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nuSTORM
Unique facility for neutrino physics and 

muon-collider test bed
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Neutrinos from stored muons
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• Scientific objectives:
1. %-level ( νeN ) cross sections

• Multi differential / En scan
2. BSM searches

• E.g. steriles beyond FNAL SBN
3. Muon collider demonstrator

• Precise neutrino flux:
– Normalisa=on: < 1%
– Energy (and flavour) precise

• p ⇢ µ injec0on pass:
– “Flash” of muon neutrinos

nuSTORM, arXiv:2203.07545

Neutrino Factory Formulæ

Decay
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𝝂𝒆/𝝂 ̅𝒆 interac2ons for oscilla2ons
• 𝛿CP requires 𝜈𝑒 and 𝜈𝑒 appearance   

– Suppress 𝜈𝑒 and 𝜈𝑒 background in beams

• Need 𝜈𝑒/�̅�𝑒 interaction data  

• At 1st order precision:
– 𝜈𝜇—A + lepton universality constrains 𝜈𝑒—A

• 𝛿CP requires requires 2nd order precision!
– Large data sets & better-understood fluxes

• High-specification detector:
– Measure lepton & hadronic final state
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Overview

• Extraction from SPS through existing tunnel
• Siting of storage ring:
– Allows measurements to be made on or off axis
– Preserves sterile-neutrino search option
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End-to-end simulation for (re)optimisation 
• “nuSIM” under development to:
– Simulate facility “from target to detector”:

• Pragma=c approach:
– Fast simula*on, parametric approach
– Tracking using G4 based code; “BDSIM”
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• Neutrino energy scan:
–“Pion flash” in first pass
–Subsequently neutrinos from muon 

decay
• Spectrum determined by accelerator tune

Mean
RMS

T. Alves, M. Pfaff

nuSTORM, arXiv:2203.07545

P. Kyberd et al



nuSTORM specification: energy range
• Guidance from:

– Models: 
• Region of overlap

0.5—8 GeV
– DUNE/Hyper-K far detector 

spectra:
• 0.3—6 GeV

• Cross sec0ons depend on:
– Q2 and W:

• Assume (or specify) a detector 
capable of measuring exclusive final 
states

• → Eµ < 6 GeV

• So, stored muon energy range:
6
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.

22

 (GeV)�E
-110 1 10 210

 / 
G

eV
)

2
 c

m
-3

8
 (1

0
�

 c
ro

ss
 s

ec
tio

n 
/ E

� 0
0.05

0.1
0.15

0.2
0.25
0.3

0.35
0.4

 (GeV)�E
-110 1 10 210

 / 
G

eV
)

2
 c

m
-3

8
 (1

0
�

 c
ro

ss
 s

ec
tio

n 
/ E

� 0
0.05

0.1
0.15

0.2
0.25
0.3

0.35
0.4 TOTAL

QE
DIS

RES

FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
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These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
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DUNE
Hyper-K

1 < Eµ < 6 GeV
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Fig. 13: Top: Reconstructed neutrino energy distribution for several values of �CP . sin
2 2✓13 =

0.1 and normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino

energy distribution from the case with �CP = 0�. The error bars represent the statistical

uncertainties of each bin.

Fig. 14: Reconstructed neutrino energy distribution of ⌫µ candidates for several values of

�CP .

Figure 12 shows the reconstructed neutrino energy distributions of the selected ⌫µ/⌫µ events.

Table 8 shows the number of ⌫µ candidate events for each signal and background component.

For the neutrino mode, most of the events are due to ⌫µ, while in the anti-neutrino mode

the contribution from wrong-sign ⌫µ components is significant.

The reconstructed neutrino energy distributions of ⌫e events for several values of �CP are

shown in the top plots of Fig. 13. The e↵ect of �CP is clearly seen using the reconstructed

25/40



nuSTORM@CERN: flux estimation

• Oscilla=on-relevant energy regime
–Hyper-K: 0.6 GeV
–DUNE.   : 2.4 GeV

• Set by stored-muon momentum

• Unique opportunity:
– 𝐸𝜈-scan measurements

• Accelerator "tune" gives fine control
– E.g. optimise flux shape (or spread) by 

adjusting the ring acceptance 
7
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nuSTORM@CERN: working towards a detector concept

• nuSIM ready to allow 
performance evaluation:
– Require “highly capable” detector:

• Scattered lepton
• Inclusive and exclusive final states

• Initial study use DUNE ND-GAr:
– TPC reference design

• 10-bar argon-based gas TPC
• Large gas volume 
• Surrounded by calorimeter

– 4𝝅 acceptance, very low threshold 
– B-field provides sign selection
– e/µ id; final state reconstruction

8

DUNE, instruments 5, 31 (2021)

https://inspirehep.net/literature/1854065


nuSTORM@CERN: 𝑬𝝂-scan measurements

• Low daT: impact of nuclear effects low:
– “Nuclear model calibration”

• High daT: energy-dependent nuclear effects:
– Constrain nuclear models of, e.g. 2p2h, pion absorption, …

9

Transverse boosting angle
Lu et al. Phys. Rev. C 94, 015503 (2016)

“Boos%ng”
(nucleonic +  

Fermi-mo%on)

“Dragging”
(by dissipa0on)

Quasi-elasKc
cross secKon

funcKon of daT

X. Lu

https://inspirehep.net/literature/1410087


nuSTORM@CERN: 𝑬𝝂-scan measurements

• Cross-section estimation using (preliminary) nuSTORM flux
• Energy evolution “tunable” to optimise sensitivity of measurement
• Start of study of energy dependence of various exclusive measurements:

– To provide precise constraints on nuclear effects and their evolution
10
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Synthetic neutrino beam

11

By combining fluxes from 6 stored-muon beam energies 

R. Kamath

Study
under

development



Case study: strangeness production
• Improve nuclear, final-state interaction models:
– Presently, data is “sparse”

• Use nuSTORM flux to look at event rates:
– NuWro used to simulate scattering
– Assume energy threshold of 0.3 GeV, typical of LAr

12

Which Flux?

We can produce different flux shape by
tuning the energy of the pions.

CCQE/RES/DIS processes will dominate
at different energies.
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What’s Visible?
Calculate the momentum distribution of the ⇤s, and ⇤s from ⌃0 decay. Compare to LArTPC
detection threshold of 0.3 GeV.
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What’s Visible?
Similarly, we can look at charged kaons. Detection threshold in a LArTPC is about 0.3 GeV.
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SM opportunities

1
3

Y.F. Perez-Gonzalez

• Improving Standard Model Measurements
 - weak mixing angle measurement at low Q-value 
 - SM Trident

PRL125, 051803

nuSTORM

nuSTORM POT = 14×10!", 100t FID mass LArTPC
ProtoDUNE ~700t (FID) LArTPC

preliminary

Trident

preliminary n (n)

nµ->ne

Coh/dif

Coh/dif

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051803


BSM opportunities (“beyond steriles”)

14

• nuSTORM sensitivity to new physics
 - New Physics (𝑍#) can appear in trident 
 - 𝜈 self interactions can be constrained (increase in expected 𝜈)
 - Searches for Large Extra dimensions (oscillations occur)
 - Light Dark Matter Constraints from DM produced from 𝜋± decays

preliminary

PRD.100.055012

nuSTORM se
nsiti

vity

𝜈 self interactions
BSM Trident

Y.F. Perez-Gonzalez
J. Turner

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.055012


BSM opportuni.es (“beyond steriles”)

15

• nuSTORM can help resolve SBL anomalies
• Large Flux, low BGs, low systematics make nuSTORM the 

best place to constrain new physics

Y.F. Perez-Gonzalez
J. Turner
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Executive summary

The 2020 Update of the European Strategy for Particle Physics (ESPP) [1] recommended that muon beam R&D
should be considered a high-priority future initiative and that a programme of experimentation be developed
to determine the neutrino cross-sections required to extract the most physics from the DUNE and Hyper-K
long-baseline experiments. The ENUBET [2–4] and nuSTORM [5, 6] collaborations have begun to work
within and alongside the CERN Physics Beyond Colliders study group [7] and the international Muon Collider
collaboration [8] to carry out a joint, five-year R&D programme to deliver a detailed plan for the implementation
of an infrastructure in which:

• ENUBET and nuSTORM deliver the neutrino cross-section measurement programme identified in the
ESPP and allow sensitive searches for physics beyond the Standard Model to be carried out; and in which

• A 6D muon ionisation cooling experiment is delivered as part of the technology development programme
defined by the international Muon Collider collaboration.

This document summarises the status of development of the nuSTORM and 6D cooling experiments and iden-
tifies opportunities for collaboration in the development of the initiative outlined above.

Elements of the proposed initiative:

ENUBET

The ENUBET (Enhanced NeUtrino BEams from kaon Tagging; NP06) collaboration proposes a dedi-
cated facility to measure ⌫µ and ⌫e cross-sections precisely using a combination of monitored, narrow-
band neutrino beams at the GeV energy scale and by instrumenting the meson-decay tunnel with a
segmented calorimeter. The ENUBET approach is based on monitoring the production of large-angle

†The nuSTORM collaboration is presented in the addendum.
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Strategic mid-term goal

Goal: over next ~3 years, prepare for next ESPPU:
• Study and document the science case:

– Cross secKons, BSM, and MC demonstrator
• Prepare “pre-CDR” as input to the Strategy Update

17

Innovative accelerator technology underpins the physics reach of high-energy and high-
intensity colliders…  The technologies under consideration include high-field magnets, 
high-temperature superconductors, plasma wakefield acceleration and other high-
gradient accelerating structures, bright muon beams, energy recovery linacs. The 
European particle physics community must intensify accelerator R&D and sustain it with 
adequate resources. …  

 To extract the most physics from DUNE and Hyper-Kamiokande, a complementary 
programme of experimentation to determine neutrino cross-sections and fluxes is 
required. Several experiments aimed at determining neutrino fluxes exist worldwide. 
The possible implementation and impact of a facility to measure neutrino cross-sections 
at the percent level should continue to be studied. 

 

European Strategy for Particle Physics
update

High-priority future initiatives

Other essential scientific
activities for particle physics

Opportunity …
Exploit synergies with ENUBET:

Articulate the need

Common requirement:
Advanced neutrino detector

2020

arXiv:2203.07545 ESPPU
202x

https://inspirehep.net/literature/2052496


• Review landscape were nuSTORM will contribute
• Seek to identify key topics and directions
• Plot a course towards follow-up workshop:

– In around 9 to 12 months
– Which quantifies cross section, BSM, … opportunities

• Ideally:
– “Proceedings” of follow-up workshop:

• Document science case for nuSTORM in peer-reviewed publication 
• Provide evidence to support submission to ESPPU27

18

https://conference.ippp.dur.ac.uk/event/1169/

✓
✓
✓



• Science case remains fantastic
• Technological R&D still ground-breaking
• Risks to programme remain too

• Demonstrator is critical to the programme:
– 6D cooling and world-leading particle physics

19

Muon&Collider&
•  The&sBchannel&cross&sec]on&is&much&higher&and&allows&a&
direct&and&very&precise&measurement&of&the&H&total&and&
par]al&widths.&Tests&of&universality&of&H&couplings.&

&

•  Possibility&to&detect&and&measure&with&precision&more&
scalars,&if&any,&and&therefore&to&dis]nguish&among&the&
various&extensions&of&the&SM.&Scalars&close&in&mass.& 17&
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

the steeply-falling parton luminosities. Equal muon and proton collider cross-sections are thus obtained73

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.74

Naively, one would expect the lower background level could be another advantage of the muon75

collider relative to hadronic machines. However it is unclear to what extent this is the case because of76

the large beam background from the decay of the muons, discussed in section 4.77

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective78

as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV79

proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future80

energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and81

to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)82

cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,83

possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP84

dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark85

matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily86

identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are87

the (coloured) top partners related with naturalness, which should be present at this high mass even in88

elusive “neutral naturalness” scenarios.89

The ability to perform measurements, which probe New Physics indirectly
2, is another important90

goal of future collider projects. The high energy of a muon collider could also be beneficial from this91

viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they92

can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV93

CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z
0 up94

to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision95

of 10�4
/10

�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At96

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The97

second important aspect is that some of the key processes for Higgs physics, namely those initiated by98

the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with99

an integrated luminosity of 10 ab
�1, a 10 TeV muon collider would produce 8 million Higgs bosons,100

with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.101

While further study is required, especially in view of the significant level of machine background that102

is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings103

determination.104

A detailed assessment of the muon collider luminosity requirements will result from a compre-105

2Precision would also allow the characterization of newly discovered particles.
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MUC Demonstrator VERY Conceptual layout → To be taken with a “grain of salt”

23

Conceptual layout
Target + horn (1st phase) / 
superconducting solenoid (2nd phase)

Momentum selection chicane 10x 4 m

Collimation and upstream 
diagnostics area: 10x4 m

Cooling area: 50x4 m

Downstream diagnostics 
area: 5x4 m

Injection 
from TT10

� The Facility is flexible enough to accommodate other 
experiments. 

� nuSTORM and potentially ENUBET could be branched from 
the MUC Demonstrator Facility.

� The same target complex would be used profiting from its 
shielding and general target systems infrastructure, utilities, 
and accesses. 

� The double deflection of the beamline could reduce 
radiation streaming towards the nuSTORM ring.

� Synergies between experiments would reduce costs on both 
sides.

� Is the 26 GeV/c beam from the PS appropriate for these two 
experiments? 



Conclusions
• nuSTORM will be a unique facility:

– %-level electron and muon neutrino cross-sections
• Neutrino energy scan; spectrum at each point precisely known

– Exquisitely sensitive BSM & sterile neutrino searches
– Serve as muon accelerator test bed

• Feasibility of executing nuSTORM at CERN:
– Established through Physics Beyond Colliders study

• nuSTORM: a step towards the muon collider:
– Proof-of-principle of high brightness stored muons beams

• 5-year goal: prepare robust case and “pre-CDR” for nuSTORM 
20
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Thank you


