number of events in the
i-th bin of the muon-momentum distribution in the far and
near detectors, respectively, and k is a bin-independent con-
stant factor used to normalize each other the near and far
distributions. For each value of the oscillation parameters,

sin® 20,0, and Am?2,,,, the x? is computed as

N /1= Ri/Ry:\2
X222(4>’ @)

i=I ORo.i

where Ry ; is the far-to-near ratio in absence of oscilla-
tion and op,; is the quadratic sum of the statistical error
and a fixed, bin-to-bin uncorrelated, systematic error. In
the Feldman and Cousins approach a Ax2,,(sin’ 26,eu,
Am2,,) = x*(sin® 20,6, Am2,,) — x2,. cut is applied.
For every (sin2 2656w, Am%ew) oscillated spectra were
generated and fitted to obtain the X,%”.n. The distribution
of Ax2(sin?20,e0, Am2,,) is cut at 95% to define the
(sin2 205w, Amﬁ «w) €xclusion region. The critical value on
A Xfm can be determined by either sampling the A x? distri-
bution as in Feldman and Cousins or by applying the stan-
dard x2, fixed-value for the 95% C.L. and two degrees-of-
freedom. It was verified that in both cases the obtained results
are very similar in the whole (sin? 26,,0,), Am2,,,) space.
Results are shown in Fig. 19 for a set of ten simulated null
experiments. In the top plot a systematic error €5,; = 0 was
used. In the bottom plot a bin-to-bin uncorrelated systematic-
error €;y; = 0.01 was assumed (see Section 12.1 of [31] for

more details).

5.1.2 Method II ( X2 test with near—far correlation matrix)

In method II the sensitivity to the v,, disappearance was eval-
uated using two different observables, the muon range and
the number of crossed RPC planes. The correlations between
the data collected in the far and near detectors are taken into
account through the covariant matrix of the observables. The
x? is given by
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Fig. 19 Top Sensitivity curves at 95% C.L. with ten simulated toy
experiments and no systematic uncertainties. In the fit procedure p,, was
used as observable with a cut of 500 MeV/c. 10* sampling points, uni-
formly distributed in log scale, were generated. The expected integrated
luminosity for 3 years of data taking (6.6 x 102° p.o.t.) with the FNAL-
Booster beam in positive-mode running was assumed. Bottom As above
but using a bin-to-bin uncorrelated systematic-error €55 = 0.01

N

N
=N N Ey (M) (N = F) @)

i=1 j=0

where M is the covariance matrix [49] of the uncertainties
(statistical and bin-to-bin systematic correlations [50]).

The v, disappearance can be observed either by a deficit of
events (normalization) or, also, by a distortion of the observ-
able spectrum (shape*), which are affected by systematic
uncertainties expressed by the normalization error-matrix
and the shape error-matrix, respectively. The shape error-
matrix represents a migration of events across the bins. In
this case the uncertainties are associated with changes not
affecting the total number of events. Consequently, a deple-
tion of events in some region of the spectrum should be com-

4 Note that the shape analysis looks at the same distributions of
Method I.

'
> [
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Fig. 20 95% C.L. sensitivity obtained using the muon range for all
the interaction processes (Quasi Elastic, Resonant, Deep Inelastic Sca-
tering): CC (black), CC+NC (red) and for CCQE events only (blue).
1% bin-to-bin correlated error in the shape is considered. The expected
integrated luminosity for 3 years of data taking (6.6 x 10%° p.o.t.) with
the FNAL-Booster beam in positive-mode running was assumed

pensated by an enhancement in others. Details of the model
used for the shape error-matrix can be found in [31].

The distributions of the muon range and of the number of
crossed planes were computed using GLoBES [51] with the
smearing matrices obtained by the full Monte Carlo simula-
tion described in Sect. 4.

By applying the frequentist method the x 2 statistic distri-
bution was looked at in order to compute the sensitivity to
oscillation parameters. Different cuts on the range and on the
number of crossed planes were studied. Furthermore sensitiv-
ity plots were computed by introducing bin-to-bin correlated
systematic uncertainties by considering either 1% correlated
error in the normalization or alternatively 1% correlated error
in the spectrum shape.

As a representative result the sensitivity computed using
the range as observable and taking the 1% correlated error
in the shape, is plotted in Fig. 20. Instead the normalization
correlated-error would slightly reduce the sensitivity region
around Am2,, = 1 eV2. Moreover, the sensitivity region
obtained by using the sum of CC and NC events is almost
the same as that obtained with CC events only (see Section
12.2 in [31]). That proves that the result is not affected by
the NC background events.

5.1.3 Method III (CLg profile likelihoods)

In the profile CL; method we introduce a new test-statistics
that depends on a signal-strength variable. By looking at Eq. 6
the factor sin” 26,,.,, acts as an amplification quantity for a
fixed Am2,,, . Therefore a signal-strength . can be identified
with sin? 26,,.,, to construct the estimator function:

@ Springer
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i 1—p-sin®(1.27 Am2,, Lrar/Ey)

= : . ©)
1 — p-sin?(1.27 Am2,,, Lnear/Ev)

In a simplified way, for each Am,% ew» @ sensitivity limit on

1 can be obtained from the p value of the distribution of the
estimator f in Eq. 9, in the assumption of background only
hypothesis.

That procedure does not correspond to computing the
exclusion region of a signal, even if it provides confidence for
it. The exclusion plot should be obtained by fully developing
the CL; procedure as described in Section 12.3 of [31]. How-
ever, since we are here mainly interested in exploiting the
sensitivity of the experiment, the procedure provides already
insights into that. Its result comes fully compatible with the
previous two analyses, which follow the usual neutrino anal-
yses found in the literature.

Moreover, following the same attitude, an even more
aggressive procedure can be applied. Since the deconvolution
from p,, to E, introduces a reduction of the information, we
investigated whether the more direct and measurable param-
eter, p,, can be a valuable one. In such a case Eq. 9 becomes:

i 1— w-sin®(1.27 Am2,, Lrar/pu)

- ) 2 (10)
1 — - sin“(1.27 Am32,,, LNear/Pu)

The corresponding sensitivity plot is shown in Fig. 21.
It provides an “effective” sensitivity limit in the “effec-
tive” variables Am? and the reconstructed muon momentum,
Pu.rec- By applying the Monte Carlo deconvolution from
Pu,rec 0 Ey, we checked that the “effective” Am? is sim-
ply scaled-off towards lower values, not affecting the mixing
angle limit.> The merits of the Pp.rec are multiple: it is not
affected as E,, by the propagation error due to the deconvo-
lution process, the systematics errors due to the reconstruc-
tion of the events (efficiency, acceptance, background) are
directly included since it corresponds to a measured quan-
tity, the estimator is powerful in identifying a possible new
signal/anomaly.

5.2 Conclusions for Sect. 5

The sensitivity curves obtained with different analyses prove
the possibility to explore a very large region in the mass-scale
and mixing-angle plane, larger than other current proposals.
Using a configuration with two (massive) detectors, one at
110 m on-axis, and one at 710 m off-axis (configuration 4,
see Table 4), the achievable sensitivity curves are drawn in
Fig. 22 for several C.L., compared to existing limits [12-16]
and the predicted sensitivities of the SBN project [27]. A
systematic error of 1% has been assumed and a conservative

5 The scaled-off feature is evident from the comparisons of the sensi-
tivity curves in the two cases, either E, or p, rec (Figs. 51, 52 of the
original proposal [31]).
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Fig. 21 The sensitivity at 95% of C.L. obtained by computing the
modified raster-scan method, in a CL; framework, and by using the
reconstructed muon momentum as estimator (Eq. (10)). The expected
integrated luminosity for 3 years of data taking (6.6 x 10%° p.o.t.) with
the FNAL-Booster beam in positive-mode running was assumed. A
conservative cut of p, . > 500 MeV/c was applied
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Fig. 22 The sensitivity curves obtained using the modified raster-scan
method (Eq. (9)), in a CL; framework, for 90, 95 and 99.7% C.L.,
for an expected integrated luminosity of 3 years of data taking (6.6 x
109 p.o.t.) with the FNAL-Booster beam in positive-mode running. An
uncorrelated 1% systematic error and a conservative cut of py rec >
500 MeV/c were used. The filled area corresponds to the MINOS [14—
16] result and the green curve to the MiniBooNE/SciBooNE [12,13]
limit (at 90% C.L.). The two dashed lines corresponds to the sensitivity
predicted by the new SBN proposal [27], at 90 and 99.7% C.L.

cut py rec = 500 MeV/c was applied. A sensitivity to mixing
angles below 1072 in sin% 260,,,,, can be obtained in a large
region of Am? around 1 eV? scale.

Itis noted that by applying more elaborated reconstruction
algorithms than those used in the present analysis the 500
MeV/c cutin py, rec could be lowered to 200 — 300 MeV/c.
The exclusion region could then be significantly extended to
Am? < 1 eV?, even if systematic errors should generally
be larger and therefore detailed studies would be required to
really access that limit.

We demonstrated that a sophisticated statistical tool
(method III) can be applied to get hints of new neutrino states
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Fig. 23 The flux components of the Booster antineutrino beam
(from [32])

at lower mass-scale than that achievable with the usual ones
(methods I and II), by making use of a different estimator
(the reconstructed muon momentum), less dependent of the
Monte Carlo simulation. Thus we conclude that, on top of
the exclusion limits, a robust confidence is accomplished on
the identification of a possible new signal.

6 Sensitivity for the antineutrino disappearance

In negative-focusing mode the Booster beam contains a
large neutrino component. In terms of flux the contamination
amounts to 15% at 1 GeV, 30% at 1.5 GeV and surpasses the
antineutrino flux above 2 GeV (see Fig. 23). In this energy
region the measurement of the charge on event-by-event basis
is an efficient tool. Although a comprehensive study of the
spectrometers’ ultimate performance goes beyond the scope
of this paper, we estimated the improvement on the final
sensitivity by using their charge ID capability. We applied
Method III of Sect. 5.1.3, under some additional assumptions
on the neutrino—antineutrino components. The contamina-
tion of the neutrino events resulting from the charge mis-ID
probability (1) was included in an uncorrelated way to the
near and far data samples, with/without the assumption that
only antineutrinos oscillate. The assumption that the oscilla-
tion phenomenon acts differently for neutrinos and antineu-
trinos puts limits on their possible correlated oscillation prob-
abilities. Though the resulting sensitivity curves correspond
to the worst case scenario, they provide a decoupled insight
into the possible measurement of the antineutrino disappear-
ance at 1 eV mass-scale and small mixing angle, for the first
time.

For the antineutrino disappearance search two main
results exist, an old one by the CCFR experiment [52]
and more recent ones from the MiniBooNE [11] and Mini-
BooNE/SciBooNE [13]. The MiniBooNE results come with
a 20-25% contamination of the intrinsic neutrino flux and
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Fig. 24 The total number of foreseen v, CC interactions seen by the
far detector at 710 m, as function of the E\, (fop) and the p,, (bottom), for
the expected luminosity in 3 years of data taking (6.6 x 102 p.o.t.) with
the FNAL-Booster beam in negative-mode running. Separate antineu-
trino and neutrino data are shown, with also the sub-samples corre-
sponding to the CCQE component (dashed histograms). In the bottom
plot the mis-ID of the muon charge as provided by the spectrometers, is
overlaid (black curve and left scale) [39]. The grey zone in the same plot
corresponds to the expected CC neutrino contamination once measured
the muon track (integrated 3200 over 58,600 CC events in the 0.3-5
GeV interval)

were obtained assuming that only antineutrinos oscillate
while neutrinos do not.

A total integrated luminosity corresponding to 3 years of
running at the Booster in negative-focusing mode was consid-
ered. The number of events that could be collected at the far
detector is displayed in Fig. 24. The neutrino sub-component
is highly enhanced because of its larger cross-section with
respect to the antineutrino one.

To evaluate our sensitivity to the signal-strength estimator
(Sect. 5.1.3) a set of four samples has been considered, under
different assumptions:

1. the pure anti-neutrino sample (perfect rejection of neu-
trino contamination);

2. the anti-neutrino sample with the neutrino contamination
as determined by the spectrometers charge mis-ID. The
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Fig. 25 The four sensitivity curves (see text for explanation) obtained
using the modified raster-scan method (Eq. (9)), in a CL; framework, for
95% C.L., for an expected integrated luminosity of 3 years of data taking
(6.6 x 102 p.o.t.) with the FNAL-Booster beam running in negative-
focusing mode. 1 stays for the charge mis-ID probability. An uncorre-
lated 1% systematic error and a conservative cutof p;, . > 500 MeV/c

were used. Previous results are also shown. The dashed green curve cor-
responds to the 90% C.L MiniBooNE [11] limit while the plain green
curve corresponds to its improved analysis and data collection with also
the SciBooNE data [13]

same oscillation law is assumed for neutrinos and anti-
neutrinos;

3. as above, but assuming no oscillation for the neutrino
contamination;

4. the anti-neutrinos sample with full neutrino contamina-
tion (no charge ID), assuming no oscillation for the neu-
trino contamination.

Figure 25 shows the corresponding sensitivity curves, that
have less and less power going from assumption (1)-(4),
as expected. The most sensitive curve (case 1 and red line)
corresponds to the pure sample of antineutrinos. The black
line for case (2) is obtained by including the muon charge
mis-ID in the collected event sample and increasing corre-
spondingly the statistical errors associated to the neutrino and
anti-neutrino components. The curve for case 3 (blue line)
is obtained by assuming that the neutrino component, iden-
tified by the muon charge, do not oscillate, then decreasing
the total sample while contributing to the statistical error. The
purple line for (4) indicates the sensitivity in case the neutrino
component is not identified and assumed not oscillating.

The key feature of the charge identification is apparent
since the quite small contamination coming from the mis-
ID produces small corrections. In contrast lacking of charge
measurement oblige to assume an oscillation pattern for the
contamination component and reduces drastically the amount
of the equivalent statistical sample and the sensitivity region
(case 4).

@ Springer

7 Conclusions

Existing anomalies in the neutrino sector may hint to the
existence of one or more additional sterile neutrino states. A
detailed study of the physics case was performed to set up
a Short-Baseline experiment at the FNAL-Booster neutrino
beam exploiting the study of the muon-neutrino charged-
current interactions. An independent measurement on vy,
complementary to the already proposed experiments on v,,
is mandatory to either prove or reject the existence of sterile
neutrinos, even in case of null result for v,. Moreover, very
massive detectors are mandatory to collect a large number of
events and therefore improve the disentangling of systematic
effects.

The best option in terms of physics reach and funding con-
straints is provided by two spectrometers based on dipoles
iron magnets, at the Near and Far sites, located at 110 (on-
axis) and 710 m (on surface, off-axis) from the FNAL-
Booster neutrino source, respectively, possibly placed behind
the proposed LAr detectors.

A full re-use of the OPERA spectrometers, when disman-
tled, would be feasible. Each site at FNAL can host a part of
the two coupled OPERA magnets, based on well know tech-
nology, allowing to realize “clone” detectors at the Near and
Far sites. The spectrometers would be equipped with RPC
detectors, already available, which have demonstrated their
robustness and effectiveness.

With that configuration one would succeed in keeping the
systematic error at the level of 1-2% for the measurements
of the v, interactions, i.e. the measurement of the muon-
momentum at the percent level and the identification of its
charge on event-by-event basis, extended to well below 1
GeV.

The achieved sensitivity on the mixing angle between the
standard neutrinos and a new state is well below 0.01 for the
v, mode. The measurement of the muon charge on event-
by-event basis has been demonstrated to be very efficient for
the estimation of possible disappearance antineutrino phe-
nomena, for the first time at the level of few percents for the
mixing angle and a mass scale around 1 eV.
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