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nuSTORM and the Muon Collider
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Innovation in detectors to provide:
— High-precision

— Large data sets
— Control of systematics

Innovation in accelerators to go beyond



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:
– Normalisation: < 1%
– Energy (and flavour) precise

•   m injection pass:
– “Flash” of muon neutrinos

nuSTORM, arXiv:2203.07545

(—)



𝝂𝒆/�̅�𝒆 interactions for oscillations

• 𝛿CP requires 𝜈𝑒 and 𝜈𝑒 appearance   
– Suppress 𝜈𝑒 and 𝜈𝑒 background in beams

• Need 𝜈𝑒/ ҧ𝜈𝑒 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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Strategic mid-term goal

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

– Cross sections, BSM, and MC demonstrator

• Prepare “pre-CDR” as input to the Strategy Update
5

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


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
6

CERN-PBC-REPORT-2019-003
DOI:10.17181/CERN.FQTB.O8QN



nuSTORM for nN scattering @ CERN — parameters
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Table 1: Key parameters of the SPS beam required to serve nuSTORM.

Momentum 100 GeV/c

Beam Intensity per cycle 4 ◊ 1013

Cycle length 3.6 s

Nominal proton beam power 156 kW

Maximum proton beam power 240 kW

Protons on target (PoT)/year 4 ◊ 1019

Total PoT in 5 year’sdata taking 2 ◊ 1020

Nominal / short cycle time 6/3.6 s

Max. normalised horizontal emittance (1 ‡) 8 mm.mrad

Max. normalised vertical emittance (1 ‡) 5 mm.mrad

Number of extractions per cycle 2

Interval between extractions 50 ms

Duration per extraction 10.5 µs

Number of bunches per extraction 2100

Bunch length (4 ‡) 2 ns

Bunch spacing 5 ns

Momentum spread (dp/p) 2 ◊ 10−4

Fig. 5: Beam lines from the SPS LSS6 extraction point, the nuSTORM line (black arrow) is shown branching off

the HiRadMat line and bending horizontally and vertically into TT61.

beam to nuSTORM by constructing a new branch off the HiRadMat beam-line downstream of a main

bend (MBB.660213) using C-shaped switching dipoles of the MBS type. Branching off the HiRadMat

line makes use of large aperture QTL-type quadrupoles (80mm diameter). After the switching section,

the beam needs to be bent vertically to match the slope of the TT61 transfer tunnel using two MBB type

dipoles; an additional MBB dipole isused to compensate for theswitching angle in the horizontal plane.

After switching from the HiRadMat line, a 290m section of beam-line is housed in existing tunnels.

At the end of this section, a junction cavern must be constructed to allow the branch into the new tunnel.

A beam line of length ≥ 585m is required in the new cavern and new tunnel (see figure 6). Along this

line there are two horizontal bending sections that require 5 and 10 MBB-type dipole magnets respec-

tively and two vertical bending sections which require 6 and 3 MBB-type dipoles respectively. Since all

bending sections bend in one plane only, a careful choice of magnet locations in the optics might allow

for an achromatic design.

A FODO lattice with 30m half-cell length is assumed. Large aperture QTL-type quadrupoles, which

6

CERN-PBC-REPORT-2019-003
DOI:10.17181/CERN.FQTB.O8QN



Accelerator
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Agenda

nuSTORM Workshop - CERN – 22nd October 2019

Hybrid FFA solution

• Hybrid FFA to merge benefits for superior lattice:
Zero dispersion and no scallop angle (from 
FODO) for improving muon capture efficiency 
and neutrino flux
Large DA and momentum acceptance (from 
scaling FFA)

• Lattice contains:
Zero dispersion quad injection/decay straight
Zero-chromatic arc
Zero-chromatic FFA straight (can be used for 
experiments too)

CERN-PBC-REPORT-2019-003
DOI:10.17181/CERN.FQTB.O8QN



9

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? 

6D cooling
test facility

ENUBET

nuSTORM

Ximines et al



End-to-end simulation for (re)optimisation
• “nuSIM” under development to:

– Simulate facility “from target to detector”:
• Pragmatic approach:

– Fast simulation, parametric approach
– Full tracking using G4 based code; “BDSIM”

10

• 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
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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 sections depend on:
– Q2 and W:

• Assume (or specify) a detector 
capable of:

– Measuring exclusive final states
– Reconstructing Q2 and W

• → Em < 6 GeV

• So, stored muon tunable in energy 
range:

13

DUNE
Hyper-K

1 < Em < 6 GeV



nuSTORM@CERN: flux estimation

• Oscillation-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 
14

T. Alves, M. Pfaff

Area normalised Area normalised

mm



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/m id; final state reconstruction

15

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, …

16

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

Quasi-elastic
cross section

function 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
17
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https://conference.ippp.dur.ac.uk/event/1169/
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nuSTORM-PRISM
• Just starting, so indicative study:

– Take 6 data sets that are available

21

R. Kamath

Target function

Weighted sum

60 stored muon energies:
Created using (spline) interpolation for now

Target function

Weighted sum



Case study: strangeness production
• Improve nuclear, final-state interaction models:

– Presently, data is “sparce”

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

22

C. Thorpe

Rate L 𝐾±



BSM opportunities (“beyond steriles”)

23

Exploring the Physics Opp. of NuStorm — April 6th, 2023 Yuber F. Perez-G. - IPPP, Durham University 21

What nuSTORM could do?

Matheus Hostert, 

Community 

Summer Study 

Snowmass 2022

Y.F. Perez-Gonzalez



• 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

24

https://conference.ippp.dur.ac.uk/event/1169/
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Target and horn simulations

• Target simulated in FLUKA (J. Back)
• Parameters of the target adopted from the 

FNAL study
• Inconel target, 46cm in length

• Horn geometry and current adopted from 
the FNAL study (A. Liu)

Horn geometry (Tupri005, IPAC’14)

Overview of nuSTORM
accelerator design

J. Pasternak,

on behalf of nuSTORM study team

22/09/2022, CERN, Geneva

Recruitment:
P. Jurj (ex MICE)

Hope in post 
“next week”
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Pion beam line simulation in BDSIM

T. Alves

Betatron functions and 
dispersion for pion beam 
from the horn until the 
injection point in the 
nuSTORM ring calculated 
by tracking in BDSIM

Layout of pion injection line
P. Jurj, 
R. Kamath

Demonstrator
development
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BDSIM study extended till the 
end of the production straightT. Alves

Betatron functions of pions from the horn until the end of the production straight in 
the nuSTORM ring calculated by tracking in BDSIM

P. Jurj, 
R. Kamath

Demonstrator
development
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(16% used in the calculations)
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PS/SPS feeding comparison

• Simulation performed using FLUKA and BDSIM assuming 107 POT
• Horn current scaled with momentum
• PS would give 4.14 times less accepted muons for the same POT

• Initial finding based of 5 GeV/c muon beam storage efficiency suggests that 
equivalent to SPS scheme PS-based target station would require ~165 kW

• Looks difficult, but the final word is for the PS experts.
• Low pion momentum setting (2.64 GeV/c) requires further investigation due to 

high losses in the pion beam line (work in progress)
• Results will be used for the neutrino flux normalisation

T. Alves



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
31



Historical interlude
• 20th century:

– ‘70s Budker, Skrinskii
– ‘90s Palmer, Tollestrup, Sessler:

• MCC, MCNFC, NFMCC

– ‘99 Autin, Blondel, Ellis
• …

• 21st century:
– CERN MC/NF study
– BENE, EUROnu
– NFMCC → MAP
– MICE
– P5 (2013) …
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Status Report of a High Luminosity Muon Collider and Future Research and

Development Plans∗

Robert B. Palmer

Brookhaven National Laboratory, Upton, NY 11973

Alvin Tollestrup

Fermi National Accelerator Laboratory, Batavia, IL 60510

Andrew Sessler

Lawrence Berkeley National Laboratory, Berkeley, CA 94720

ABSTRACT

Muon Colliders have unique technical and physics advan-

tages and disadvantages when compared with both hadron and

electron machines. They should thus be regarded as comple-

mentary. Parameters are given of 4 TeV and 0.5 TeV (c-of-m)

high luminosity µ+ µ− colliders, and of a 0.5 TeV lower lu-

minosity demonstration machine. We discuss the various sys-

tems in such muon colliders, starting from the proton accelera-

tor needed to generate the muons and proceeding through muon

cooling, acceleration and storage in a collider ring. Detector

background, polarization, and nonstandard operating conditions

are analyzed. Finally, we present an R & D plan to determine

whether such machines are practical, and, if they are, lead to

the construction of a 0.5 TeV demonstration by 2010, and to a 4

TeV collider by the year 2020.

I INTRODUCTION

This report summarizes briefly the work reported in µ+ µ−

Collider: A Feasibility Study[1], prepared for Snowmass and

also will include some of the results and conclusions reached at

the workshop. The possibility of muon colliders was introduced

by Skrinsky et al.[2] and Neuffer[3] and has been aggressively

developed over the past two years in a series of collaboration

meetings and workshops[4, 5, 6, 7]. These studies have con-

centrated on a 4TeV version of a muon collider with charac-

∗ Work supported by the US Department of Energy under contract

DE-ACO2-76-CH00016, DE-AC02-76-CH03000 and DE-AC03-76-SF00098.

Contributors: C. Ankenbrandt (FermiLab) , A. Baltz (BNL) , V. Barger (Univ.

of Wisconsin) , O. Benary (Tel-Aviv Univ.) , M. S. Berger (Indiana Univ.) , A.

Bogacz (UC, Los Angeles) , W-H Cheng (LBNL) , D. Cline (UC, Los Ange-

les) , E. Courant (BNL) , D. Ehst (ANL) , R. C. Fernow (BNL) , M. Furman

(LBNL) , J. C. Gallardo (BNL) , A. Garren (LBNL) , S. Geer (FermiLab) , I.

Ginzburg (Inst. of Math., Novosibirsk) , H. Gordon (BNL) , M. Green (LBNL)

, J. Griffin (FermiLab) , J. F. Gunion (UC, Davis) , T. Han (UC, Davis) , C.

Johnstone (FermiLab) , D. Kahana (BNL) , S. Kahn (BNL) , H. G. Kirk (BNL)

, P. Lebrun (FermiLab) , D. Lissauer (BNL) , A. Luccio (BNL) , H. Ma (BNL)

, A. McInturff (FermiLab) , F. Mills (FermiLab) , N. Mokhov (FermiLab) , A.

Moretti (FermiLab) , G. Morgan (BNL) , M. Murtagh (BNL) , D. Neuffer (Fer-

miLab) , K-Y. Ng (FermiLab) , R. J. Noble (FermiLab) , J. Norem (ANL) , B.

Norum (Univ. Virginia) , I. Novitski (FermiLab) , K. Oide (KEK) , F. Paige

(BNL) , J. Peterson (LBNL) , V. Polychronakos (BNL) , M. Popovic (Fermi-

Lab) , S. Protopopescu (BNL) , P. Rehak (BNL) , T. Roser (BNL) , R. Ross-

manith (DESY) , Q-S Shu, (CEBAF) , A. Skrinsky (BINP) , I. Stumer (BNL) ,

S. Simrock (CEBAF) , D. Summers (Univ. of Mississippi) , H. Takai (BNL) , V.

Tchernatine (BNL) , Y. Torun (SUNY, Stony Brook) , D. Trbojevic (BNL) , W.

C. Turner (LBNL) , A. Van Ginneken (FermiLab) , E. Willen (BNL) , W. Willis

(Columbia Univ.) , D. Winn (Fairfield Univ.) , J. S. Wurtele (UC, Berkeley) , Y.

Zhao (BNL)

teristics that are displayed in Tb.I. Parameters are also given of

a 0.5TeV demostration machine. It is obvious that machines

with these characteristics can address the outstanding physics

questions that we now face.

Table I: Parameters of Collider Rings

c-of-m Energy TeV 4 .5

Beam energy TeV 2 .25

Beam γ 19,000 2,400

Repetition rate Hz 15 2.5

Proton driver energy GeV 30 24

Protons per pulse 1014 1014

Muons per bunch 1012 2 4

Bunches of each sign 2 1

Beam power MW 38 .7

Norm. rms emit. N πmm mrad 50 90

Bending Field T 9 9

Circumference Km 8 1.3

Ave. ring field B T 6 5

Effective turns 900 800

β∗ at intersection mm 3 8

rms I.P. beam size µm 2.8 17

Chromaticity 2000-4000 40-80

βmax km 200-400 10-20

Luminosity cm− 2s− 1 1035 1033

Before going into a complete description of the machine, we

discuss the general question of why study a muon collider?

There are several components to the answer.

• Synchrotron radiation from a charged particle varies in-

versely as the fourth power of the mass. Thus, it is possible

to use a conventional circular accelerator for the collider

ring. The high luminosity is obtained through the use of

the same particles for more than 1,000 bunch crossings be-

fore the muon lifetime reduces the luminosity significantly.

• The full energy of the projectile is available for exploring

the production of new particles. This is in contrast to a

proton collider where only a small fraction of the proton’s

momentum is available in the quark subsystems at integral

collision. A 2 x 2 TeV muon collider is a well matched

complement to the LHC.

• Both beams may be partially polarized albeit at the cost

Snowmass ‘96



• 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

33

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? 
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Thank you


