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Figure 1. Schematic of the facility

I. OVERVIEW

The idea of using a muon storage ring to produce a high-energy (~ 50 GeV) neutrino beam
for experiments was first discussed by Koshkarev [1]. However, a detailed description of
the concept for neutrino oscillation experiments was first produced by Neuffer [2] in 1980.
The facility we described here (v'STORM) is essentially the same facility proposed in 1980
and would utilize a 2-3 GeV /c muon storage ring to study eV-scale oscillation physics and,
in addition, could add significantly to our understanding of v, and v, cross sections. In
particular the facility can:

. Address the large Am? oscillation regime and add significantly to the study of sterile neu-
trinos.
. Make precision v, and 7, cross-section measurements.
. Provide a technology (1 decay ring) test demonstration and p beam diagnostics test bed.
. Provide a precisely understood v beam for detector studies

Pions are collected from a target, then transported to and injected into a storage ring where
they decay to muons. The muons then subsequently decay into electrons and neutrinos. We
are starting with a storage ring design that is optimized for 2 GeV/c muon momentum. In

this case, the energy is optimized for the needs of both the oscillation and the cross section
physics. See Fig. 1 for a schematic of the facility.

For positive muons, the decay, u* — e* + v, + v, yields a neutrino beam of precisely
known flavor content. In addition, if the circulating muon flux in the ring is measured
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accurately (with beam-current transformers, for example) then the neutrino beam flavor
content and flux are precisely known. Near and far detectors are placed along one of the
straight sections of the racetrack decay ring. The near detector can be placed at 20-50
meters from the end of the straight and will measure neutrino-nucleon cross sections that
are potentially important for future long-baseline experiments. This would include the first
precision measurements of v, and 7, cross sections. A far detector at 800-1000 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 v, — v, where the resulting final state has a muon of the wrong-sign
from interactions of the v, in the beam. In the case of s stored in the ring, this would
mean the observation of an event with a p~. This detector would need to be magnetized for
the wrong-sign muon appearance channel, as is the case for the baseline Neutrino Factory
detector [3]. A number of possibilities for the far detector exist. However, a magnetized iron
detector similar to that used in MINOS is likely to be the most straightforward approach
for the far detector design. For the purposes of the VLENF oscillation physics, a detector
inspired by MINOS, but with thinner plates and much larger excitation current (larger B
field) is assumed.



II. THEORETICAL AND EXPERIMENTAL MOTI-
VATION

A. Sterile neutrinos in extensions of the Standard Model

Sterile neutrinos—fermions that are uncharged under the SU(3) x SU(2) x U(1) gauge
group—arise naturally in many extensions of the Standard Model and even where they are
not an integral part of a model, they can usually be accomodates easily. A detailed overview
of the phenomenology of sterile neutrino and of related model building considerations is
given in [4].

For instance, in Grand Unified Theories (GUTSs), fermions are grouped into multiplets of
a large gauge group, of which SU(3) x SU(2) x U(1) is a subgroup. If these multiplets
contain not only the known quarks and leptons, but also additional fermions, these new
fermions will, after the breaking of the GUT symmetry, often behave like gauge singlets (see
for instance [5-8] for GUT models with sterile neutrinos).

Models attempting to explain the smallness of neutrino masses through a seesaw mech-
anism generically contain sterile neutrinos. While in the most generic seesaw scenarios,
these sterile neutrinos are extremely heavy (~ 10 GeV) and have very small mixing angles
(~ 10712) with the active neutrinos, slightly non-minimal seesaw models can easily feature
sterile neutrinos with eV-scale masses and with per cent level mixing with the active neutri-
nos. Examples for non-minimal seesaw models with relatively light sterile neutrinos include
the split seesaw scenario [9], seesaw models with additional flavor symmetries (see e.g. [10]),
models with a Froggatt-Nielsen mechanism [11, 12], and extended seesaw models that aug-
ment the mechanism by introducing more than three singlet fermions, as well as additional
symmetries [13-15].

Finally, sterile neutrinos arise naturally in “mirror models”, in which the existence of an
extended “dark sector”, with nontrivial dynamics of its own, is postulated. If the dark
sector is similar to the visible sector—as is the case, for instance in string-inspired Fg x Fg
models—it is natural to assume that it also contains neutrinos [16-18].

B. Experimental hints for light sterile neutrinos

While the theoretical motivation for the existence of sterile neutrinos is certainly strong,
what has mostly prompted the interest of the scientific community in this topic is is the
fact that there are several experimental results that show significant deviations from the
Standard Model predictions which can be interpreted as hints for oscillations involving sterile
neutrinos.

The first of these hints was obtained by the LSND collaboration, who carried out a
search for 7, — 7. oscillations over a baseline of ~ 30 m [19]. Neutrinos were produced
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in a stopped pion source in the decay #* — p* + v, of pions at rest and the subsequent

decay ut — et,v.. Electro antineutrinos are detected through the inverse beta decay
reaction 7,p — e*n in a liquid scintillator detector. Backgrounds to this search arise from
the decay chain 7= — 7, + (4~ — v,P.e”) if negative pions produced in the target decay
before they are captured by a nucleus, and from the reaction v,p — p*n, which is only
allowed for the small fraction of muon antineutrinos produced by pion decay in flight rather
than stopped pion decay. The LSND collaboration finds an excess of 7, candidate events
above this background with a significance of more than 30. When interpreted as v, — 7,
oscillations through an intermediate sterile state 7y, this result is best explained by sterile
neutrinos with an effective mass squared splitting Am? > 0.1 eV? relative to the active
neutrinos, and with an effective sterile-induced 7,7, mixing angle sin? 20c,06 2 2 X 1073,
depending on Am?.

The MiniBooNE experiment [20, 21] was designed to test the neutrino oscillation in-
terpretation of the LSND result using a different technique, namely neutrinos from a horn-
focused pion beam. While a MiniBooNE search for v, — v, oscillations indeed disfavors
most (but not all) of the parameter region preferred by LSND in the simplest model with
only one sterile neutrino [20], the experiment obtains results consistent with LSND when
running in antineutrino mode and searching for v, — 7. Due to low statistics, however, the
antineutrino data favors LSND-like oscillations over the null hypothesis only at the 90% con-
fidence level. Moreover, MiniBooNE observes a yet unexplained 3.00 excess of v.-like events
(and, with smaller significance also of 7, events) at low energies, 200 MeV < E, < 475 MeV,
outside the energy range where LSND-like oscillations would be expected.

A third hint for the possible existence of sterile neutrinos is provided by the so-called reac-
tor antineutrino anomaly. In 2011, Mueller et al. published a new ab initio computation
of the expected neutrino fluxes from nuclear reactors [22]. Their results improve upon a 1985
calculation by Schreckenbach [23] by using up-to-date nuclear databases, a careful treatment
of systematic uncertainties and various other corrections and improvements that were ne-
glected in the earlier calculation. Mueller et al. find that the predicted antineutrino flux
from a nuclear reactor is about 3% higher than previously thought. This result, which was
later confirmed by Huber [24], implies that short baseline reactor experiments have observed
a 30 deficit of antineutrinos compared to the prediction [25].[4] It needs to be emphasized
that the significance of the deficit depends crucially on the systematic uncertainties asso-
ciated with the theoretical prediction, some of which are difficult to estimate reliably. If
the reactor antineutrino deficit is interpreted as v, — s disappearance via oscillation, the
required 2-flavor oscillation parameters are Am? > 1 eV? and sin? 20ccer ~ 0.1.

Such short-baseline oscillations could also explain another experimental result: The Gal-
lium anomaly. The GALLEX and SAGE solar neutrino experiments used electron neu-
trinos from intense artifical radioactive sources to test their radiochemical detection prin-
ciple [26-30]. Both experiments observed fewer v, from the source than expected. The
statistical significance of the deficit is above 99% and can be interpreted in terms of short-
baseline 7, — v, disappearance with Am? > 1 eV? and sin® 20, ¢ ~ 0.1-0.8. [31-33].
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C. Constraints and global fit

While the previous section shows that there is an intriguing accumulation of hints for the
existence of new oscillations effects—possibly related to sterile neutrinos—in short-baseline
experiments, these hints are not undisputed. Several short-baseline oscillation experiments
did not confirm the observations from LSND, MiniBooNE, reactor experiments, and Gallium
experiments, and place very strong limits on the relevant regions of parameter space in sterile
neutrino models. To assess the viability of these models it is necessary to carry out a global
fit to all relevant experimental data sets, and several groups have endeavored to do so [34—38|
[4]. In figure 2 [34] [4], we show the current constraints on the parameter space of a 3 + 1
model (a model with three active neutrinos and one sterile neutrino). We have projected
the parameter space onto a plane spanned by the mass squared difference Am? between the
heavy, mostly sterile mass eigenstate and the light, most active ones and by the effective
amplitude sin? 20c,, 5 for v, — v, 2-flavor oscillations to which LSND and MiniBooNE are
sensitive.

We see that there is severe tension in the global data set: The parameter region favored
by LSND and MiniBooNE antineutrino data is disfavored at more than 99% confidence level
by searches for V', and 77, disappearance. Using a parameter goodness of fit test [58] to
quantity this tension, p-values on the order of few x 1076 are found for the comparibility of
LSND and MiniBooNe 7 data with the rest of the global data set, and p-values smaller than
1073 are found for the compatibility of appearance data and disappearance data [4]. The
global fit improves somewhat in models with more than one sterile neutrino, but significant
tension remains [34] [4].

One can imagine several possible resolutions to this puzzle:

. One or several of the apparent deviations from the standard three neutrino oscillation frame-
work discussed in section II B have explanations not related to sterile neutrinos.

. One or several of the null results that favor the no-oscillation hypothesis are in error.

. There are more than two sterile neutrino flavors. Note that already scenarios with one ster-
ile neutrino with an eV scale mass are in some tension with cosmology, even though the
existence of one sterile neutrino with a mass well below 1 eV is actually preferred by cosmo-
logical fits [59-62]. Cosmological bounds on sterile neutrinos can be avoided in non-standard
cosmologies [63] or by invoking mechanisms that suppress sterile neutrino production in the
early universe [64, 65].

. There are sterile neutrinos plus some other kind of new physics at the eV scale. (See for
instance [57, 66] for an attempt in this direction.)

We conclude that our understanding of short baseline neutrino oscillations is currently in
a rather unsatisfactory state. On the one hand, several experiments indicate deviations from
the established three-neutrino framework. However, none of these hints can be considered
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Figure 2. Global constraints on sterile neutrinos in a 3+1 model. We show the allowed regions at
90% and 99% CL from a combined analysis of the LSND [19] and MiniBooNE antineutrino [21]
signals (filled regions), as well as the constraints from the null results of KARMEN [39], NO-
MAD [40] and MiniBooNE neutrino [20] appearance searches (blue contour). The limit from disap-
pearance experiments (green contours) includes data from CDHS [41], atmospheric neutrinos [42],
MINOS [43, 44], and from SBL reactor experiments [45-52]. For the latter, we have used the new
reactor flux predictions from [22], but we have checked that the results, especially regarding consis-
tency with LSND and MiniBooNE 7 data, are qualitatively unchanged when the old reactor fluxes
are used. Fits have been carried out in the GLoBES framework [53, 54] using external modules
discussed in [55-57].

conclusive, and moreover, when interpreted in the simplest sterile neutrino models, they
are in severe tension with existing constraints on the parameter space of these models.
An experiment searching for short-baseline neutrino oscillations with good sensitivity and
well-controlled systematic uncertainties has great potential to clarify the situation by either
finding a new type of neutrino oscillation or by deriving a strong and robust constraint on
any such oscillation. While the former outcome would constitute a major discovery, also
the latter one would certainly receive a lot of attention since it would provide the world’s
strongest constraints on a large variety of theoretical models postulating “new physics” in
the neutrino sector at the eV scale.



III. FACILITY

The basic concept was presented in Fig. 1. A high-intensity proton source places beam on
a target, producing a large spectrum of secondary pions. Forward pions are focused by a
collection lens into a transport channel. m decay within the transport produces p which are
injected into the decay ring. p-decay within the straight sections will produce v beams of
known flux and flavor via: p* — et + 7, + v. or u= — e~ + v, + .. For a specific
implementation, we choose a X GeV/c storage ring to obtain the desired spectrum of X-Y
GeV v. This means that we must capture 7 at a higher momentum (Z GeV/c).

A. Targeting and capture

Yes we must produce pions.

1. Targeting

B. Injection Options

This scenario requires storage of p from 7 decay. The 7 decay can occur either before
injection or in the ring. Decay before injection requires a separate decay transport line and
full-aperture fast kickers matching the m beam pulse to the ring. For 3000 GeV/c 7, the
decay length is 168m; 45With 7 decay within the Ring, non-Liouvillean stochastic injection
is possible. In stochastic injection, the 3 GeV pion beam is transported from the target into
the storage ring, dispersion-matched into a long straight section. (Circulating and injection
orbits are separated by momentum.) Decays within that straight section provide muons that
are within the 2.1 GeV/c ring momentum acceptance. With stochastic injection, p from a
beam pulse as long as the MI circumference (3000m) can be accumulated, and no injection
kickers are needed, see Fig. 3

sy,
S d W | =

Figure 3. Stocastic injection concept



C. Decay ring

1.

2.

FODO

Racetrack FFAG
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A. For oscillation physics

B. For cross-section measurements
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