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Reasons to measure neutrino cross sections

v One of the dominant systematic
uncertainty at LBL programs

v Mismodeling nuclear effects can bias
oscillation analysis

v Understand Standard Model effects >
(nuclear effects) to assess sensitivity to g
BSM signals

v Unique probe to learn about nuclear

structure

From . Sobczyk’s talk on Wednesday
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section

= So we can extrapolate constraints from the ND to the FD
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Phys.Rev.D 105 (2022) 7,072006

What do we need to know about v 1nteract10ns7

(non-exhaustive list focused on LBL experiments) E -
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= The energy dependence of the cross section % a e
= So we can extrapolate constraints from the ND to the FD Z o
= The relationship between true and reconstructed E,,
® S0 we can measure the osc. probability reliably Ogec nstructed energy (Ge:/(;

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs

= So we can model backgrounds for oscillations

Backgrounds to oscillation searches
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,,
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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For a very complete discussion of the impact of neutrino

interactions uncertainties on oscillation experiments see
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How well do we know these things (in 2026)?

= The energy dependence of the cross section
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,,
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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How well do we know these things (in 2026)?
[ Model differences up to ~20% ]
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How well do we know these things (in2026)?

Model differences due to different physics
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= The energy dependence of the cross section -
= So we can extrapolate constraints from the ND to tl

= The relationship between true and reconstr
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wr
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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How well do we know these things (in 2026)?

[ Model differences from ~10% to ~50%
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How well do we know these things (in 2026)?

[ Differences of ~5% in region where e/u mass ratio is impactful ]
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So what have we established?

= We need to know fine details of neutrino cross sections

= Generator/model spread is concerningly large
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So what have we established?

= We need to know fine details of neutrino cross sections

= Generator/model spread is concerningly large

Let’s measure some
Cross sections!
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Current cross-section measurements

From B. Ramson’s talk on Wednesday
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From P. Green’s talk on Wednesday

r

MicroBooNE providing crucial measurements on Argon

Expansive v-Ar interaction measurement programme — 35 neutrino interaction papers to-date

- probe modelling essential for DUNE, across gumerous final state topologies and interaction modes
This talk: high-level overview & our 10 most recent results See dedicated posters for details!

(Quasi- elastic) neutrino direction Neutral pions

N =1
Protons

Leptonic modelling

Electron neutrinos

A{mﬂm

Proton multiplicity Charged pions Kaons

~

\ Patrick Green | 24/06/2026
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Trailblazing measurements
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From B. Ramson’s talk on Wednesday
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Higher energies on Ar
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MicroBooNE providing crucial measurements on Argon

Expansive v-Ar interaction measurement programme — 35 neutrino interaction papers to-date

- probe modelling essential for DUNE, across pumerous final state topologies and interaction modes
This talk: high-level overview & our 10 most recent results See dedicated posters for details!
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So what have we established?

= We need to know fine details of neutrino cross sections
= Generator/model spread is concerningly large

= No model is able to describe global neutrino scattering measurements

= Across energies, targets (C, Ar, O) or species
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The (near) future of cross-section measurements

= More stats

= Useful for quantitative constraints down the line
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The (near) future of cross-section measurements

= More stats

= Useful for quantitative constraints down the line

From S. King’s talk on Tuesday

= Improved detector technologies

= Open up new regions of phase space

26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine
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Phys. Rev. D 113, 072007

The (near) future of cross-section measurements

= More stats

= Useful for quantitative constraints down the line
= Improved detector technologies

= Open up new regions of phase space

= New analysis methods
= Notably, results from SBND-PRISM

26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine
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The (near) future of cross-section measurements

= More stats

= Useful for quantitative constraints down the line ]

= Improved detector technologies

= Open up new regions of phase space
= New analysis methods

= Notably, results from SBND-PRISM

= Continued analysis of existing data
= MicroBooNE, MINERVA and others

= Make your own cross-section measurement with the MINERvVA open data
product! https://minerva.fnal.gov/opendata/

Show MINERVA hits Show MINOS hits
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The (near) future of cross-section measurements

\
n What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section
= So we can extrapolate constraints from the ND to the FD
= The relationship between true and reconstructed E,,
- = So we can measure the osc. probability reliably
= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
[ | = So we can model backgrounds for oscillations
= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples

Will these help us answer everything we need to know?
Probably not...

(74
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Why is it so difficult?

Fundamental issue: We do not know the neutrino energy or the neutrino flux

26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine
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Why is it so difficult?

*
Fundamental issue: We do not know the neutrino energy or the neutrino flux

with FSI, with NucDeEx

[1 / MeV neutron]
> o o o o

1.do

odE,
o
—

S S

arXiv:2603.03210

o — N O
T T

L H

. \
—20 0 20 40 60 80 100
Missing energy, E,, [MeV]

MC/JSNS?

Phys. Rev. Lett. 134, 081801
arXiv:2601.14831

*with few exceptions such as pion and kaon decay at rest
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Why is it so difficult?

Fundamental issue: We do not know the neutrino energy or the neutrino flux

» Introduces large systematic uncertainties

the NuMI beam! Zo.12k
- MINERVA has two

2

Introducing the Experiments: Considerations of Flux e
> 0.2 :
= Flux is the dominant S qgh L oo neenanty
Q107 ) e 53 . b o Statistical
% systematic in almost every e F Cross Section Models
:” measurement! Q016 L odeis
g - MINERVA and NOVA share c0.14f Flux
L GEANT

Low Recoil Fits
Muon Reconstruction

] 1 )
B ey 1 2 independent flux

Neutrino Energy (GeV) Normalization

\_8T07€0 '€ (£202) 80T AAYSAYd )

£ . constraints from previous E Recoil Reconstruction

. & measurements. L= 0.06F

o 3" - T2K has on-axis and off- - — ]

X 2 . . . 0.04F

=3 g axis service, with INGRID : |
3, 5 serving as a beam monitor. 0.02 —i W

= - JPARC flux onstrained 0= B == i e W

d with input from NAGL/ 10 1072 ) 10™ ) 1

SHINE L Q2. (GeV?d)

From B. Ramson’s talk on Wednesday
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Why is it so difficult?

Fundamental issue: We do not know the neutrino energy or the neutrino flux

» Introduces large systematic uncertainties " 45°(<E)(Ge{w oLl S—
» Cross-section features become degenerate N " B
5! .
15 S ——

0.08 < q:E (GeV) <0.12 0.12< qoQE (GeV) <0.16

ot

5|

157
10

e s, = e, T

0.32 < qF (GeV) < 040

10 {}{

Trerero

0.40 < g (GeV) < 0.60

i t

x 1.4 7 x2.6
.3

€08T¢0 Z (2202) 621 12743y 'sAYd

d°c/dq"dE d=T, (x10°*° cm?/GeV*/Nucleon)
0

15 0.60 < g (GeV) < 0.80 02 04 06
10
: { x 6.4 — M_INERvA data
{{} { } i — gglirkvea_ggne v4.4.1
s —— ——— QELike-Pions
——— QELike-2p2h
00 02 04 06 2p2h without fit

------ QELike QE proton
— — QELike QE neutron
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What will neutrino cross-section measurements look
like in the Hyper-K and DUNE era?

Long-Baseline Neutrino Facility
South Dakota Site Neutrinos from
Fermi National
p ‘ Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground
Neutrino Experiment

4850 Level of
Sanford Underground
Research Facility
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How precise is “precise”?

Possible definition: to reach precision measurement goals

60

[ B (3]
(=] o (=]

N
(=]

)
_I_I_I_I-I'llllTllllTllll

3, resolution (degrees)

1

0

DUNE Sensitivity . S = -2

All Systematics . 5, =0

Normal Ordering —— Nominal Analysis
sin20,, = 0.088 + 0.003 w65 UNCONStrained

in,, = 0.580 unconstrained

PRI TS U U U SN SN M T ST U U A AN N

0

26.06.2026

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

~200if §cp = —11/2

arXiv:2605.28696

Statistical errors only
Improved syst.
T2K syst. Ref.[4]

30—

25
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1o error on Am2, (10° eV?/c*)

IIII|\IIIIIII||I||I|I|II|IIII

4 6 8 10
HK Years (2.7x10%' POT/year 1:3 viv)

~0.5% on Am3,
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https://arxiv.org/abs/2605.28696

arXiv:2605.28696

How precise is “precise”?

= dcp +20° — Am3, + 0.4%

Nominal dcp = —m/2 —— Nominal Am3, = 2.437 x 1073 eV?

— dcp — 20° — Am3, — 0.4%
T T L T T
100 F 200
g _f =
Qo T5r l",i R \ E 3
~ [ DEEP UNDERGROUND ~
_.Cé 50 - NEUTRINO EXPERIMENT 4[2 100
S V 5
Ml 25F e A
0 1 1. 1 1 O

1.10 1.05 —r—r—s
1.05 | .

Loof e 1.00

0.95 .

| I T T T T N T T N | 095-.. l - » . 1 ., 1 . 5 5 1 . . 1

1000 2000 3000 4000 5000 6000 70 200 400 600 800 1000 1200
Ehad [MeV] EQF [MeV]

0.90
0
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arXiv:2605.28696

How precise is “precise”?

—— Am2, + 0.4%
— Am3, — 0.4%

— dcp +20°
— dcp —20°

Nominal dcp = —m/2 —— Nominal Am3, = 2.437 x 10° eV?

200
had 'S
== E)** 4+ 15 MeV e
=i = B =15 MeV > 100
g
>
=
— = E9® 4+ 5 MeV L
—= E®_5MeV 0
1.10 1.05 ——r
1.05 F
1.00 | 1.00
0.95 F
: S THE
0.90 PRI I S T B B BRI 0.95 A .I. P P R RS R
0 1000 2000 3000 4000 5000 6000 0 200 400 600 800 1000 1200
Ebad [MeV] EQF [MeV]
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How precise is “precise”?

— dcp +20°
— dcp —20°

Nominal dcp = —7/2

arXiv:2605.28696

—— Nominal Am2, = 2.437 x 1072 eV?

—— Am2, + 0.4%
— Am3, — 0.4%

== Eh2d 4 15 MeV

DEEP UNDERGROUND

e e had _
NEUTRINO EXPERIMENT ( E, 15 MeV

— =+ EQF 4 5 MeV L
—= E®_5MeV 0
1.10 e 05 ———rr s
_ : i
1.05 F . .
; Uncertainty on (EL™€, ET€¢°) smearing
. needs to be known at the 0.5% level
0.95 | . I:,:
i ] 1h
090 [P B S B B R B R 095 o Mty o,y
0 1000 2000 3000 4000 5000 6000 0 200
Ebad [MeV]
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In-situ measurements with near detectors

r\l l{\ E

DEEP UNDERGROUND
NEUTRINO EXPERIMENT &

s> ND-LAr

.....
L]

Neutrino Beam Axis

[ ~150 t LAr + 1.3-2.4 MW beam ]

[ ~110 twater + 1.3 MW beam ]
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Interactions through the PRISM

®}°(E,) 10° (/em? /GeV /POT)

On axis

Large interaction rates
at different fluxes in the
same beam

Adds in information about
true neutrino energy

3 4
E, (GeV)

2(ll(l)lb

T T
YPER

LHy er-K dir. E

Off-axis fluxes can be combined to produce arbitrary shapes:

Real fluxes

26.06.2026

Coefficients

—

Virtual flux
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arXiv:2509.07664

Interactions through the PRISM
Can pe used to obtalr_l 056 AamGy A l0Gew
quasi-monoenergetic = = = ’
neutrino fluxes! e = =
01 2 3 4 01 2 3 4 01 2 3 4
E, [GeV E, [GeV] E, [GeV]
LB, =125 GeV -E, =15 GeV LB, = 1.75 GeV
J DUNE DUNE J DUNE
3;0
1 2 3 4
E, [GeV

—

Off-axis fluxes can be combined to produce arbitrary shapes:

Virtual flux

Real fluxes .-
Coefficients
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Interactions through the PRISM 00 0

Can be used to obtain  ?° e 6 <5 ) £, =05 GeV
- - orm unc J
quasi-monoenergetic .20  ersmi | =
. N.E + _Srhaple (inner) @ ?t;t (mldldle) unc, ‘E.
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=1 0 ""f" iy el 01 2 3 4
= mm R E, [GeV]
05 TR .
_ e obo - 5By = 1.25 GeV
With ~2.5yearsof 00 == — -
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Off-axis fluxes can be combined to produce arbitrary shapes:

—

q
1 )
Real fluxes Coefficients Virtual flux
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Interactions through the PRISM 000

Can be used to obtain 7 T (6E) = 4(5, - £) e o sB,=05GeV  B,=075GeV B, =10GeV
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Getting a little help from our friends

Electron and hadron scattering experiments will provide us with useful constraints

to constrain nuclear effects

Major advantages: known probe energies, high statistics

Preparing new measurements
e V with CLAS6 and CLAS12 data

26.06.2026

Cathode Plane

Anode Plane Assemblies

Proton- and pion-Ar scattering
measurements from protoDUNE

Laura Munteanu - Neutrino 2026, UC Irvine
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B Forward detector
used to for small
1 mater collisior

llision systems

+ other facilities such as MAMI/MESA,
HADES@FAIR(GSI)...
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Getting a little help from our friends

Electron and hadron scattering experiments will provide us with useful constraints
to constrain nuclear effects
Major advantages: known probe energies, high statistics

Upcoming measurements (especially differential ones) wWith
these probes will be crucial to build better models which
=4l can be exploited by DUNE and HK near detectors

| B

ey + other facilities such as MAMI/MESA,
HADES@FAIR(GS]I)..

Anode Plane Assemblies

Preparing new measurements Proton- and pion-Ar scattering
e V with CLAS6 and CLAS12 data measurements from protoDUNE
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What we have to look forward to

r

\.

~

Measurements from SBND + precise
measurements from T2ZK ND280 +

continued analysis of MicroBooNE,
ICARUS, MINERVA, NOvA, ANNIE data

V.

VERY high statistics near detectors
(notably NDLAr)

Usage of PRISM techniques

Electron and hadron scattering
measurements

26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine
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[s this enough?

r

\

Measurements from SBND + precise
measurements from T2ZK ND280 +

continued analysis of MicroBooNE,
ICARUS, MINERVA, NOvA, ANNIE data

V.

VERY high statistics near detectors
(notably NDLAr)

Usage of PRISM techniques

Electron and hadron scattering
measurements
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[s this enough?

r

\.

Measurements from SBND + precise
measurements from T2ZK ND280 +

continued analysis of MicroBooNE,
ICARUS, MINERVA, NOvA, ANNIE data

V.

VERY high statistics near detectors
(notably NDLAr)

Usage of PRISM techniques

Electron and hadron scattering
measurements

26.06.2026

N/

High statistics but we still do
not know the neutrino energy

Laura Munteanu - Neutrino 2026, UC Irvine
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[s this enough?

r

\.

Measurements from SBND + precise
measurements from T2ZK ND280 +

continued analysis of MicroBooNE,
ICARUS, MINERVA, NOvA, ANNIE data

V.

VERY high statistics near detectors
(notably NDLAr)

Usage of PRISM techniques

Electron and hadron scattering
measurements

26.06.2026

N/

|

High statistics but we still do
not know the neutrino energy

Accuracy at the cost of
statistical power

Laura Munteanu - Neutrino 2026, UC Irvine
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[s this enough?

r

\.

Measurements from SBND + precise
measurements from T2ZK ND280 +

continued analysis of MicroBooNE,
ICARUS, MINERVA, NOvA, ANNIE data

V.

VERY high statistics near detectors
(notably NDLAr)

Usage of PRISM techniques

Electron and hadron scattering
measurements

26.06.2026

FVN/

High statistics but we still do
not know the neutrino energy

Accuracy at the cost of
statistical power

No axial information

Laura Munteanu - Neutrino 2026, UC Irvine
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[s this enough?

r

Measurements from SBND + precise
measurements from T2K

continued analysis of Mic
ICARUS, MINERvA, NOvA Il

VERY high statistics near
(notably NDLAr)

Usage of PRISM techniquiy.

Electron and hadron scattering
measurements

—

—h statistics but we still do
now the neutrino energy

y at the cost of
al power

No axial information
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[s this enough?

This might be enough but requires a truly collective effort
+ significant theoretical developments

26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine
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26.06.2026

A new frame of thought

Laura Munteanu - Neutrino 2026, UC Irvine
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

protons Proton and

l Horn 1 Horn 2 Decayvolume Hadrondump

‘ | Neutrino
X - ----------------------------- > Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

What if we could see what we produce?

Hadron

Decay volume dump

Neutrinos
_____________________________ N Neutrino
Detector

protons Proton and

l Horn 1 Horn 2 Decayvolume Hadrondump

R ————
'.—_.

Neutrino
Detector

P
D
=
—+
= 1
e |
@]
@
v

Appl. Sci. 2021, 11(4), 1644
26.06.2026

Laura Munteanu - Neutrino 2026, UC Irvine 57


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

Inspired by F. Terranova’s seminar

Rethinking how to make a neutrino beam

What if we could see what we produce?

And find each interacting

- ’ ?
gt neutrino’s parents?
Decay volume dump )
Neutrinos
_____________________________ N Neutrino
Detector
PIaiEns Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump

Neutrino
"""""""""""""""""" > Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
26.06.2026
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Inspired by F. Terranova’s seminar

Rethinking how to make a neutrino beam

What g we could see what we produce?

And find each interacting
neutrino’s parents?

Hadron

Decay volume dump ,
Neutrinos

_____________________________ N Neutrino
Detector

...Wait but neutrino interaction cross-sections
are tiny...

To see 1 neutrino in 100 tons of material I
would need

* ~1013 pions, each producing a neutrino

* To distinguish each pion!

Need a slowly beam which is extracted slowly

Appl. Sci. 2021, 11(4), 1644
26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine 59



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

Inspired by F. Terranova’s seminar

Rethinking how to make a neutrino beam

Use a less intense beam
[}

\ ’

protons

What if we could see what we produce?
And find each interacting

L ’ ?
S neutrino’s parents?
Decay volume dump )
Neutrinos
_____________________________ N Neutrino
Detector
Proton and
Horn 2 Decayvolume Hadrondump

26.06.2026

Neutrino
"""""""""""""""""" > Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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Inspired by F. Terranova’s seminar

Rethinking how to make a neutrino beam

Use a less intense beam What if we COllld see What we pl‘Oduce?
v | | And find each interacting
Sign and momentum selection . , 2
Collimator Hadroi neutrino's parents :

Decay volume dump

Neutrinos
Neutrino
t ----------------------------- >
Detector
&~ magnets

I Ad momentum select the mesons

protons Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump
e —— em———— Neutrino
g — —— || g Detector
Neutrinos
Appl. Sci. 2021, 11(4), 1644
26.06.2026
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Inspired by F. Terranova’s seminar

Rethinking how to make a neutrino beam

Use a less intense beam What if we COllld see What we pl‘Oduce?
v | | And find each interacting
‘ Sign and momentum selection . ,
‘ neutrino's parents?

Collimator Hadron
dump

Decay volume .
Neutrinos

Neutrino
t ----------------------------- >
Detector
& °  magnets

I Ad momentum select the mesons

And make this really big!

PEOEBUES Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump
. . ———— er———— Neutrino
! ———— C—— T > Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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nuSCOPE (Neutrino SPS Complex for Precision Experiments)

Formed as a result of the merge of ENUBET and NuTAG

Proposal: use protons from SPS to create a monitored and tagged neutrino beam at
CERN for short-baseline physics

 Key part of physics program: neutrino cross-section measurements

Input submitted to the European Strategy for Particle Physics Update 2026:
https://arxiv.org/abs/2503.21589
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https://arxiv.org/abs/2503.21589

Not science fiction!

ped™ Neutrino
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Not science fiction!
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Fundamental issue: We do not know the neutrino energy or the neutrino flux
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,,
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples

How can nuSCOPE answer these?
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,,
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section

= So we can extrapolate constraints from the ND to the FD
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J
= So we can extrapolate constraints from the ND to the FD
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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What do we need to know about v interactions?
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E, J
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J
= So we can extrapolate constraints from the ND to the FD

= The relationship between true and reconstructed E,, J
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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What do we need to know about v interactions?

(non-exhaustive list
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J

= So we can extrapolate constraints from the ND to the FD
= The relationship between true and reconstructed E,, J
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations J

= The difference between v, /v, cross section

= So we can apply our v, constraints to v, samples
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments) 4 — eat,
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J

= So we can extrapolate constraints from the ND to the FD
= The relationship between true and reconstructed E,, J
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations J

= The difference between v, /v, cross section
= So we can apply our v, constraints to v, samples J
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What do we need to know about v interactions?

(non-exhaustive list focused on LBL experiments)

= The energy dependence of the cross section J

= So we can extrapolate constraints from the ND to the FD
= The relationship between true and reconstructed E,, J
= So we can measure the osc. probability reliably

= The contribution of neutral current (NC), wrong-sign or wrong-flavor vs
= So we can model backgrounds for oscillations J

= The difference between v, /v, cross section
= So we can apply our v, constraints to v, samples J
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Slide from M. Perrin-Terrin’s seminar
|

A very broad physics program

Neutrino Interactions

large v interaction samples.

Beyond Standard Model flux knowledge, energy resolution
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Slide from M. Perrin-Terrin’s seminar
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A very broad physics program

Neutrino Interactions

large v interaction samples.

Beyond Standard Model flux knowledge, energy resolution
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Summary
= Next-generation neutrino oscillation experiments require precise
descriptions of neutrino-nucleus interactions

= Current model disagreement is large and no single model can describe all
the measurements

= Next-generation experiments rely on a variety of approaches to reach
required precision - requires a concerted effort from different communities

= nuSCOPE - a change of paradigm in neutrino beam creation may help bring
neutrino-nucleus interactions into sharper focus

Thank you for your attention!
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Modified for Snowmass 2013 Report, Chapter 2
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What I will not talk about (but s still very important!!
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https://arxiv.org/abs/1401.6077

What I will not talk about (but s still very important!!

Modified for Snowmass 2013 Report, Chapter 2
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What I will not talk about (but s still very important!!

Modified for Snowmass 2013 Report, Chapter 2
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https://arxiv.org/abs/1401.6077

Interactions through the PRISM

arXiv:2509.07664

Off-axis fluxes can be combined to produce arbitrary shapes:

—

Real fluxes Coefficients Virtual flux
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https://arxiv.org/abs/2509.07664

Interactions through the PRISM 00 0
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Interactions through the PRISM

arXiv:2509.07664
L - )
With ~2.5 f g P~ ¢
1 - years 0 Off-Axis Angle [mrad] Coefficient Value ) [m] e
DUNE ND data . o0 5 o T
O'goct known at ~100/() 10 $
: T | s 2
=, B0+
. k2= | B "
But becomes statistically : %4 E30==_ %4 i
limited for differential & . o3 T
measurements & ° | i : 0.5 1.0
50 _'_I:— —— Virtual &
| cees Target ¢
8 ==
k DUNE DUNE
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What do we (not) know about neutrino interactions?

Unknown unknowns Known unknowns
(non-exhaustive)

Hadron transport inside the nucleus
v/V differences
Impact of nuclear potential
C/0/Ar/Fe/etc. differences
Relative contributions of different channels
Hadronization
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What do we (not) know about neutrino interactions?

Unknown unknowns Known unknowns
MiniBooNE M, puzzle (non-exhaustive)
x10°%°
€ 15 ® R .
R Hadron transport inside the nucleus
8 2 — = MiniBooNE data with total error — 3
$ T s v/v differences
2 Free nucleon with MA=f.03 GV /—ﬂ .
o : o e Impact of nuclear potential
Phys.Rev.D 81 (2010) 092005 o BlyslewB707(2012)72.75 .
— | [E T C/0/Ar/Fe/etc. differences

Multinucleon

\;' NN Nodtime, Relative contributions of different channels
+

| M09 GeV Hadronization
L "‘k.\_\ 0.80 < cos §,<0.90 |
nuclear screening

(RPA) e ‘Tul(Ge‘V)‘ e

n
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Previous unknown unknowns become known unknowns!
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Events / bin

rel. stat. err [%]

Numbers correspond to approx. 10 years of DUNE FD and Hyper-K

When can nuSCOPE make these constraints?
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i i i _— DUNé-FD CC osc. (15: 000 evt) i i ~—— Hyper-K CCOn osc. (9 000 evt)
1400 —— nuSCOPE LAr x DUNE shape wt. (5 yr) 400 —— nuSCOPE WC x HK shape wt. (5 yr)
1200 | B
1000 |- e = 300 4
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0 OPE 2 O
< 5 2001 2] .
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100 - E
200 s
T |
of - 0 -
1 1 1 1 1
10.0 a T 0 3 10.048 = 2L 2 0
=)
75k —— nuSCOPE (5 yr)]_ E 75k [ Hyper-K —— nuSCOPE (5 yr)]_
[3)
5.0F . o 5.0F E
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25F E » 25F 5
B 1 1 1 1 1
00 10 = 0'9).0 0.5 1.0 1.5 2.0 25 3.0
Efre [GeV] Efme [GeV]

Statistical power of nuSCOPE 5 years (1.4x10%° POT) data taking reweighted to
DUNE and Hyper-K predicted oscillated event rates after ~10 years
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nuSCOPE running time [yr]

Numbers correspond to approx. 10 years of DUNE FD and Hyper-K

When can nuSCOPE make these constraints?

1751 ' " [— years to match DUNE-FD (0.5-8.0 GeV) o —— years to match Hyper-K (0.4-3.5 GeV)
----- nominal 5 yr N ----- nominal 5 yr
150 DUNE-FD osc. rate (arb.) Hyper-K osc. rate (arb.)
D0 g sk
1.25F g
<OPE o of
100 i)
2 - T |
= =
0.75F
E 4r QOPE
9 )
i 35
0.50 F ? c Q
=} oL
§ F’L|J_\_L'—‘—._
0005~ 1 2 3 I 5 6 8.0 05 ) 15 2.0 25 30 3.5
Elrue [GeV] Efme [GeV]
Can provide informative constraints in the region of Can provide informative constraints in the region of
the oscillation maxima of DUNE almost the oscillation maximum of Hyper-K within ~1 year
immediately once operation starts once operation starts
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

Conventional neutrino beams

protons Proton and

l Horn 1 Horn 2 Decayvolume Hadrondump

‘ | Neutrino
X - ----------------------------- > Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

Conventional neutrino beams

“Employ the most intense  “Focus as many pions/kaons
proton accelerator at your as possible”
disposal”
Pros: Large yield of pions per
proton-on-target (pot)
Drawbacks: Lack of control on neutrino
energy
protons Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump
. . e——r— Neutrino
g — —_— . *| Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

Conventional neutrino beams

“Employ the most intense  “Focus as many pions/kaons  “Eliminate any material
proton accelerator at your as possible” along the beamline in
disposal” the decay tunnel”
Pros: Large yield of pions per Large number of neutrinos
proton-on-target (pot) from pion decay
Drawbacks: Lack of control on neutrino Coarse beam diagnostics
energy
protons Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump
= - . —— Neutrino
i o pre———eeece B | g Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
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Inspired by E. Terranova’s seminar

Rethinking how to make a neutrino beam

Conventional neutrino beams

“Employ the most intense “Focus as many pions/kaons  “Eliminate any material “Build the largest possible
proton accelerator at your as possible” along the beamline in neutrino detector”

disposal” the decay tunnel”
Pros: Large yield of pions per Large number of neutrinos Large statistics of neutrino
proton-on-target (pot) from pion decay interaction events (CC and NC)
Drawbacks: Lack of control on neutrino Coarse beam diagnostics  Limited precision in the final
energy state reconstruction
protons Proton and
l Horn 1 Horn 2 Decayvolume Hadrondump
. - . e——r— Neutrino
i o pre———eeece B | g Detector
Neutrinos

Appl. Sci. 2021, 11(4), 1644
26.06.2026 Laura Munteanu - Neutrino 2026, UC Irvine 103



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

A monitored and tagged

neutrino beam
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Instrumented calorimeter decay tunnel &

hadron dump

Identifies the decay products of mesons

producing neutrinos
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Neutrino
Detector

Performance of a section of the decay
tunnel tested at CERN T9 Test Beam
facility under NPO6/ENUBET 104
Eur. Phys. |. C83,964 (2023)



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

A monitored and tagged

neutrino beam
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» 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
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NA62-GTK A

Phys.Lett.B 863 (2025) 139345
A first tagged neutrino
candidate observed by NA62105
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What does nuSCOPE bring to the table?

Monitored beam: ~1% flux uncertainties

Kes positrons: constrain ve K.. muons: constrain v,
o VISIBLE ENERGY . TAGGER IMPACT POINT
g [T $
g K* (other dec.)
e
|}

| Iy

041~ [

K* (other dec.)

S/N=5.2
£=36%

0.2)

000 1500 2000
» 300 Impact point [em]
Visible energy (MeV)

Performance of a section of the decay
. . . tunnel tested at CERN T9 Test Beam
Lepton distributions from

) facility under NPO6/ENUBET
calorimeter and tagger Eur. Phys. |. C 83, 964 (2023)
(see slides from A. Longhin)
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What does nuSCOPE bring to the table?

Monitored beam: ~1% flux uncertainties

Neutrino tagging: measure neutrino energy event-by-event

°\E E \ —(|)5% X(I, pelrtr;ckilng ;Izlanle ! ]
NA62-GTK ~ L 2: \ — 1% X, per tracking plane -
—_—1 : w 150
Wl s 6 :\\ arXiv:2503.21589
" > 1
J | . » IE \\
e 0.5/
Phys.Lett.B 863 (2025) 139345 s \ 1
N R N

. . i E, [GeV]
Itis pOSSlble to measure neutrino energy

event-by-event with <1% resolution
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What does nuSCOPE bring to the table?

Monitored beam: ~1% flux uncertainties

— 0.5% X, per tracking plane
— 1% X, per tracking plane

arXiv:2503.21589
& Phys.Lett.B863 (2025) 139345 ]
'/ 2 4 6 8

A \N \ E, [GeV]
( ~3 / Itis possible to measure neutrino energy -~

event-by-event with <1% resolution 2\
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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 and HK regions of interest

narrow band off-axis v, event rate
—— T ——

— T T3
v, eventrate {19
— total event rate

40000

30000

events /1.4 -10' pot/ 0.1 GeV

68SIZ°£0SZ AIX.1D off-axis radial position [m]

20000 .
07
- 05
10000
I A R o 0.3
. < 0.1
3 : : —
0 2 4 6 8 10
E, [GeV]
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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

This relies on:

= Slow extraction beam, low intensity (10'protons/9.6s spill)
= Large detectors - o(1kt) - close to decay tunnel

= Excellent beamline (oo -100ps) and detector oans) timing resolution
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Examples of measurements
nuSCOPE can make

See arXiv:2503.21589 for more details

Studies done assuming 1.4x10%° 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)
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Neutrino flux
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Neutrino flux

26.06.2026

Flux [v/cm?/1.4-10"°POT/0.2GeV]

20X10°
E —all v, E
15 — v, from decay region —
C — v, from reco. decays
10 —
5 T ooPE _]
- ViU Vﬂ < 3 ]
ot o |
't m ]
0 : ‘ I 1

0 2 4 6 8 0

E, [GeV]
Kinematics of m and K decays with
~monoenergetic beam allow for a clear
separation of the two contributions
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Neutrino flux
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“Contamination” from low energy neutrinos produced from
target region and proton dump
In practice it is heavily suppressed by the low cross-section
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Neutrino flux
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Monitored neutrinos (inside decay tunnel)
<1% flux uncertainties
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Neutrino flux
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Monitored neutrinos (inside decay tunnel) Tagged neutrinos (inside decay tunnel)
<1% flux uncertainties <1% resolution on neutrino energy

event-by-event
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Calibration of detector energy response
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Calibration of detector energy response

Can measure the difference between true
and reconstructed neutrino energy

—— CCOmn events
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“QE” energy using kinematic reconstruction (T2K/SK/HK)
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Calibration of detector energy response
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“QE” energy using kinematic reconstruction (T2K/SK/HK)
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Electron scattering-like measurements with neutrinos
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Gives access to fundamental
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d?c/dQdw [nb/GeV/sr]

Electron scattering-like measurements with neutrinos
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Electron scattering—like measurements with neutrinos
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Electron scattering-like measurements with neutrinos
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Electron scattering-like measurements with neutrinos
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Beyond cross-section measurements

Short-baseline oscillations Muon/pion/kaon beam physics
v Neutrino energy known with <1% uncertainty event- [oees monmorn |
by-event

v Precise neutrino detector (~mm) to determine L
v" Known neutrino flavor
-- — nuSCOPE 5y shape-only 90%/20 (w/o syst.) [ N oo
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2 1 Am? = 100 eV? g’ T 104 matter (e.g. via missing energy)
5 20 o Amr =106V = a4 401
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© [ No oscillation 100
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https://arxiv.org/abs/2606.14263

Feasibility studies conducted
by CERN Accelerator &

Technology Sector - 2 sites i X :

identified North Area (ECN4)

Proton sharing is compatible | — _
Feasibility studies

with other fixed target
experiments (e.g. SHiP)

ongoing under the
umbrella of Physics
Beyond Colliders

ﬁhyskﬁ

*Beyond
~“Colliders
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Status and next steps

= [n 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 Eol

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

= Plan to submit a Eol 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/

Synergies: why should you care?

Comprehensive effort with lots of opportunities
m 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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FOR nuSCOPE

NEAREST RECRUITING STATION
https://indico.cern.ch/event/1548855/
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https://indico.cern.ch/event/1548855/

