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Overview

• Neutrino Oscillations

• Accelerator-Based Experiments

• 𝝂 Interactions for 𝝂 Oscillations

• The Path to Precision Measurements
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Neutrino Oscillations
• Neutrinos are produced in particular 

weak eigenstates (𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏) 
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Neutrino Oscillations
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The probability of finding a neutrino 
as a particular flavour “oscillates” 
as its mass states evolve 
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Neutrino Oscillations
• The oscillation probability depends on:

• The neutrino energy

• The travelled distance (“baseline”)
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𝑝𝜈𝛼→𝜈𝛼
= 1 − sin2(2𝜃)sin2 1.27

Δm2𝐿

𝐸𝜈

𝑒𝑉2 𝑘𝑚

𝐺𝑒𝑉

Two-flavour mixing

L=295 km (~T2K)
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Neutrino Oscillations
• The oscillation probability depends on:

• The neutrino energy

• The travelled distance (“baseline”)

L=295 km (~T2K)

L=800 km (~NOvA)

L=1300 km (~DUNE)
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Neutrino Oscillations
• The oscillation probability depends on:

• The neutrino energy

• The travelled distance (“baseline”)

• The difference in masses of 𝜈1, 𝜈2, 𝜈3

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽
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Measurements of 

mass splitting typically 

require good energy 
resolution! 
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2
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2

• Neutrino oscillations in a vacuum are, 

to first order, sensitive only to the square 

of the mass splittings. 

• We don’t yet know the right “ordering”
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Normal Ordering (NO) Inverted Ordering (NO)
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Neutrino Oscillations
• The oscillation probability depends on:

• The neutrino energy

• The travelled distance (“baseline”)

• The difference in masses of 𝜈1, 𝜈2, 𝜈3

• The mixing parameters 

𝒔𝒊𝒏𝟐 𝜽𝟐𝟑 = 𝟎. 𝟓 (max mixing)

𝒔𝒊𝒏𝟐 𝜽𝟐𝟑 = 𝟎. 42
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Measurements of mixing 

angles typically require 

good normalisation 
determination! 

𝑝𝜈𝛼→𝜈𝛼
= 1 − sin2(2𝜃)sin2 1.27

Δm2𝐿
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𝐺𝑒𝑉

Two-flavour mixing

𝑈 =
cos 𝜃 sin 𝜃

− sin 𝜃 cos 𝜃
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Neutrino Oscillations
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• Three mixing angles: 𝜃12, 𝜃13, 𝜃23 

13

Measurements of mixing 

angles typically require 

good normalisation 
determination! 

Three-flavour mixing
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Neutrino Oscillations
• The oscillation probability depends on:

• The neutrino energy

• The travelled distance (“baseline”)

• The difference in masses of 𝜈1, 𝜈2, 𝜈3

• The mixing parameters 

• Three mixing angles: 𝜃12, 𝜃13, 𝜃23 • One CP-Violating phase: 𝛿𝐶𝑃

Required to have a difference 

between neutrino and anti-

neutrino vacuum oscillations 
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Plot from L. Pickering

No CP-Violation

Max CP-Violation

Three-flavour mixing

https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf
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• Accelerator-Based Experiments

• 𝝂 Interactions for 𝝂 Oscillations

• The Path to Precision Measurements
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Accelerator-Based Experiments

Particle Accelerator

Near Detector
Far Detector
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Accelerator-Based Experiments
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Interaction 
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Detector 

effects

At the near detector
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At the far detector
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Accelerator-Based Experiments
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How’re we doing?
Parameter Bestfit ±1σ 2016

sin2 𝜃12 0.307−0.012
+0.013 ~4%

sin2 𝜃23 0.574−0.144
+0.026 ~25%

sin2 𝜃13 0.02217−0.0010
+0.0013 ~6%

𝛿𝐶𝑃  [°] 272−64
+61 ~63°

Δ𝑚21
2  [10−5 𝑒𝑉2] 7.49−0.17

+0.19 ~3%

Δ𝑚3ℓ
2  [10−3 𝑒𝑉2] 2.484−0.048

+0.045 ~2%
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How’re we doing?
Parameter Bestfit ±1σ 2016 2018

sin2 𝜃12 0.307−0.012
+0.013 ~4% ~4%

sin2 𝜃23 0.538−0.069
+0.033 ~25% ~13%

sin2 𝜃13 0.02206−0.00075
+0.00075 ~6% ~3%

𝛿𝐶𝑃  [°] 234−31
+43 ~63° ~37°

Δ𝑚21
2  [10−5 𝑒𝑉2] 7.40−0.20

+0.21 ~3% ~3%

Δ𝑚3ℓ
2  [10−3 𝑒𝑉2] 2.494−0.031

+0.033 ~2% ~1%
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How’re we doing?

Precision neutrino-oscillation physics!

Nature 580, 339-344 
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Parameter Bestfit ±1σ 2016 2018 2026

sin2 𝜃12 0.307−0.011
+0.012 ~4% ~4% ~4%

sin2 𝜃23 0.561−0.015
+0.012 ~25% ~13% ~3%

sin2 𝜃13 0.02195−0.00058
+0.00054 ~6% ~3% ~3%

𝛿𝐶𝑃  [°] 177−20
+19 ~63° ~37° ~20°

Δ𝑚21
2  [10−5 𝑒𝑉2] 7.49−0.20

+0.19 ~3% ~3% ~3%

Δ𝑚3ℓ
2  [10−3 𝑒𝑉2] 2.459−0.023

+0.025 ~2% ~1% ~1%
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Precision oscillation physics

But still plenty more to find out:
• Maximal 𝜃23 mixing? (flavour symmetries?)
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2  [10−3 𝑒𝑉2] 2.459−0.023

+0.025 ~2% ~1% ~1%
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Precision oscillation physics

But still plenty more to find out:
• Maximal 𝜃23 mixing? 

• A new source of CP-violation? (implications for cosmology and leptogensis)
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sin2 𝜃12 0.307−0.011
+0.012 ~4% ~4% ~4%

sin2 𝜃23 0.561−0.015
+0.012 ~25% ~13% ~3%

sin2 𝜃13 0.02195−0.00058
+0.00054 ~6% ~3% ~3%

𝛿𝐶𝑃  [°] 177−20
+19 ~63° ~37° ~20°
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+0.025 ~2% ~1% ~1%
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Precision oscillation physics

But still plenty more to find out:
• Maximal 𝜃23 mixing? 

• A new source of CP-violation? 
• What’s the neutrino mass ordering?
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Δm32
2

Δm12
2

Δm12
2

Δm32
2

Normal Ordering (NO) Inverted Ordering (NO)

Parameter Bestfit ±1σ 2016 2018 2026

sin2 𝜃12 0.307−0.011
+0.012 ~4% ~4% ~4%

sin2 𝜃23 0.561−0.015
+0.012 ~25% ~13% ~3%

sin2 𝜃13 0.02195−0.00058
+0.00054 ~6% ~3% ~3%

𝛿𝐶𝑃  [°] 177−20
+19 ~63° ~37° ~20°

Δ𝑚21
2  [10−5 𝑒𝑉2] 7.49−0.20

+0.19 ~3% ~3% ~3%

Δ𝑚3ℓ
2  [10−3 𝑒𝑉2] 2.459−0.023

+0.025 ~2% ~1% ~1%
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Precision oscillation physics

But still plenty more to find out:
• Maximal 𝜃23 mixing? 

• A new source of CP-violation? 
• What’s the neutrino mass ordering?

• Physics beyond PMNS? 

arXiv: 1802.05781
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What’s Next? 

But still plenty more to find out:
• Maximal 𝜃23 mixing? 

• A new source of CP-violation? 
• What’s the neutrino mass ordering?

• Physics beyond PMNS? 

32

Baseline: 295 km

Beam: Narrow band, ~0.6 GeV

Far detector: Water Cherenkov

Far detector mass (FV): 187 kt

Expected 𝑵𝒆:  ~2000

Baseline: 1200 km

Beam: Wide band, ~3 GeV

Far detector: Liquid Argon TPC

Far detector mass (FV): 68 kt

Expected 𝑵𝒆:  ~1500
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Beyond beyond the SM

33

𝜈𝜇 → 𝜈𝜇 𝜈𝜇 → 𝜈𝑒

Present

𝜈𝜇 → 𝜈𝜇 𝜈𝜇 → 𝜈𝑒

Future
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Beyond beyond the SM

34

Facilities for exploring physics beyond the standard model + PMNS

• DUNE and Hyper-K will offer a characterisation of neutrino 
oscillations with unprecedented precision (10-50 times more statistics)

• Opportunities to see new physics feeding down to create 

deviations from PMNS behaviour (e.g. “NSIs”)

• A complementary approach to pushing back the frontiers of 

particle physics 

𝜈𝜇 → 𝜈𝜇 𝜈𝜇 → 𝜈𝑒

Present Future

𝜈𝜇 → 𝜈𝜇 𝜈𝜇 → 𝜈𝑒
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Beyond beyond the SM
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• DUNE and Hyper-K will offer a characterisation of neutrino 
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deviations from PMNS behaviour (e.g. “NSIs”)

• Physics Beyond PMNS: a complementary approach to pushing 

back the frontiers of particle physics 
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Talk from João Coelho

https://indico.ijclab.in2p3.fr/event/8021/contributions/29779/attachments/21332/29996/JCoelho_20230704_SFP.pdf
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Current uncertainties

𝑁𝜇 𝐸𝜈 = 𝑃(𝜈𝜇 → 𝜈𝜇)𝜎 𝐸𝜈 Φ𝜈 𝐸𝜈 𝜖(𝐸𝜈)

𝑁𝑒 𝐸𝜈 = 𝑃(𝜈𝜇 → 𝜈𝑒)𝜎 𝐸𝜈 Φ𝜈 𝐸𝜈 𝜖(𝐸𝜈)

At the far detector

Current long-baseline experiments Current systematic uncertainties

Source (         )          𝑁(𝜈𝑒)

Total Syst. 5.2%

Reconstructed events in samples 

at the experiment’s far detectors
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Future uncertainties
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At the far detector

Future long-baseline experiments

Baseline
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𝑁𝑒
𝑟𝑒𝑐 (𝜈−mode)
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~10000

~2000
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~1500

Approximate late-stage projections for 
reconstructed events in samples at the 

experiment’s far detectors

Current systematic uncertainties

arXiv:2002.03005arXiv:1805.04163

Coming 2027-2032
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Cross-section models 3.8%

Total Syst. 5.2%
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Cross-section models 3.8%

Total Syst. 5.2%
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Overview
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• Neutrino Oscillations

• Accelerator-Based Experiments

• 𝝂 Interactions for 𝝂 Oscillations

• The Path to Precision Measurements
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Where are we so far?
• Current neutrino oscillation experiments are mostly 

statistics limited

• Systematic uncertainties related to neutrino-nucleus 
interactions are often dominant and are unacceptably 
large for the next generation of experiments

• Key questions: 

1. Why is modelling neutrino interactions so difficult?
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Neutrino-nucleus interactions

CC2p2h

CCRPP
(Single Pion Production)

CCQE
(Charged-Current Quasi-Elastic) (Two-Particle-Two-Hole)

CCDIS
(Deep Inelastic Scattering)
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Neutrino-nucleus scattering

𝑀~
𝑔𝑤

2

8

1

𝑀𝑊
2 [ത𝑢𝜇𝛾𝜇 1 − 𝛾5 𝑢𝜈][ത𝑢𝑝 … 𝑢𝑛]

• Even the most simple “CCQE” 

interaction is hard to describe …

???
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Neutrino-nucleus scattering
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Neutrino-nucleus scattering
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Neutrino-nucleus scattering

• Hadrons re-interact inside the nuclear medium: 

Final State Interactions

• Impractical to solve exactly, forced to use 

approximate methods

51
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Neutrino-nucleus scattering

52

Multi-nucleon 

Interactions

Long range nuclear 

correlations

Pauli blocking
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1. Why is modelling neutrino interactions so difficult?
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reduce uncertainties on oscillation measurements?
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Event rates to oscillation parameters

Plot from L. Pickering

𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  Φ𝜈 𝐸𝜈

54

Our physics of interest

https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf
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Event rates to oscillation parameters

What we would 

like to measure

Plot from L. Pickering
𝑁ℓ 𝐸𝜈 = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖(𝐸𝜈)
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Event rates to oscillation parameters

What we can 

actually measure

Plot from L. Pickering
𝑁ℓ 𝐸𝑅𝑒𝑐. = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖 𝐸𝜈  𝑆(𝐸𝜈 , 𝐸𝑅𝑒𝑐. )
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Event rates to oscillation parameters

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽

• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

Plot from L. Pickering

57

What we can 

actually measure
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!
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What we can 

actually measure
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

• Constraints on 𝛿𝐶𝑃  rely on differences 

between electron neutrino and anti-
neutrino appearance

59

No CP-Violation

Max CP-Violation
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

• Constraints on 𝛿𝐶𝑃  rely on differences 

between electron neutrino and anti-

neutrino appearance

• But we mainly measure muon neutrino 

interactions at the near detector

• A good modelling of 𝜈𝑒/𝜈𝜇 and 𝝂/ഥ𝝂 

cross section ratio is essential

61

No CP-Violation

Max CP-Violation
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Event rates to oscillation parameters

• Another challenge: not all events are signal events

62
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Four things we need to model

1. The energy dependence of neutrino cross sections
• So we know how to extrapolate from our near to far detectors

(a non exhaustive list)
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Key question: how well do we know these?
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Energy dependence

1. The energy dependence of neutrino cross sections
• So we know how to extrapolate from our near to far detectors

We need to know:

68

For Hyper-K

For DUNE

Show significant (~20%) 

differences in the cross 
section in key regions and 

on its evolution with 𝐸𝜈

State-of-the-art generators

  

arXiv:2605.28671
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Neutrino energy reconstruction

2. The smearing of our neutrino energy reconstruction
• So we can infer the shape of the oscillated spectrum

We need to know:

69

Proportion of 𝐸𝜈  reconstructed within 200 MeV 

of the true 𝐸𝜈  differs by more than 100%

State-of-the-art generators

  

arXiv:2605.28671
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𝜈/ ҧ𝜈 differences

3. Differences in the cross section for 𝜈𝑒/𝜈𝜇 (and 𝜈/ ҧ𝜈) 
• So we can use 𝜈𝑒  appearance to probe CP-violation

We need to know:

70

State-of-the-art generators

  

Differences in 𝜈/ ҧ𝜈 cross 

section of more than 20% 

at Hyper-K and DUNE 

peak energies!

For Hyper-K

For DUNE

arXiv:2605.28671
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𝜈/ ҧ𝜈 differences

4. Background contributions at the far detector
• So we can isolate the oscillation signal 

We need to know:

71

State-of-the-art generators

  
We constrain NC 

background through 

measurements of CC, but 

the NC to CC differences 

in generators differ by 

more than 20%

For Hyper-K

For DUNE

arXiv:2605.28671
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Three things we need to model

1. The energy dependence of neutrino cross sections
• So we know how to extrapolate from our near to far detectors

2. The smearing of our neutrino energy reconstruction
• So we can infer the shape of the oscillated spectrum

3. Differences in the cross section for 𝜈𝑒/𝜈𝜇 and 𝜈/ ҧ𝜈
• So we can use 𝜈𝑒  appearance to probe CP-violation

4. Background contributions at the far detector
• So we can isolate the oscillation signal 

(a non exhaustive list)
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Key question: how well do we know these?

Answer: not well … 

But surely cross-section measurements can help us…
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• 𝝂 Interactions for 𝝂 Oscillations

• The Path to Precision Measurements
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arXiv:2301.03700 Phys. Rev. D 98, 032003 (2018)

Nature 599, p. 565–570 (2021)
Nature 599, p. 565–570 (2021)

Laura Munteanu & Stephen Dolan - Neutrino Group Seminar, Ruđer Bošković Institute, Zagreb

Phys. Rev. Lett. 121, 022504 (2018)

arXiv:2407.10962
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We do, but…
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Our 𝜈 measurements tell us 
that all the models are 

wrong but not why/where
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Monochromatic, 
well-known flux

Broad-band, 
poorly known flux

Phys. Rev. D 94, 013012 (2016)

Electron scattering vs neutrino scattering
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Monochromatic, 
well-known flux

Broad-band, 
poorly known flux

Phys. Rev. D 94, 013012 (2016)

Phys. Rev. D 110, 013006 (2024)

Phys. Rev. D 108, 032018 (2023)

Electron scattering vs neutrino scattering
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
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Monochromatic, 
well-known flux

Broad-band, 
poorly known flux

Phys. Rev. D 94, 013012 (2016)

Phys. Rev. D 110, 013006 (2024)

Phys. Rev. D 108, 032018 (2023)
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𝜈 SCOPE
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Appl. Sci. 2021, 11(4), 1644

Conventional neutrino beams

Inspired by F. Terranova’s seminar

https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://nuscope.web.cern.ch/conf-doc/FTerranova.pdf
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Appl. Sci. 2021, 11(4), 1644

Inspired by F. Terranova’s seminar

A novel neutrino beam

Reduce the intensity of protons 
(i.e. extract them slowly)

https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
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Appl. Sci. 2021, 11(4), 1644

Inspired by F. Terranova’s seminar

A novel neutrino beam

Momentum-select mesons
(quasi-monoenergetic beam)
& track them individually

https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
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Appl. Sci. 2021, 11(4), 1644

Inspired by F. Terranova’s seminar

A novel neutrino beam

Monitor (measure) their
charged decay products

𝜋 𝜇

https://www.mdpi.com/2076-3417/11/4/1644
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https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://nuscope.web.cern.ch/conf-doc/FTerranova.pdf


Rethinking how to make a neutrino beam

29.05.2026 Laura Munteanu & Stephen Dolan - Neutrino Group Seminar, Ruđer Bošković Institute, Zagreb 90

Appl. Sci. 2021, 11(4), 1644

Inspired by F. Terranova’s seminar

Measure neutrinos!

𝜋 𝜇

A novel neutrino beam
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Appl. Sci. 2021, 11(4), 1644

Inspired by F. Terranova’s seminar

Measure neutrinos!
AND relate them to their

parent meson

𝜋 𝜇

A novel neutrino beam

https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://www.mdpi.com/2076-3417/11/4/1644
https://nuscope.web.cern.ch/conf-doc/FTerranova.pdf


nuSCOPE (Neutrino SPS Complex for Precision Experiments)

 Previous working name: SBN@CERN

 nuSCOPE is a result of the merge of the ENUBET and NuTAG collaborations

 Aim: investigate the physics we can probe with monitored and tagged neutrino 
beams at the SPS

 Input submitted to the ESPPU: https://arxiv.org/abs/2503.21589
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400 GeV p

8.5 GeV 𝝅, 𝑲

https://arxiv.org/abs/2503.21589


A monitored and tagged neutrino beam
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• Instrumented calorimeter decay tunnel & 
hadron dump

• Identifies the decay products of mesons
producing neutrinos

Performance of a section of the decay 
tunnel tested at CERN T9 Test Beam 

facility under NP06/ENUBET
Eur. Phys. J. C 83, 964 (2023)

𝑲+

𝒆/𝝁+

𝝅𝟎

𝝂𝒆/𝝁

https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
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NA62-GTK

Phys.Lett.B 863 (2025) 139345

• State-of-the-art silicon detectors to track incoming
mesons and outgoing muons

• Unique association between each neutrino 
interacting in the detector with its parents

A first tagged neutrino 
candidate observed by NA62

https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub


What does nuSCOPE bring to the table?

✅Monitored beam: ~1% flux uncertainties
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Performance of a section of the decay 
tunnel tested at CERN T9 Test Beam 

facility under NP06/ENUBET
Eur. Phys. J. C 83, 964 (2023)

𝑲+

𝒆/𝝁+

𝝅𝟎

𝝂𝒆/𝝁

Lepton distributions from
calorimeter and tagger

(see slides from A. Longhin)

https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3
https://enubet.pd.infn.it/presentations/nuSCOPE_12June2025_Longhin_v4_IRN.pdf


What does nuSCOPE bring to the table?

✅Monitored beam: ~1% flux uncertainties

✅Neutrino tagging: measure neutrino energy event-by-event
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NA62-GTK

Phys.Lett.B 863 (2025) 139345

It is possible to measure neutrino energy
event-by-event with <1% resolution

arXiv:2503.21589

https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269325001054?via%3Dihub
https://arxiv.org/abs/2503.21589
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What does nuSCOPE bring to the table?

✅Monitored beam: ~1% flux uncertainties

✅Neutrino tagging: measure neutrino energy event-by-event

✅Wide range of energies: covers both DUNE and HK regions of interest
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This relies on:

 Slow extraction beam, low intensity (1013protons/9.6s spill)

Large detectors – 𝑂(1𝑘𝑡) – close to decay tunnel

Excellent beamline (𝑂 10 − 100 ps) and detector (𝑂 1 ns)  timing resolution
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Examples of measurements
nuSCOPE can make

See arXiv:2503.21589 for more details

Studies done assuming 1.4 × 1019 POT
(5 years of running, POT to ensure compatibility with fixed target experiments e.g. SHiP)

Sensitivity studies led by Filippo Bramati (LAr), Mara Pripon (water)

https://arxiv.org/pdf/2503.21589


Neutrino flux
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Neutrino flux
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𝜋𝜈𝜇 𝐾𝜈𝜇

Kinematics of 𝜋 and 𝐾 decays with
~monoenergetic beam allow for a clear

separation of the two contributions



Neutrino flux
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𝜋𝜈𝜇 𝐾𝜈𝜇

“Contamination” from low energy neutrinos produced from 
target region and proton dump

In practice it is heavily suppressed by the low cross-section



Neutrino flux
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𝜋𝜈𝜇 𝐾𝜈𝜇

Monitored neutrinos (inside decay tunnel)
<1% flux uncertainties



Neutrino flux
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𝜋𝜈𝜇 𝐾𝜈𝜇

Monitored neutrinos (inside decay tunnel)
<1% flux uncertainties

Tagged neutrinos (inside decay tunnel)
<1% resolution on neutrino energy 

event-by-event



Reference setup

Current preliminary studies performed
assuming a simplistic detector design
 Reference model is GENIE AR23_20i_00_000

Low beam intensity compensated by large 
detector size and proximity to beam

 𝑶(𝟏. 𝟎 × 𝟏𝟎𝟔)/𝑶(𝟏. 𝟐 × 𝟏𝟎𝟒) monitored
𝝂𝝁/𝝂𝒆 CC events in both LAr and water

 Tagging performance:

  𝟕. 𝟔 × 𝟏𝟎𝟓 tagged 𝝂𝝁 CC events in LAr (500t)

  1. 𝟒 × 𝟏𝟎𝟓 tagged 𝝂𝝁 CC events in water (100t)

Of which 52k tagged 𝝂𝝁 CC0𝝅 events

29.05.2026 Laura Munteanu & Stephen Dolan - Neutrino Group Seminar, Ruđer Bošković Institute, Zagreb 106

νμ

μ+

π+
25 m

4 x 4 m2

22.3 m

500t of LAr/100t of water

~80% of 𝜈𝜇 from

pion decays can 
be tagged

HK ROI



Energy dependence of the neutrino cross section
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𝑲+

𝒆+

𝝅𝟎

𝝂𝒆

0-4.5°

Exploit angular dependence of neutrino 
energy to obtain narrow off-axis fluxes



Energy dependence of the neutrino cross section
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𝑲+

𝒆+

𝝅𝟎

𝝂𝒆

0-4.5°

<1% systematic error on flux

Exploit angular dependence of neutrino 
energy to obtain narrow off-axis fluxes

Multiple flux-averaged measurements of 
total cross-section

By monitoring

500t Ar



Energy dependence of the neutrino cross section
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By tagging

500t Ar
CC Inc.

100t H2O
CC Inc.



Energy dependence of the neutrino cross section
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By tagging

500t Ar
CC Inc.

100t H2O
CC0𝝅



What do we need to know about 𝜈 interactions?
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The energy dependence of the cross section

 So we can extrapolate constraints from the ND to the FD

The relationship between true and reconstructed 𝑬𝝂

 So we can measure the osc. probability reliably

The contribution of neutral current (NC), wrong-sign or wrong-flavor 𝝂s

 So we can model backgrounds for oscillations

The difference between 𝝂𝒆/𝝂𝝁 cross section

 So we can apply our 𝜈𝜇 constraints to 𝜈𝑒 samples

(non-exhaustive list focused on LBL experiments)



Electron scattering-like measurements with neutrinos
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Energy transfer (GeV)

Invariant hadronic mass (GeV)

Large model disagreement

Gives access to fundamental
nuclear physics processes

106 Events

Available energy [GeV]

Phys. Rev. Lett. 116, 071802 500t Ar
CC Inc.

500t Ar
CC Inc.

Studies for water in progress

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
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Energy transfer (GeV)

Invariant hadronic mass (GeV)

Large model disagreement

Gives access to fundamental
nuclear physics processes

106 Events

Available energy [GeV]

Phys. Rev. Lett. 116, 071802 500t Ar
CC Inc.

500t Ar
CC Inc.

Studies for water in progress

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
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Studies for water in progress
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Studies for water in progress



Electron scattering-like measurements with neutrinos
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Studies for water in progress



Calibration of detector energy response
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Can measure the difference between true
and reconstructed neutrino energy

“visible” energy using calorimetric method (like DUNE, 
NOvA, MINERvA)

Measures the amount of invisble
energy carried away by neutrons 

and neutrinos

Calibrate out nuclear effects

𝜋0

𝑛

𝛾

𝛾

500t Ar
CC Inc.
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Can measure the difference between true
and reconstructed neutrino energy

“QE” energy using kinematic reconstruction (T2K/SK/HK)

Measures the neutrino energy bias
due to Fermi motion, npnh, FSI…

Calibrate out nuclear effects

100t H2O
CC0𝝅

(𝐸𝜈
𝑡𝑟𝑢𝑒−𝐸𝜈

𝑟𝑒𝑐𝑜)/𝐸𝜈
𝑡𝑟𝑢𝑒



Calibration of detector energy response
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Can measure the difference between true
and reconstructed neutrino energy

“QE” energy using kinematic reconstruction (T2K/SK/HK)

Measures the neutrino energy bias
due to Fermi motion, npnh, FSI…

Calibrate out nuclear effects

100t H2O
CC0𝝅

100t H2O
CC0𝝅

0.5 < 𝐸𝜈 < 1.0 GeV

1.0 < 𝐸𝜈 < 1.5 GeV

(𝐸𝜈
𝑡𝑟𝑢𝑒−𝐸𝜈

𝑟𝑒𝑐𝑜)/𝐸𝜈
𝑡𝑟𝑢𝑒



What do we need to know about 𝜈 interactions?
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The energy dependence of the cross section

 So we can extrapolate constraints from the ND to the FD

The relationship between true and reconstructed 𝑬𝝂

 So we can measure the osc. probability reliably

The contribution of neutral current (NC), wrong-sign or wrong-flavor 𝝂s

 So we can model backgrounds for oscillations

The difference between 𝝂𝒆/𝝂𝝁 cross section

 So we can apply our 𝜈𝜇 constraints to 𝜈𝑒 samples

(non-exhaustive list focused on LBL experiments)



Constraining the NC𝜋0 cross section
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The tagging technique can be applied to measure the NC𝜋0 cross section 
(background for oscillation searches)
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The tagging technique can be applied to measure the NC𝜋0 cross section 
(background for oscillation searches)



Constraining the NC𝜋0 cross section
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The tagging technique can be applied to measure the NC𝜋0 cross section 
(background for oscillation searches)



What do we need to know about 𝜈 interactions?
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The energy dependence of the cross section

 So we can extrapolate constraints from the ND to the FD

The relationship between true and reconstructed 𝑬𝝂

 So we can measure the osc. probability reliably

The contribution of neutral current (NC), wrong-sign or wrong-flavor 𝝂s

 So we can model backgrounds for oscillations

The difference between 𝝂𝒆/𝝂𝝁 cross section

 So we can apply our 𝜈𝜇 constraints to 𝜈𝑒 samples

(non-exhaustive list focused on LBL experiments)



Constraining the 𝜈𝜇/𝜈𝑒 cross section ratio
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𝜎𝜈𝜇

𝜎𝜈𝑒

= 0.971 ± 0.0078 (𝟎. 𝟖𝟎𝟏 %)
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How long would this take nuSCOPE?
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Numbers correspond to approx. 10 years of DUNE FD and Hyper-K

Statistical power of nuSCOPE 5 years (1.4 × 1019 POT) data taking reweighted to 
DUNE and Hyper-K predicted oscillated event rates after ~10 years



How long would this take nuSCOPE?
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Can provide informative constraints in the region of 
the oscillation maxima of DUNE almost 

immediately once operation starts

Can provide informative constraints in the region of 
the oscillation maximum of Hyper-K within ~1 year 

once operation starts

Numbers correspond to approx. 10 years of DUNE FD and Hyper-K
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Beyond neutrino cross 
section measurements

Studies done assuming 1.4 × 1019 POT
(5 years of running, POT to ensure compatibility with fixed target experiments e.g. SHiP)



Short-baseline neutrino oscillations
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Very challenging to 
measure L/E directly

with accelerator
neutrinos because of 

large uncertainty on 
neutrino energy



Short-baseline neutrino oscillations
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But not for 

Very challenging to 
measure L/E directly

with accelerator
neutrinos because of 

large uncertainty on 
neutrino energy



Short-baseline neutrino oscillations
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✓ Neutrino energy known with <1% uncertainty event-by-event
✓ Precise neutrino detector (~mm) to determine L
✓ Known neutrino flavor
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✓ Neutrino energy known with <1% uncertainty event-by-event
✓ Precise neutrino detector (~mm) to determine L
✓ Known neutrino flavor



Short-baseline neutrino oscillations
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✓ Neutrino energy known with <1% uncertainty event-by-event
✓ Precise neutrino detector (~mm) to determine L
✓ Known neutrino flavor



nuSCOPE→𝜇SCOPE?
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Idea proposed by R. Plestid & Y. Soreq (CERN Theory Department)

Muon used to tag neutrino 
→ energy known with <1% uncertainty

Expect O(1016) tagged muons

Thanks to its silicon trackers and high muon flux, nuSCOPE can 
serve as a high precision muon experiment

(searches for dark matter, other exotic processes…)

Figure from S. Dolan



There might be more!

nuSCOPE proposes a unique 
facility which may be suited for 
other physics searches

 E.g. very large kaon and pion flux 
(which is well known!), missing
energy searches in neutrino 
detector, beam dump facility, QCD 
measurements etc..

 If you have any ideas, please get in 
touch!
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Implementation at CERN 
and next steps



Possible implementation at CERN
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North Area (ECN4)

Meyrin (LSS6)

✅Feasibility studies conducted
by CERN Accelerator & 
Technology Sector – 2 sites 
identified

✅Proton sharing is compatible 
with other fixed target
experiments (e.g. SHiP)

Feasibility studies
ongoing under the 

umbrella of Physics
Beyond Colliders



Status and next steps

 In 2024-2025 we submitted an input to the ESPPU process (and now feature

in the Physics Briefing Book!)

 Focused on beamline design and preliminary physics sensitivities, mainly
cross-section measurements

We held a successful workshop & kick-off collaboration meeting at CERN 
in Oct. 2025 and a proto-collaboration meeting in May 2026

 Focused on neutrino detector design, physics studies & inputs for EoI

We are preparing a more sophisticated simulation and reconstruction 
framework and exploring further physics studies

Plan to submit a EoI to CERN SPSC before end of the year
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https://cds.cern.ch/record/2944678/files/
https://indico.cern.ch/event/1548855/
https://indico.cern.ch/event/1657437/timetable/#20260507.detailed


Synergies: why should you care?

Comprehensive effort with lots of opportunities

 Accelerator studies

 Beamline detectors/instrumentation 

 E.g. Silicon trackers taking inspiration from LHCb-
VELO & new R&D for HiLumi LHC

 Need to cope with event rates of 20 GHz!

 Neutrino detector

 We need a fast neutrino detector ! 

 High coverage photo-detection system

 Containment and design optimization

 Collaboration with nuclear theory community
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nuSCOPE

https://indico.cern.ch/event/1548855/

https://indico.cern.ch/event/1548855/
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nuSCOPE

https://indico.cern.ch/event/1548855/

Already enlisted for our cause
(keeps you forever young)

Budimir Kliček Leon Halić

https://indico.cern.ch/event/1548855/


Summary

 Future oscillation experiments will be severley limited by uncertainties related
to neutrino-nucleus interactions

 Cross-section measurements are limited by poorly understood neutrino beams

 nuSCOPE proposed a paradigm change for artificial neutrino beams

 Flux uncertainties <1%

 Neutrino energy event-by-event with <1% uncertainty

 Range of measurements include:

 Neutrino cross-section measurements

 Nuclear physics measurements

 BSM searches

 Studies ongoing to expand the physics case

Thank you for your attention!

Please get in touch if you’d like to get involved!
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Visit our website

https://nuscope.web.cern.ch/
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