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Introduction

Benefits of a Muon Storage Ring for Neutrino Physics

Produce multiple high quality beams of different flavours

µ+ decay produces νe and ν̄µ in equal quantities
νµ beam from π+ decay (specific to nuSTORM and MOMENT)

Excellent energy range for interaction studies

All neutrino beam energies between 0 and 4 GeV.
Equal shares of QES and DIS interactions in this region.

Strong control over systematic effects
Muon-decay beam energy and content precisely known.
Pion beam flux with low contamination.
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Introduction

The nuSTORM Facility

120 GeV proton beam incident on a graphite target produce pions.
Pions are horn captured, transported, and injected into ring.

52% of pions decay to muons before first turn

Muons within momentum acceptance circulate in ring.
Muon lifetime is 27 orbits of decay ring.

Schematic representation of nuSTORM
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Introduction

Flux from Muon Decay in a Muon Storage Ring

Neutrino distributions from
unpolarized muon decays at rest

In the SM νe appear in the
distribution,

dΓ

dy
=

m5
µG2

F

16π3 y2(1− y)

νµ appear in a distribution,

dΓ

dy
=

m5
µG2

F

192π3 y2(3− 2y)
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y = 2Eν/mµ

Muon decays are subject to a boost in the z-direction

~p′ν = ~pν +
(γ − 1)

β2 (~pν · ~β)~β + γ~βEν
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Introduction

Angular Spread of ν Beam from a Muon Storage Ring

For nuSTORM; Eµ=3.8 GeV
β = 0.99963
γ = 36.968

From µ decay 0 < pν < 52.828 MeV/c
Two extreme cases of interest:

~pν ‖ ~β

θν ≈
√
~p′ν · ~p′ν − (~p′ν · k̂)(~p′ν · k̂)

(~p′ν · k̂)(~p′ν · k̂)
→

√
(~pµ · î)2 + (~pµ · ĵ)2

(~pµ · k̂)

~pν ⊥ ~β

θν ≈ |~pν |
γβEν

≈ 1
βγ

= 0.028

Fixed component from beam
acceleration.
Need simulation of muon
beam to determine pt and pz .
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Simulations for FODO Ring

Muon Momentum from Full Simulation

Full simulation of FODO run developed with G4beamline
Tracks secondaries (K±, π±, µ±) and scales yield to 1021 POT.
Precise profiles of momentum beam extracted.

µ+ Distribution
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Simulations for FODO Ring

Beam structure from Full Simulation

Time distribution
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the end of first straight.

Beam Profile
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Simulations for FODO Ring

nuSTORM Rate Calculations from Muon Decay

For 1020 POT we expect 2.6×1017 µ+.
Flux calculated from simulations and studies of ring performance,
target capture, and particle transport (summarized below).

Relative µ yield for FODO ring

Parameter Values
Lstraight (m) 185
Circumference (m) 480
Dynamic aperture Adyn 0.6
Momentum acceptance ± 20%
π/POT in momentum acc. 0.094
Fraction of π decays in 0.52
straight (Fs)
Ratio of Lstraight to 0.39
circumference (Ω)
Adyn × π/POT× Fs × Ω 0.011

µ+ Decay Flux at Near Detector
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Assume a 3 m radius.

50 m distance from straight.
Ryan Bayes (University of Glasgow) nuSTORM Flux NuInt Workshop 9 / 19



Simulations for FODO Ring

Beam Line Instrumentation1

Rates and beam characteristics in the ring well known from
instrumentation
Should lead to precise knowledge of the integrated neutrino rate
and average beam dispersion.

Quantity Planned Detectors Comment
Intensity Beam Current Trans-

former
0.1% resolution realistic

Beam Position Button BPM 1 cm resolution expected
Beam Profile Scintillating screens Destructive, 1 cm resolution

Energy Polarimeter
Energy Spread Beam Profile measure-

ment in Arcs
order of 0.1% resolution

Beam loss Ionization or Diamond
Detectors

1adopted from presentation by Lars Soby, 26/03/2013
Ryan Bayes (University of Glasgow) nuSTORM Flux NuInt Workshop 10 / 19



Simulations for FODO Ring

Beam Uncertainty Study

Generated muon beam with
dispersion inflated by 2%.
µ beam uncertainty of 1%.

Rate Difference
nue2pc
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Bin errors from 2% divergence error

RMS of bin-to-bin change less
than 0.6%
Expect less than 0.3% uncertainty
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Simulations for FODO Ring

Pion Beams at nuSTORM

Pion Transport Line

50% of pions decay in straight.
Injection produces a νµ flash of π+ → µ+νµ decays.
For 1020 POT we expect 8.6×1018 π+ decays.
Target not aligned with detectors; no neutral beam contamination.
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Simulations for FODO Ring

Neutrino Flux from Pion Flash
numu_energy_n__1

Entries  4253806
Mean     1599
RMS     401.5
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Pion ν flux much greater than muon ν flux.
π+ → νµ flux is 6.27×1016 ν/m2 at 50 m
µ+ → νe flux is 2.95×1014 ν/m2 at 50 m
K + → νµ flux is 3.78×1014 ν/m2 at 50 m

Can be used for short baseline neutrino experiments.
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Physics Studies

Sterile Neutrino Oscillation Sensitivity

Studies of sterile neutrino discovery potential completed2

Assume sample of 1×1018 useful µ+ decays.
1.3 kTon iron-scinitillator calorimeter detector.
Assume a 0.5% rate and 0.5% cross-sectional systematic.

νe → νµ Appearance Search
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2D. Adey et. al. Phys. Rev. D 89, 071301(R)
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Physics Studies

Potential for Cross-Section Measurement

Flux uncertainties a
significant contribution
to cross-sections

Experiment Flux Error
MiniBooNE 6.7—10.5%

T2K 10.9%
Minerva 12%

nuSTORM <1%

Event Rate per 1021 POT, 100 tonnes at 50 m

µ+ µ−

Channel Nevts Channel Nevts

ν̄µ NC 1,174,710 ν̄e NC 1,002,240
νe NC 1,817,810 νµ NC 2,074,930
ν̄µ CC 3,030,510 ν̄e CC 2,519,840
νe CC 5,188,050 νµ CC 6,060,580

π+ π−

νµ NC 14,384,192 ν̄µ NC 6,986,343
νµ CC 41,053,300 ν̄µ CC 19,939,704

nuSTORM measurements limited by detector systematics.
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Physics Studies

Example: Straw-man LAr detector3

Considered a 100 t LAr
detector in the CCQE
channels.
Clean event
reconstruction wi/ good
fiducial cuts.
Assuming 10 million
events/year and 10 ms
window

Event rate: 1 mHz
Pile up of a few
events per hour.

Assumed LAr simulation parameters
Effect Value

Momentum resolution of contained tracks 3%
Angular resolution 3%

Minimum range for track finding 2 cm

Figure 117. Selection criteria for the analysis. The CCQE-like events are defined as containing one lepton
and strictly no pions. Combining this with data in Table XXX, one can expect an e�ciency loss for leptons
with small momentum/short range. The resulting CCQE-like event count will include topologies where any
given number of neutrons, and protons with less than 40 MeV are present.

Table XXXI. Selection criteria for the analysis. The CCQE-like events are defined as containing one lepton
and no pions. Single electron candidates where the companion proton is not found are also accepted.

Interaction Category Required Topology
⌫̄µ CCQELIKE 1 µ+ + 0proton + 0pion
⌫e CCQELIKE 1 e� + 0/1 proton + 0pion

The event sample that can be accumulated using a detector with a fiducial mass of 100 T at
nuSTORM is large enough that the statistical uncertainty is significant only in the lowest E⌫ bin
(⇠ 0.5 GeV) and becomes negligible at higher energies. The flux uncertainty of 1% also makes a
relatively small contribution, leaving the detector systematic as the dominant source of uncertainty.
In the muon channel, nuSTORM o↵ers a six-fold improvement in the precision with which the
CCQE cross sections can be measured. In the electron channel the measurements that nuSTORM
will provide will be unique. The extension of this analysis to other channels will be the subject of
future work.

124

Determined that a potential 6 fold increase in precision possible.
3arXiv:1308.6822v1
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Physics Studies

Possible Near Detectors

LBNE Near Detector, HIRESMUNU
Straw tube tracker, (S. Mishra & R. Petti).
Builds on NOMAD experience
Foil layers for some nuclear targets

LBNO / LAGUNA Near Detector
Install @ nuSTORM prior to LBNO.
Gas TPC, with fully active calorimeter.
Potential for hydrogen target.

HIRESMNU:!Near!Detector!op+on!for!LBNE

μDetector!

ECAL!

STT!&
Target

Dipole2Magnet

ν 

☙Best performance among the 4-options 

☙~3.5m x 3.5m x 7.5m STT  (ρ≃0.1gm/cm^3)

    4π-ECAL in a Dipole-B-Field (0.4T) 

    4π-μ-Detector (RPC) in Dipole and     

    Downstream
☙Pressurized Ar Target (≃x5 FD-Stat) 

   ➾ LAr-FD 

5

Figure 13. Schematic of the pressurized argon gas-based TPC detector. Both the TPC and scintillator
calorimeter layers surrounding it are enclosed in a pressure vessel. A 0.5 T magnetic field is applied to
the pressure vessel volume. Downstream of the TPC are also an electromagnetic calorimeter (ECAL) and a
magnetized iron neutrino detector (MIND/SuperBIND). The latter acts as a muon spectrometer for neutrino
interactions occurring in the TPC and as an independent near detector for the sterile neutrino program.

C. Technology test-bed

1. Muon beam for ionization cooing studies

Muon ionization cooling improves by a factor ⇠ 2 the stored-muon flux at the Neutrino Factory and
is absolutely crucial for a Muon Collider of any center-of-mass energy in order to achieve the required
luminosity. The Muon Ionisation Cooling Experiment (MICE) [180] will study four-dimensional
ionization cooling and work is underway to specify the scope of a follow-on six-dimensional (6D)
cooling experiment. MICE is a “single-particle” experiment; the four-momenta of single muons
are measured before and after the cooling cell and then input and output beam emittances are
reconstructed from an ensemble of single-muon events. A 6D cooling experiment could be done in
the same fashion, but doing the experiment with a high-intensity pulsed muon beam is preferred.
One feature of nuSTORM is that an appropriate low-energy muon beam with these characteristics
can be provided in a straightforward fashion, see Section IV F.

2. Neutrino cross-section measurements for Super Beams

The neutrino spectrum produced by the nuSTORM 3.8GeV/c stored muon beam is shown in
Fig. 14. The nuSTORM flux at low neutrino energy (< 0.5 GeV) is relatively low. The neutrino
energy spectrum that would be produced at a low-energy super-beam such as the SPL-based beam
studied in [181] or the recent proposed super beam at the European Spallation Source (ESS) [182]

28
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Summary

Conclusions

nuSTORM facility offers great potential for future neutrino physics

Short baseline neutrino oscillation measurements
Neutrino interaction studies
Offers neutrino beams from π and µ decay
Three neutrino beam flavours available νµ, νe, and ν̄µ.

Simulations of µ and π beams in nuSTORM ring completed

Neutrino spectra understood with precision of < 1%.
Neutrino backgrounds from π decay < 10−3 of νµ spectra.

Early simulations show promising physics results

LAr sim. suggests 6 fold increase in precision of ν̄µ cross-section.
Other detectors under consideration for placement in a near
detector site.
A full study of the short baseline oscillation physics is now
published.
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A facility that can deliver beams of electron and muon neutrinos from the decay of a stored muon
beam has the potential to unambiguously resolve the issue of the evidence for light sterile neutrinos
that arises in short-baseline neutrino oscillation experiments and from estimates of the e↵ective
number of neutrino flavors from fits to cosmological data. In this paper, we show that the nuSTORM
facility, with stored muons of 3.8 GeV/c ± 10%, will be able to carry out a conclusive muon neutrino
appearance search for sterile neutrinos and test the LSND and MiniBooNE experimental signals
with 10� sensitivity, even assuming conservative estimates for the systematic uncertainties. This
experiment would add greatly to our knowledge of the contribution of light sterile neutrinos to the
number of e↵ective neutrino flavors from the abundance of primordial helium production and from
constraints on neutrino energy density from the cosmic microwave background. The appearance
search is complemented by a simultaneous muon neutrino disappearance analysis that will facilitate
tests of various sterile neutrino models.

The issue of light sterile neutrinos is one of general
interest to particle physicists and cosmologists. Intrigu-
ing evidence from terrestrial neutrino sources exists for
neutrino mixing between the three active neutrinos and
light sterile neutrino species. Short-baseline neutrino os-
cillations observed by the LSND [1] and MiniBooNE [2]
experiments, the collective evidence of the reactor neu-
trino anomaly [3] and the gallium anomaly [4–8] all point
towards sterile neutrinos with masses at the electronvolt
level. While these results are tantalizing, they are not
conclusive on their own and there is tension with the
disappearance searches, which exclude the best-fit light
neutrino [9, 10]. Furthermore, estimates of the e↵ective
number of neutrino flavors [11, 12] from fits to cosmolog-
ical data suggest that this number is greater than three.
These results are based on primordial helium production
during big-bang nucleosynthesis and constraints on neu-
trino energy density from the cosmic microwave back-
ground. Assumptions based on the partial thermaliza-
tion of the primordial neutrino species [13] and the in-
clusion of uncertainties in the Hubble constant [14] can
be used to accommodate all the available data. There-
fore, there is great interest to resolve the issue of the
existence of light sterile neutrinos, with implications for
particle physics and cosmology.

New ideas have recently been proposed, based on car-
rying out oscillation experiments from isotope decay-at-
rest sources [15] and other accelerator, reactor and active
source neutrino experiments [16]. In this letter we show
that the nuSTORM facility, providing neutrino beams
from the decay of muons in a storage ring, can unambigu-
ously resolve the problem of the existence of light ster-
ile neutrinos by providing a source for all short-baseline
oscillation modes. This idea has evolved from previous
neutrino factory work carried out in the context of sterile
neutrino (2+2) and (3+1) models [17–19]. We will show
in this letter that the currently proposed nuSTORM ac-
celerator facility is feasible, without the need for new
technology, and that the analysis presented is realistic,
in terms of the detector performance. The best sensitiv-

ity to sterile neutrinos can be achieved with the ⌫e ! ⌫µ

oscillation channel, conjugate to the LSND measurement,
but the simultaneous access to disappearance modes can
be used to test the consistency of the neutrino oscillation
hypothesis for the first time in a single experiment.

Muon decays in flight yield a neutrino beam with a
precisely known flavor content and energy spectrum. The
primary decay mode, µ+ ! e+⌫e⌫̄µ, is 98.6% of all muon
decays. The remainder is made up of radiative decays,
µ+ ! e+⌫e⌫̄µ� (B.R.⇡1.4%), and µ+ ! e+e�e+⌫e⌫̄µ

(B.R. = (3.4±0.4)⇥10�5) [20]. These decays all have the
same neutrino content (50% ⌫e, 50% ⌫̄µ), so any di↵er-
ence in the neutrino flavor would represent new physics.
The energy spectrum of the muon decay positron has
been measured to be consistent with the standard model
at the level of a few parts in 104 [21].

The nuSTORM facility has been designed to inject
5 GeV pions into a muon storage ring [22], with a beam
lattice in a race track configuration (Fig. 1). The e↵ec-
tive straight for neutrino production is 185 m long and
includes pion injection and extraction sections. The to-
tal circumference of the ring is 480 m. The storage ring
circulates muons with a central momentum of 3.8 GeV/c
and has a momentum acceptance of ⇡ ±10%. Pions that
do not decay prior to the first bend and muons produced
from pion decay in the forward direction are removed by
an extraction section at the end of the straight. Since
the muons circulate many times between pion fills, neu-
trinos from pion decay are separated from the sample of
neutrinos purely from muon decays through the use of
a time cut that isolates decays immediately after injec-
tion. Muons that decay in the bends or in the opposing
straight do not produce useful neutrinos. It is expected
that ⇡ 2 ⇥ 1018 useful muon decays in the production
straight that points toward the far detector site can be
generated by nuSTORM from a total of 1021 protons on
target (POT) over a total of ten years [22, 23]. The neu-
trino beam has a dispersion of 29 mrad from the boost
of the muon decay and 4 mrad muon beam divergence in
the production straight. The uncertainty in the neutrino
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