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Introduction2

´ Neutrino cross-sections first measured in bubble chambers in the 
1960’s and 70’s (ANL, BNL, FNAL, CERN, IHEP)

´ Very successful experiments; observation of neutral currents

´ Some low Z targets, deuterium x-sec measurements suffered small 
statistics and poor knowledge of neutrino fluxes

´ Data have large uncertainties (20-100%) or show discrepancies that we 
would like to understand

´ Discovery of neutrino oscillations in the last decades has meant two 
things for neutrino cross-section physics:

´  Suddenly we really care about neutrino cross-sections in the 0.5-10 
GeV range where they are not well measured and the channels are 
complicated

´ Suddenly there are high intensity (almost pure) muon  neutrino beams 
around the world in the 0.5-10 GeV range for making some of these 
measurements (but not all ...)

WEAK NEUTRAL CURRENTS FEATURES

Exciting news for weak
interactions theories
In the late 60’s and early 70’s, some important theore-
tical developments boosted the interest in the search
for weak neutral currents. The Glashow-Weinberg-
Salam theory of electroweak interactions among
leptons predicted the existence of a massive neutral
weak boson [5]. The Glashow-Iliopoulos-Maiani
(G.I.M.) mechanism was explaining, via the introduc-
tion of a hypothetical heavier fourth quark (charm,
in addition to up, down and strange), the suppression
of strangeness-changing neutral currents, while per-
mitting strangeness-conserving ones [6]. The proof of
renormalizability (to avoid divergences) for such
theories by ‘t Hooft and Veltman [7] in 1971 led par-
ticle physicists to take the G.I.M. predictions more
seriously and revived the interest of the Gargamelle
collaboration for neutral currents. Furthermore new
calculations about semileptonic Weak Neutral Cur-
rents [8,9,10] were published.

Neutral currents hunting is opened
In a collaboration meeting in March 1972 the Milano
group showed the first hints of neutral currents in
neutrino interactions with at least one pion outgoing.
It was immediately decided to put the highest prio-
rity on the search for neutral currents among the
million pictures to be taken with the Gargamelle
detector and its 12 cubic meters of liquid heavy
Freon CF3Br in the neutrino/antineutrino beam at
CERN. The chamber was ideally suited for this search
due to its very high particle identification capability.
Since the beam at CERN consisted mainly of muon-
like neutrinos and antineutrinos, neutral currents
could manifest themselves in muon-neutrino elastic
scattering off electrons (purely leptonic neutral cur-
rent), or neutrino scattering off nuclei of liquid freon
without prompt muon or electron in the final state
(semi-leptonic neutral current).
Ge first beautiful, but not yet conclusive, hint of such
interactions was an event observed in Aachen around
Christmas 1972, an isolated electron compatible with
the interpretation of muon-neutrino elastic scattering
oH electrons (fig. 2).
Ge semi-leptonic neutral current interaction (so-called
hadronic events) had a much higher probability to
occur. However, they could be simulated by background
reactions, mainly interactions in the liquid of high-
energy neutrons produced in neutrino interactions out
of the visible volume (fig. 3 a charged current event, and
fig. 4 a neutral current event).Ge collaboration worked
hard to get reliable and safe estimates of this back-
ground using simulations, calculations based on
equilibrium arguments, and an evaluation of the
apparent interaction length of the events.A direct mea-

surement of the neutron's behaviour in the chamber
by an exposure of Gargamelle to a proton beam was
also performed.
Eventually, the collaboration was convinced that the
result was solid and reliable.
AIer a seminar by Paul Musset at CERN in July ‘73, the
first evidence for both leptonic and semi-leptonic neu-
tral currents was published by the collaboration in the
same issue of Physics Letters in September 73 [1, 2]. 55
physicists, from groups at Aachen, Brussels, CERN,
Paris, Milano, Orsay and London signed the discovery.

Epilog
Ge high energy physics community reacted incredou-
lusly to the announcement of the discovery. Around
the same time a neutrino experiment in Fermilab
(HPWF) claimed that they do not see neutral currents.
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! FIG. 3:
A charged-
current event.
The track on
the right leaves
the chamber
without any
interaction,
identifying
it as a muon
with high
probability.



L ≈ hundreds of m

LBNO Concept (experimental point of view)

Neutrino source: 
Accelerator + target + 

decay tunnel
Near detectorsFar detector

L ≈ hundreds of km (choice depends on L/En⍨ 500 km/GeV )

• High Intensity Proton synchrotron (30-
120 GeV)

• Target to produce mesons
• Magnetic horns to select polarity
• Decay tunnel to let mesons decay 

and produce neutrinos

• Constraints on neutrino flux 
before oscillation

• Neutrino cross sections
• Direction of neutrino beam

• Huge masses (10s of kT)
• Often underground
• Oscillated neutrino spectrum
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LBNO experiments enable the unique possibility to compare oscillation in controlled 
beams of neutrinos and antineutrinos separately



LBNO Concept

𝒅𝑵𝜷𝑭𝑫

∆𝑬𝝊𝒓𝒆𝒄𝒐
= 𝑵𝒕𝒂𝒓𝒈𝒆𝒕𝑭𝑫 '

𝒊

𝝓𝑭𝑫 (𝑬𝝊)𝝈𝒊𝑭𝑫 𝑬𝝊 𝑻𝒊𝑭𝑫 𝑬𝝊, 𝑬𝝊𝒓𝒆𝒄𝒐 𝝐𝒊𝑭𝑫 𝑬𝝊, 𝑬𝝊𝒓𝒆𝒄𝒐 𝑷𝝊𝜶→𝝊𝜷 𝑬𝝊 𝒅𝑬𝝊

𝒅𝑵𝜷𝑵𝑫

∆𝑬𝝊𝒓𝒆𝒄𝒐
= 𝑵𝒕𝒂𝒓𝒈𝒆𝒕𝑵𝑫 '

𝒊

𝝓𝑵𝑫 (𝑬𝝊)𝝈𝒊𝑵𝑫 𝑬𝝊 𝑻𝒊𝑵𝑫 𝑬𝝊, 𝑬𝝊𝒓𝒆𝒄𝒐 𝝐𝒊𝑵𝑫 𝑬𝝊, 𝑬𝝊𝒓𝒆𝒄𝒐 𝒅𝑬𝝊ND:

FD:

Neutrino flux Cross-sections for  
interaction mode

Energy migration 
tensor

Efficiency/ 
acceptance

Oscillation 
probability 

Detectors provide event rates in bins of reconstructed neutrino energy:

We need to measure with high precision the oscillation probability from event rates and 
then from the oscillation probability we extract the oscillation parameters

NuFact 2024:T. Lux
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Understand Neutrino Flux  and 
neutrino x-sections is  

fundamental  in LBNO !
  

Neutrino oscillations (at LBL)

Today Future 

q12, Dm2
12 Few % <1% (JUNO) 

q13 ~1 % ~1 %

|Dm2
32| ~few - 1 % ~0.5 %

q23 ~few % <1 %

CPV (dCP) 90 % CL 5s (~5o-20o)

MO 1.2s 5s 
(atm&LBL&JUNO)

(Indirect sensitivity from combination of Dm2
ee measured 

at reactors and Dm2
mm from LBL and JUNO)

Direct sensitivity at LBL with rate of ne/ne 
(shape of ne help breaking degeneracies)

nm

‘Charge’ selected 
flux of nm

nm oscilllated samples at 
LBL far detectors

nm ne

ne
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Future experiments: ν
e
 

 We are interested to ν
e
 appeareance and δ

CP
 from ν – ν comparison

but in ND we mostly measure ν
µ
 cross-sections.

 In future (HK, DUNE) large 

samples of 4 ν species → the 

uncorrelated uncertainties are 
relevant

● For DUNE assumed: uncorrelated 

ν
µ
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(shape of ν
µ
 itself may be more important for 

DUNE: shape analysis and spanning over 
different xsec)
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● HK needed uncertainty to have 

negligible impact on δ
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HyperKamiokande
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→ equivalent 
to factor 2 in 
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T2K uncertainty today 5-6%

→ ν
e
/ν

µ
 uncorrelated 2.5%

→ ν/ν uncorrelated 2%
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T2K uncertainty today 5-6%

→ ν
e
/ν

µ
 uncorrelated 2.5%

→ ν/ν uncorrelated 2%

Sensitivity of future Neutrino Oscillation Experiments 

´ Up to now the precision was limited by statistics but once DUNE and Hyper-Kamiokande will 
begin data collection, their unprecedented beam power and large detector mass will drastically 
reduce statistical uncertainties, making systematic errors the dominant constraint on their 
physics potential.

´ The sensitivity of future neutrino oscillation experiments strongly depends on the ability 
to reduce the impact of systematic errors to the percent level.

´ Uncertainties in low-energy cross-section measurements (0.2–5 GeV/c) and Monte 
Carlo models affect the extrapolation of fluxes from Near Detectors (ND) to Far 
Detectors (FD), limiting the precision of the results.

Hyper-K
5



Neutrino Beams (0.2-5.0 GeV) 
Beamline

30 GeV proton beam extracted onto graphite target:
● p+C interactions produce hadron beam (𝜋±

 and K±)

Hadrons focused by 3 electromagnetic horns:
● Focusing 𝜋+ produces 𝜈𝜇 via 𝜋+→𝜇++ 𝜈𝜇
● Changing horn current produces antineutrino beam

Off axis technique produces narrow-band beam

Daniel Barrow NOW 2024 - 3rd Sept 2024 6
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30 GeV protons
L=300 Km
Epeak = 600 MeV/c
Off-axis

60-120 GeV protons
L=1300 Km
Epeak = 2-4 GeV/c
Wide on Axis

T2K/Hyper-K Dune 
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X-Sections & beam composition 

3

Neutrino x-sec as a nuclear physics problem

Impact on present and future oscillation measurements ( ): 

The measurement of  crucially depends on the comparison of  vs  oscillations:
bias on  vs  x-sec directly reflect in bias on  measurement
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Current status of “neutrino cross-section” measurements
Inclusive charged current total cross-section

S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) 

(G.P. Zeller’s review)

Large uncertainties

Limited # of experiments

23
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ν cross section measurement

T2K preliminary T2K preliminary

The measurement of δ
CP

 crucially depends on the comparison of ν vs ν oscillation 

→ bias on ν vs ν  cross section direct reflect in bias on δ
CP  

measurement

14/179



 ne X-section

CC-νe and CC-ν̄e inclusive cross-sections 
on plastic
• CC-νe and CC-ν ̄e selections and their 

corresponding gamma control samples 
are fitted simultaneously

• Limited phase-space (θ < 45 ͦ and p > 
300 MeV/c) due to detector acceptance 
effects

• Cross-section results agree within 
errors with the Neut and Genie 
neutrino generator models

10

T2K Preliminary

GeV/c
0.3 –
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1.6 –
3.2
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What do we measure? 

• Interaction not on free 
nucleons

• Nuclear effects / Final State 
Interactions (FSI) can alter 
the event observables

• Effects depend on target 
material 

• More relevant for low 
neutrino energies

11



Why do we need good models ?

  

Why we need good models?

2p2h events fill the “dip” region sensitive to neutrino oscillation → wrong modelling would 
cause bias on oscillation parameters

8/17

low 
energy 
tails due 
to 2p2h

Neutrino oscillation goes like ~L/E
ν
 but we do not measure E

ν
 ! We measure the outgoing 

muon at SuperKamiokande and we infer the neutrino energy on the base of available models 

Distribution of true energy for a 
given reconstructed energy

Phys.Rev. D87 (2013) no.1, 013009

Near Detector and Far Detector spectra 
of reconstructed energy vs true energy

S. Bolognesi –Jennifer Meeting
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What do we need to measure? 

  

What do we need to measure? 

● different neutrino flavor 
(because of oscillation) 

ν (ν) flux has typically a 

wrong sign component 

need to reconstruct the neutrino energy from the 
final state particles 

measure cross-section asymmetries between different 

neutrino species (eg ν vs ν important for for δ
CP

)

● different E
ν
 distribution 

(because of oscillation) 

Uncertainties in ND→FD extrapolation : 

12/17

measurement of cross-section in the larger possible 
phase-space: increase angular acceptance of ND

● different acceptance

A-scaling: measure cross-sections on different 
targets (and/or on the same target of FD)

● different target

✔ 
✔ 
➔ 
➔ 

The new generation of ND detectors will help a lot in reducing the systematic 
errors ... but it’s not enough ...   
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Neutrino beam composition: (T2K/Hyper-K) 
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T2(H)K

DUNE

ne flux at the oscillation peak 
energy is dominated by m 
decay coming from from p,K 
decays → correlation with nm 

(+ direct K decays into ne at 
higher energy, 
K0  subdominant) 

ne flux vs nm flux
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Beamline

30 GeV proton beam extracted onto graphite target:
● p+C interactions produce hadron beam (𝜋±

 and K±)

Hadrons focused by 3 electromagnetic horns:
● Focusing 𝜋+ produces 𝜈𝜇 via 𝜋+→𝜇++ 𝜈𝜇
● Changing horn current produces antineutrino beam

Off axis technique produces narrow-band beam
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Ø Almost pure nµ beam
Ø Only 1% ne contamination (from 

muon decay) => Minimise 𝝂𝒆	 to 
observe appearance

Ø The	𝝂𝒆	flux is an intrinsic 
background

Ø The low 𝝂𝒆 flux makes it difficult to 
perform precise measurements of 
the 𝝂𝒆	 cross-section.

  

Neutrino oscillations (at LBL)

Today Future 

q12, Dm2
12 Few % <1% (JUNO) 

q13 ~1 % ~1 %

|Dm2
32| ~few - 1 % ~0.5 %

q23 ~few % <1 %

CPV (dCP) 90 % CL 5s (~5o-20o)

MO 1.2s 5s 
(atm&LBL&JUNO)

(Indirect sensitivity from combination of Dm2
ee measured 

at reactors and Dm2
mm from LBL and JUNO)

Direct sensitivity at LBL with rate of ne/ne 
(shape of ne help breaking degeneracies)

nm

‘Charge’ selected 
flux of nm

nm oscilllated samples at 
LBL far detectors

nm ne
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6
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external  measurements !



Neutrino beam composition (DUNE) 

DUNE
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T2(H)K

DUNE

ne flux at the oscillation peak 
energy is dominated by m 
decay coming from from p,K 
decays → correlation with nm 

(+ direct K decays into ne at 
higher energy, 
K0  subdominant) 

ne flux vs nm flux

Similar to T2K but higher energy and 
broader spectrum and a larger fraction 
of ne comes from K 0.

The problem can be partially mitigated 
by using  tagging techniques in an 
ancillary experiment 
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Can we do something more ? 

16



Neutrino beam from muons
´ The limitations can be overcome by producing neutrino beams via 

muon decay in the straight section of a storage ring. 
´ The key advantages of generating neutrino beams from muon 

decays rather than meson decays are:
´ The absolute neutrino flux can be accurately determined, 

provided the stored muon current, momentum, and 
polarization are carefully measured.

´ The beam contains only one type of neutrino and one type of 
antineutrino, with their identities controllable by selecting the 
charge of the stored muons. 

´ This enables precise measurements of νe, νµ, (anti)νe, and 
(anti) νµ.

17

µ+ → e+νeνµ

µ− → e−νeνµ

Advantages

Beam Composition 
=> 50% of νe,

Excellent ratio  n/proton  
=> running cost 

No background 

Simple and more 
compact detectors 
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Neutrino interactions at nuSTORM 
❏  Very rich physics programme (just some examples): 

–  Electron neutrino     and     cross-section measurements 
�  π0 production in neutrino interactions 
–  Charged π and K production 
–  Neutrino-electron scattering 
–  Neutrino-nucleon scattering: charged current and neutral 

current (NC/CC ratio and sin2θW) 
–  Nuclear effects in neutrino interactions 
–  Semi-exclusive and exclusive processes: measurement of      
                   production 
–  New physics and exclusive processes: test of             

universality, heavy neutrinos, eV-scale pseudo-scalar 
penetrating particles …. 

Over 60 physics topics  
already identified: PhD theses € 

νe

€ 

ν e

€ 

Ks, Λ, Λ 

€ 

νµ −νe

Muon Beam Meeting, CERN: 18 November 2015 
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First intense and Beam in the word !!



Storage  muon rings for neutrinos 
´ Why we need a storage muon ring

´ The muon lifetime is about 100 times longer than the corresponding charged pion 
lifetime. A linear decay channel of the type used to produce conventional neutrino 
beams would in practice be too short to use efficiently as a muon decay channel.

´ This problem can be overcome by using a muon storage ring with a straight section 
pointing towards the desired experimental area. 

´ This method yields a beam with a well-defined and precisely 
known composition: 
´ a stored µ−beam produces 50% muon neutrinos and 50% electron 

antineutrinos, while a stored µ+ beam results in 50% muon antineutrinos and 
50% electron neutrinos.

´ In the energy region of interest 0.2 muons/p.o.t can be produced 

´ We assume 25% of the decay in the straight section

18
µ+ → e+νeνµ

µ− → e−νeνµ

1-

2025 January 24, CERN Lu, Xianguo 卢显国, Warwick 18

# from STORed Muons (nuSTORM)

Production Straight

Return Straight

Return
Arc

Return 
Arc

q 1st n beam facility based on a stored 
muon beam

q Highest ever stored-muon beam power
q n flux deduced by / beam monitoring



Neutrino Factories: a first stage of a 
Muon Collider (past)
´ Requirements 

´ High intensity Proton driver  – Proton 
beam ~10 GeV on target > 1022/year

´ Target, capture and decay

´ Bunching and phase rotation 

´ Ionization Cooling (MICE)

´ Acceleration - 120 MeV àà 10 GeV 
with RLAs

´ Decay ring

      Store for ~100 turns

              Long straight sections

´ Results : 1021 muons/year

19
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 Neutrino Factory from IDS-NF 

Baseline: 10 GeV muons, one  
storage ring with detector at 
~2000 km, due to large θ13 

562 m ❏  Magnetised Iron Neutrino 
Detector (MIND):  
–  100 kton at ~2000 km 

 

Muon Beam Meeting, CERN: 18 November 2015 

IDS-NF Interim Design Report 
arXiv:1112.2853 
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 Neutrino Factory from IDS-NF 

Baseline: 10 GeV muons, one  
storage ring with detector at 
~2000 km, due to large θ13 

562 m ❏  Magnetised Iron Neutrino 
Detector (MIND):  
–  100 kton at ~2000 km 

 

Muon Beam Meeting, CERN: 18 November 2015 

IDS-NF Interim Design Report 
arXiv:1112.2853 

Investments in R&D 
and High Cost 



An example from the literature (Rev. D 57 (1998) 6989–6997)
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Calculated fluxes and spectra from  a detector of 1 KTon , 1 km 
downstream of a muon source of 1.5 GeV/c for 1021 p.o.t..

Ø 5*1013 proton/burst (2 bursts x cycle) =>  
1.5*1021 p.o.t/year 

Ø 25% decays in the straight section
Ø 5*1019 (νe  + anti-νµ + anti-νe  + νµ )

Ø 5*106 CC interactions (νe  + anti-νµ 
+ anti-νe  + νµ )

 Table 1: Summary of the neutrino oscillation experimental configurations considered
in the text. The number of νe charged current interactions per year and the mean
energies of the interacting neutrinos are listed for a detector of mass mDET a distance
L from a storage ring in which 7.5 → 1020 unpolarized positive muons per year are
injected with momenta p, and 25% of the muons decay in the straight section pointing
at the experiment.

p mDET L < Eν > L/< Eν > νe CC
(GeV/c) (kT) (km) (GeV) (km/GeV) interactions/yr

20 10 9900 13 744 1→ 103

20 10 732 13 57 2→ 105

10 10 732 6.6 111 3→ 104

1.5 1 1 1 1 5→ 106

14

High intensity required by the N.F. and 
muon collider parameters

Very good potential as νe beam 



Neutrino beam as first stage of 
a muon collider (present) 

18

Magnets Challenge
High-field and large 
aperture target solenoid 
with heavy shielding to 
withstand heat (100 
kW/m) and radiation loads

Ultra-high-field 
solenoids (40…60 T) 
to achieve desired 
muon beam cooling

Open midplane or large dipoles and quadrupoles in the 
range of 10…16 T, bore in excess of 150 mm to allow for 
shielding against heat (500 W/m) and radiation loads

10 T

NEW TARGET MAGNET SPECS
Field: 20 T… 2T
Bore: 1200 mm
Length: 18 m
Radiation heat: ≈ 4.1 kW
Radiation dose: 80 MGy21

Key Feasibility Issues 
• Proton Driver 

• Target 

• Front End 

• Cooling 

• Acceleration 

• Collider Ring 

• Collider MDI 

• Collider Detector 

High Power Target Station 
Capture Solenoid 
Energy Deposition 
RF in Magnetic Fields 
Magnet Needs (Nb3Sn vs HTS) 
Performance 
Acceptance (NF) 
>400 Hz AC Magnets (MC) 
IR Magnet Strengths/Apertures 
SC Magnet Heat Loads (µ decay) 
Backgrounds (µ decay) 
 
 

Nov 18, 2015 Discussion of the Scientific Potential of Muon Beams 5 

The R&D required at the initial stage 
has so far delayed the realization of 
the first neutrino beam from muons

However, new 
opportunities are now 
emerging to initiate a 

promising neutrino 
physics program !



To make  the first  neutrino experiment using a 
muon-derived beam we  don’t need high intensity 

ffrom day 1.....
´ For example, in a CERN-based scenario, we could start with the currently available 

SPS intensity (10¹²–10¹³ protons per burst), with the possibility of a gradual upgrade to 
higher intensities.

´ There are no critical issues related to the proton target or horn technology up to 10¹⁴ 
protons per burst, as standard solutions can be adopted.

´ Even with a proton intensity 100 times lower than in typical Neutrino Factory 
scenarios, we can already achieve meaningful results.

´ at least 5*104 CC interactions of νe /year

       (but also anti-νµ + anti-νe  + νµ )
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´ For example, at CERN, a 
fantastic opportunity will arise 
with the construction of the 6D 
cooling demonstrator.

´ This facility, combined with the 
available SPS intensity, could 
enable the production of the 
first cooled muon beam at an 
energy of 200 MeV/c. 

Y

Cooling: The Emittance Path
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However, we still need an initial acceleration stage to ramp up the muons 
from 200 MeV/c to 1.5 GeV/c (for Hyper-K) and up to 5 GeV/c (for DUNE).
Ø  not very difficult
Ø  not very expensive  

To make the first  
neutrino experiment 
using a muon-derived 
beam we  don’t need 
final cooling from 
day 1.....



To make the first  neutrino experiment using a 
muon-derived beam we  don’t need to build 
expensive detectors from day 1.....

´ As an example, at CERN 2 beautiful ProtoDune detectors (total mass 1Kton 
liquid argon ) are available at the Neutrino platform 

´ This kind of beam does not t require  a magnetized setup.

´  A detector with good PID capabilities (able to distinguish muons from 
electrons with high efficiency) will be OK (WC are also OK)

´ You can complement  measurements in liquid argon by adding  (as an 
example) a High pressure TPC allowing topologies and A dependence studies 
to discriminate between nuclear models (prototypes are already available) 

´ No background in the beam will maximize achievable physics results

24

µ+ → e+νeνµ

µ− → e−νeνµ

  

ProtoDUNE

ProtoDUNE LAr modules 
(>700t, >200m3) 

ARIADNE : TPC 
optical readout 
(tested in the cold-box)

Horizontal and vertical drift

Xe-doping in PDSP 

with dedicated sensors
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HyperKamiokande multi-
PMTs and electronics

Water Cherencov Test Experiment 
(4m d x 4m h) on test beam 

HK electronics (900 boxes, ~4500 cards) : 
integration, calibration, assembly and test 
underpressure and underwater 10



Recipe for a neutrino experiment using a 
muon-derived beam @CERN

Demonstrator Front End Update / Paul-Bogdan Jurj / Imperial College London 4

Front End Overview

Beam
dump

Target & Horn Pion decay 
section

Muon chicane Beam preparation system 
(collimation & phase rotation)

Matching 
section

• Layout may vary 
depending on site 
options25

´ BEAM = 1019 protons/year from SPS

´ Target & Pion capture

´ Pion transport & decay

´ Muon transport, collimation & phase rotation

´ Matching to cooling channel

´ Cooling 6D (initial)

´ Acceleration up to 5 GeV 

´ Storage muon ring (synergy with NUSTORM) 

´ Detectors : Proto DUNE + High Pressure TPC +... 

6D Demonstrator as first step

Demonstrator Front End Update / Paul-Bogdan Jurj / Imperial College London 4

Front End Overview

Beam
dump

Target & Horn Pion decay 
section

Muon chicane Beam preparation system 
(collimation & phase rotation)

Matching 
section

• Layout may vary 
depending on site 
options



Synergies with NuStorm (n from STORed Muons)

´ n beam facility based on a stored muon beam
´ Production Straight (example w/ 𝜋	+ injection)
´ 𝜈	𝜇	flux from 𝜋+	→	𝜇+	𝜈𝜇 (“pion flash”)
´ 𝜈𝜇	+ 𝜈	e flux from 𝜇	+	→	e	+	𝜈e	–(anti)𝜈	𝜇
´ 𝜇 momentum tunable between 1 and 6 GeV/c, spread 

±16%

26

See Stefania Ricciardi talk
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nuSTORM Facility 
❏  nuSTORM facility: 

–  120 GeV protons on carbon or inconel target (100 kW) 
–  NuMI-style horn for pion collection 
–  Injection pions (5 GeV/c ± 10%) into storage ring: 0.09 π/POT 
–  Storage ring: large aperture FODO lattice (3.8 GeV/c ± 10%) muons: 

8×10-3 µ/PO 

Muon Beam Meeting, CERN: 18 November 2015 
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nuSTORM Fluxes

Beam properties
q Oscillation-relevant energy regime

v Hyper-K: 0.6 GeV
v DUNE: 2.4 GeV

q Neutral lepton
q 100% polarized
q Isospin sensitive

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

adjusting the ring acceptance
q Unique opportunity 

v #!-scan measurements 

T. Alves, M. Pfaff
## → %#&$'&%

Nustorm as testbed for a 
stored muon ring
No Cooling required 

Ø Complete implementation for large acceptance (inc. 
injection and extraction sections)

Ø R&D for very precise determination of stored-muon energy 
and spread



Nustorm is a hybrid solution  
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❏  nuSTORM flux and energy spectrum 

 
�  νµ from pion decay                     flux: 6.3×1016 ν/m2 at 50 m 
�  νe from muon decay                           flux: 3.0×1014 ν/m2 at 50 m 
�  νµ from kaon decay                     flux: 3.8×1014 ν/m2 at 50 m  
–  Used for cross-section measurements and short baseline oscillations 

nuSTORM Flux and Spectrum 

€ 

µ+ →e+ +ν µ +ν e

€ 

π + →µ+ +νµ

€ 

K + →µ+ +νµ

Use muon decay  
neutrinos to  
calibrate hadron  
decay neutrinos

Muon Beam Meeting, CERN: 18 November 2015 
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calibrate hadron  
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Muon Beam Meeting, CERN: 18 November 2015 

1021 p.o.t./year

P. Soler 



In Summary ....

´ The possibility of producing neutrino beams from muons was first proposed 
in 1986. In particular, it would allow for the generation of electron neutrino 
beams — something never achieved before.

´ Initially, such beams were envisioned as the first stage of a muon collider, a 
crucial starting point for creating an ultra-intense neutrino source for long-
baseline oscillation physics. However, despite the clear advantages and 
strong physics potential, realization of such a facility proved impossible due 
to major technical challenges and the high costs associated with building 
such an infrastructure.

´ Today, however, the growing interest in — and importance of — low-
energy neutrino cross-section measurements (especially for νₑ), combined 
with the exciting opportunity to produce a cooled muon beam at CERN for 
the first time, opens the door to a new and promising scenario.

28
µ+ → e+νeνµ

µ− → e−νeνµ



I hope that I convinced you that: 

´ Low-energy cross-section measurements do not 
require proton budgets beyond what a laboratory like 
CERN can provide.

´  If the cooling channel can deliver a sufficiently 
intense muon beam, it could serve not only for 
validating the beam generation concept, but also as a 
valuable source for meaningful physics.

´ Equipping the laboratory with a muon storage ring for the first time would make it 
possible to begin testing — and even doing physics — before the cooling channel 
interface is fully operational.

´ The presence of appropriately sized neutrino detectors at the lab would allow for 
immediate neutrino measurements.

´ At the same time, the availability of a neutrino beam would enable the 
development of new instruments to measure all relevant parameters, including 
interaction types and validation of nuclear models.

29



´ To set sail, a ship needs more than just 
resources — it requires those resources to be 
used in a synergistic and optimized way.

´ For example, creating a neutrino 
infrastructure that concentrates in one area 
the development of pure muon-neutrino 
beams, the nuSTORM approach for the ring, 
and new neutrino tagging systems is 
essential for advancing this field.

´ This talk was made to show the great 
potentialities of these ideas I think it is 
important to share with you.

´ We are working hard to have soon realistic 
simulations allowing us a more quantitative 
assessment about the physics reach. Stay 
tuned !

30
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T. Alves, M. Pfaff

6D cooling test facility

nuSTORM

doi:10.18429/JACoW-IPAC2022-THPOTK052

w/ CERN PS 26 GeV proton beam

ENUBET

Just like an example

ne beam
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Thanks !

Please tell me how ns 
get mass  !

19/05/2003
Sheldon Lee Glashow 
Nobel Prize in Physics 1979



backup
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Numax (High Intensity) at Fermilab 
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Mu_Col. @ cern
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with a modular calorimeter and the hadron dump is instrumented as a muon range-meter. These devices are
described in Sec. 3. The neutrino detector is located 25m downstream of the end of the decay tunnel.

Figure 1: Layout of the SBN@CERN beamline. The beamline (not to scale) combines both the ENUBET (in
green) and the NuTag (in red) beam instrumentation. The first part of the beamline contains the beamline
magnets (blue: rectangular bending magnets; brown: quadrupole magnets).

The beamline is driven by 400GeV/c protons that are slowly extracted from the CERN SPS. The opti-
mizations performed within the PBC framework have significantly enhanced the original ENUBET design [9],
increasing the pion and kaon yield per proton-on-target (PoT) by factors of 4.75 and 3.5, respectively. This key
advancement was established in 2024 and enables the implementation of SBN@CERN without significant impact
on CERN’s fixed-target program, including the operation of SHiP [19]. The beam parameters are summarized
in Tab. 1.

Parameter Value
Primary proton momentum (GeV/c) 400
Beamline meson momentum (GeV/c) max. 8.5
Proton-beam spill duration slow (4.8 s to 9.6 s)
Spill intensity (protons/spill) 1.0 · 1013

Event rate (THz) 1 – 2
Instantaneous power on target (W) 170 – 340
(K+, ω+) yield per proton (1.3 · 10→3, 1.9 · 10→2)
(K+, ω+) rate (GHz) max. (2.7, 40)
Annual proton yield (protons/year) 2.1–3.2 · 1018

Total proton requirement (protons) 1.4 · 1019

Table 1: Beamline parameters and specifications of the newly optimized SBN@CERN beamline at SPS energies.
Meson yields and rates refer to the location at the beginning of the decay tunnel. The total proton requirement
targets a 1% statistical uncertainty on the inclusive εe cross section.

In the ±10% momentum range, the K+ flux is 12.6 ·10→4 K+/PoT while the ω+ flux is 1.9 ·10→2 ω+/PoT. A
critical parameter for the beamline is the pile-up of the NuTag pixel detectors that are used for the momentum
reconstruction at the R4 bending magnet (see Fig.1). In the proposed beamline design, the particle flux on the
first pixel detector upstream of the R4 bending magnet (spill intensity: 1 → 1013 PoT, spill duration: 4.8 s) is
in the range of 10 – 40MHz/mm2 – a fully acceptable flux for the NuTag technology discussed in Sec. 3. A
longer spill duration of 9.6 s for future operation of the SPS is currently under consideration and further reduces
the instantaneous rates. Ionizing and non-ionizing doses have been computed for the beamline components and
the instrumentation in the beamline, decay tunnel walls, and hadron dump and are detailed in [18]. In the
current design, radiation damage does not impact the beam components and instrumentation even if the facility
accumulates up to 1→ 1020 PoT.

Several locations were investigated for the implementation of SBN@CERN before LHC Run 5 to ensure that
its construction and operation do not interfere with the CERN LHC and fixed target programme. The two
most promising options are summarized below:

ECN4 implementation at the CERN North Area
CERN’s ATS sector has produced a feasibility study on a possible realization of a new underground cavern
(designated “ECN4”) as an option for the proposed BDF/SHiP facility. This facility would be constructed on
the Jura side of TCC2 – the underground cavern that houses the targets for the EHN1 beamlines in the CERN
North Area. This option was superseded by the decision to install SHiP in ECN3, which proved to be the more
cost e!ective option. The implementation of the SBN@CERN beamline has similar requirements compared to
BDF/SHiP; however, a crucial di!erence is the required PoT (overall and annually) as well as the spill intensity.
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BDF/SHiP; however, a crucial di!erence is the required PoT (overall and annually) as well as the spill intensity.

4

detector with a 500-ton fiducial mass, i.e. quite similar to the ProtoDUNE detectors currently in data taking
at CERN [25]. The detector is positioned 25 m from the end of the decay tunnel. The front face measures
4→ 4 m2, with a total length of 22.3 m. The LAr TPC is assumed to have an improved time resolution of up to
300 ps, compared to the current ProtoDUNE, thanks to an enhanced photon detection system already planned
for the DUNE Phase II detectors [26, 27]. A more comprehensive detector suite, including water Cherenkov
or water-based scintillators, is being considered, whose geometry will depend on the final installation site for
SBN@CERN. Additional details are available in [18].
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Figure 5: Left: neutrino interaction rates as a function of energy. Black: all ωµ interactions; dark-blue: tagged
neutrino interactions (single match); pink: interactions with no-match; light-blue: interactions with multiple
matches. Right: tagged neutrino interactions (single match). Green: interactions associated to the correct
meson decay; orange: interactions associated to a wrong meson decay. The numbers in the legend indicate
the total number of interactions in each category. The two energy peaks correspond to neutrinos from pion
(leftmost peak) and kaon (rightmost peak) decays. See [18] for details.

4 Physics potential

SBN@CERN provides unique features that are unavailable to conventional beams, including the experiments
that will be running in the forthcoming years –the near and intermediate detectors of DUNE and Hyper-
Kamiokande, the SBND detector at Fermilab and the near detectors of T2K and NOωA. In particular,

• Muon neutrinos produced by pion decays are monitored with percent-level precision using the instrumented
hadron dump. By leveraging the correlation arising from two-body kinematics between the true neutrino
energy and its interaction vertex in the neutrino detector, the neutrino energy can be inferred a priori,
without relying on the reconstruction of final-state particles in the neutrino detector. This method,
pioneered by T2K and SBND, is known as the narrow-band o!-axis technique (NBOA) [18]. It provides
a precision of O(10%) and enables the implementation of the PRISM technique to measure cross sections
as a function of the true neutrino energy.

• A large fraction of muon neutrinos from pion decays (see the leftmost peak in Fig. 5, left) constitutes the
SBN@CERN tagged sample. Here, thanks to the beam and muon spectrometers, each neutrino observed
in the neutrino detector is uniquely associated with its parent meson and accompanying muon. Its energy
is determined from the reconstructed kinematics with a precision of <1%. The ratio between tagged
neutrinos and reconstructed meson decays (taggable neutrino flux) provides an additional cross-section
measurement, independent of the monitored sample mentioned above, and benefits from the superior
energy resolution of the tagging method.

• Muon neutrinos produced by kaon decays (K+
↑ µ+ωµ) are monitored by the wall calorimeter, and their

energy can be measured using the NBOA technique with a precision of approximately 10%. A tagged
sample is also available for these muons, although with a lower e”ciency than for pion neutrinos (see the
rightmost peak in Fig. 5, left).

• At SBN@CERN, electron neutrinos originate exclusively from K+
↑ e+ε0ωe (Ke3) decays, as muon

decays in flight are suppressed due to the moderate tunnel length. The ωe flux is thus monitored at the
percent level by detecting positrons in the wall calorimeter.

The monitored and tagged ωµ and ωe samples o!er unprecedented opportunities to address neutrino interac-
tions with matter and the measurement of cross sections at the GeV scale with percent level precision. The
physics potential is detailed in [18] and summarized below. SBN@CERN directly confronts aspects of neu-
trino interaction physics expected to drive the leading sources of systematic uncertainty for neutrino oscillation
experiments.
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