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Why neutrino cross sections matter?
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Neutrino interaction uncertainties are the ~ dominant

source of systematics in current long-baseline experiments Today uot the major problem, we

have ~100 V_ appearance
events... but this will become a
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v interaction predictions and uncertalntles
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Our current detectors are especially sensitive to Charged Current
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Neutrino energy reconstruction methods rely on the final
state particle kinematics (and on the detector technology).
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Neutrino energy reconstruction methods rely on the final .
state particle kinematics (and on the detector technology). arxiv:1803.08848
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Ideally, from the final state, P Ly * ~ //’; - ,/; p
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Final state topologies

Initial state Final state

interactions topologies
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Our detectors can only reconstruct final
state particles after nuclear effect
e charged lepton (CC) or no lepton (NC)
e w. or w/o pions: 07"°, 17"
e w. or w/o protons: Op, 1p, Np

Final state topologies are the only
categories we can access w/o referring to
theoretical models, but they are
composed of a mixture of initial state
interactions

Difficult task for the xsec community is to

try to characterize these initial state
interactions to check/tune theoretical

models (and for the theory community to try to predict
our final state topologies starting from the initial state s

interactions)



XSEC experiments: Comparisons and challenges as from TENSION 2019
M.B.A. et al., Phys. Rev. D 105, 092004 (2022) e .
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What is a cross section?

signal
do N ij 1

dady; ey ON__ " AxiAy,

nucleons




What is a cross section?

After background subtraction and unfolding of detector effects

do ‘N%igmll » 1
dxidy]' B Nfl\x/wleons Axiij

efficiency
correction

Signal, to be defined considering the detector capabilities = final state topology
Selected signal samples contain also some background = need of background samples

Observables, to be chosen considering the detector capabilities =

Limit the model dependence of the efficiency correction = perform 2D (or more) differential
measurements, phase space restriction,...

Cross section to be extracted as a function of the true observables =
10



Typical night of a neutrino cross-section analyser

Efficiency Model
correction? dependence?
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Observables?
1D, 2D, 3D?




Typical night of a neutrino cross-section analyser

Unfolding Efficiency Model
method? correction? dependence?
-+

Convergence
criterion?
Forward
. ' folding?
'

Observables?
1D, 2D, 3D?




Typical night of a neutrino cross-section analyser

Unfolding Efficiency Model
method? correction? dependence?
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Typical night of a neutrino cross-section analyser
method? correction? dependence?
:
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But we also have fun... 15


https://indico.cern.ch/event/1302529/
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Priorities of neutrino cross-section community

Limit model dependence, by defining the signal depending on the final state topology
(instead of the true interaction), by carefully choosing the observables (detectable
variables) and applying the efficiency corrections

Characterise the dominant channels CCOx and CC1x, while also exploring subdominant
Oor rare ones (characterise the background)

Promote combined measurements (multi-flux, multi-target, multi-channel) that allow to
provide correlations between measurements and explore E- and A- dependences

Explore nuclear effects, that are the main responsible of systematics in the oscillation
analysis

Provide new measurements on : CH, water, Argon (but also Pb and Fe)

Provide data release allowing to preserve useful data results over the next decades and in
the simplest format for theoreticians to be used

Develop and maintain sophisticated tools and careful procedures for the cross section

extraction (unfolding and error propagation) and diagnostic 5



How these measurements are used?

Simultaneous 2D CCOsx exemple from recent T2K developments
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T2K Other previous tuning examples: MINERVA, MicroBooNE, NOVA
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How these measurements are used?

Simultaneous 2D CCOx exemple from recent T2K developments
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How these measurements are used?
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How these measurements are used?
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How these measurements are used?

New parameterisation applied in exemple from recent T2K developments T2/K\
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What’s new since last Neutrino conference?

T2k

Joint CCOmnt on CH and H20 with
WAGASCI

NCn*on CH, Nulnt 2024

v _and anti- v, CC-Coherent it prod,
Phys. Rev. D 108, 092009 (2023)

Joint CCOn on CH on- and off-axis,
Phys. Rev. D 108, 112009 (2023)

>

N O~V

Anti-v“ CC Inclusive, Nulnt2024

Low hadronic energy CCOm,
Wine&Cheese seminar

v CC 1, Phys. Rev. D 107, 112008
(2023)

MWBooNE _

NCn® : BNB, arXiv:2404.10948
CCn% BNB, arXiv:2404.09949

Joint CCOp/CCNp, BNB (0.8 GeV), arxiv:2402.19281

(short), arxiv:2402.19216 (long)

CCOn1p generalized kinematic imbalance variables,

BNB, arxiv:2310.06082
3D CC Inclusive, BNB, arxiv:2307.06413

n production in Argon, BNB, Phys. Rev. Lett. 132,

151801 (2024)

Multi-Differential CCOn1p TKI, BNB, Phys. Rev. Lett.
131, 101802 (2023), Phys. Rev. D 108, 053002

(2023)

Quasi-elastic A baryon production, NuMI beam,

Phys. Rev. Lett. 130, 231802 (2023)
CCOn2p, BNB, arXiv:2211.03734
v, CCOn, Phys. Rev. D 106, L051102 (2022)

Nulnt2024

v, and v, CC Inclusive at low Q2 on CH, ME,
Phys. Rev. D 109, 092008 (2024)

Neutrons in anti-v. CC on CH, Phys. Rev. D
108, (2023) 112010

Axial vector form factor from
antineutrino-proton scattering, Nature, 614,
48-53 (2023)

Joint v. CCOnt on CH, C, water, Fe, and Pb,
Phys. I%ev Lett. 130, 161801 (2023)

High-Stat. anti- v, CCOmon CH atE - 6GeV,
Phys. Rev. D 108 (2023) 032018 (2023)

Coherent 1+ production in C, CH, Fe and Pb
at (E )-6 GeV, Phys. Rev. Lett. 131, 051801
(2023)

CC1m+ on CH, C, H20, Fe, and Pb, Phys.
Rev. Lett. 131, 011801 (2023)

ME flux contraint using anti-v, Phys. Rev. D
107, 012001 (2023) 24
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Pphys Rev.D 108, 092009 (2023)
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Phys. Rev. D 108, 112009 (2023)

>

N O~V

Anti-v“ CC Inclusive, Nulnt2024
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Tecti A-dependence for several channels! .
o e iy o Chensrenente norone . MIUItE-target @MINERVA

to HZO or Ar7
—#— Dt GENIEV2 MnvTune v4. Simultaneous measurement on several targets, 8 variables explored
GENIEvV2 MnvTune v4.2.1 GENIEv2.12.6
GENIEV3 02a_02_11a GiBUU None of the 6 models tested seems to reproduce the data well
NEUT LFG M, o = 1.05 GeV o ) ]
- A-dependence is different in different model/generators
14T carbon (C) ® [ Water (H,0) *

ISEE: L
1 > — ——
‘5 : = [ ]
E 0.8 L i -+ i
E
Lo6l ¢ - =
é)’ i
o 04 1 i
o
o ! ol ! ] | | ! ! ] ! |
=]
é:“ 14 Iron (Fe) B Lead (Pb)

ool L ] AT IR e U IR B
0 02 04 06 08 1 1.2 02 04 06 08 1 1.2

Pt (GeVic)

CC1x: Phys. Rev. Lett. 131, 011801 (2023)
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CCOus: Phys. Rev. Lett. 130, 161801 (2023)
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Tecti A-dependence for several channels! .
Loty rememonente o sevene - MUItI-target @MINERVA

absorption than what could be

imagined by looking at CH
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| FSI mismodelling at
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Simultaneovs study of O and C interactions is Multi-tar g ot @T2 K T2 6 5

particvlarly relevant for T2K and HK

Total Events: 2821/ 1 x 102! POT

Plastic and water (+plastic) modules — allow CHuse
N simultaneous measurements on CH and H,O o other
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Two water/CH simultaneous 1D measurements: P, and cosﬂu 08
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Try fo ctudy the enerqy dependence of Multi -fl ux @TZ K T2 6 a

neutrino inferactions. Can we extrapolate xcec

y 7
at different Ev' Phys. Rev. D 108, 112009 (2023)

First joint on/off-axis v,

Proton Module INGRID

oA CCOx analysis on CH,
—O0A2s° using two T2K near
% INGRID detectors at different angles
l wrt the beam direction —
different (correlated) fluxes

30
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@L\lfar Detector (A 1) )

Try o ctudy the enerqy dependence of
neutrino inferactions. Can we extrapolate xcec

at different Ev ?
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i M

Phys. Rev. D 108, 112009 (2023)

First joint on/off-axis v,
CCOsr analysis on CH,
using two T2K near

detectors at different angles

wrt the beam direction —

different (correlated) fluxes

V"C'C'OI'[ on CH

= INGRID
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MAGNET

Multi-flux @T2K T2/
z

CC-0n

TPC

Proton Module INGRID

Allows to study the energy

dependence of v interactions
(same beam but different spectra)

especially 2p2h or CCRES

For the first time, possible to test
models simultaneously at two
different angles/fluxes

Models struggle in
reproducing data 31
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TranS\%?rse Kinematics Imbalance PrOtOnS @'.IBOON E: TKI H@

. V C'Can:7p on Ar <E>~085eV
e - Mogst xcec extracted as a function of the /EPfUh kinematics (the easiect to reconstroct). But
Testing the initial  when the p ic also reconctructed, we can accese variables combining p and p, that allow

state nucleon . .
Testing Final to test nuclear effects (2pzh, FSI Fermi motion): imbalance in the f.c. & come nuclear effects

State Interactions  ysing a series of variables combining pand p kinematics: 5p.,, 8p.., 5p,» e,
S¢,, cosd , cosd , Ecal = E+K+E,

32
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5, V CCom Tp on Ar <€,>~ 0.8 GeV
L Moct xcec extracted as a function of the lepton kinematics (the easiest to recohs‘truct) But
" Testing the initial

when the p ic also reconctructed, we can accese variables combiningw and p, that allow
state nucleon
ermi motion)s 1 I .S
Testing Final to test nuclear effects (2pzh, FSI Fermi motion): imbalance in the f.c. & come nuclear effects

State Interactions  ysing a series of variables combining pand p kinematics: 5p.,, 8p.., 5p,» e,
S¢,, cosd , cosd , Ecal = E+K+E,
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Models with FSI favoured

First TKL measvrement on Ar
Testing different FSI and nuclear models

Phys. Rev. Lett. 131, 101802 (2023),
Phys. Rev. D 108, 053002 (2023)

Possible to select/disentangle different nuclear effects with 2D measurements

. . . . . 33
Evident mismodelling in several variables, less evident for Ecal
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trancverce plane (2D). And if we try to v, CCom 1p on Ar
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Again the simultaneous use of 2 variables enhance the discrimination power among different nuclear effects!®
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Calsrimetric reconctruction of E (NOVA, DUNE) can

be biased if presence of neatrou: is not taken into N e utro ns @M I N E RVA

account. But nevtrons by definition are difficult to e Raia 2053 v, m
detect — look atn ST that produce visible p P! v ’
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Multi-neutrons measurements at low Ea
(=non E, and non n activity) — ++ 2p2h

vail

Models overpredicts the number of neutrons
Theoretical xsec overestimated wrt data

— pointing to a 2p2h or FSI mismodelling?
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Tty To use theZ. of all hadrons
Available energy [é; - total enerqy of afl observable final
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oct of xsec measvrements done with
Most of xsec mansurencus done withv, — Elactron neutrinos @MINERVA

beam ot near detectors, but far defectore
particolarly interested to v, . Can we
extrapolate from v, tov,— need to ctudy
them also at the /VD/ [m Fm )

Phys. Rev. D 109, 092008 (2024)

High statistics (~10* events), CC-Inclusive, low E
Ee>2.5 GeV, ME beam, CH target
Data-driven background estimation (mis-modeling of n® production
processes)

Two 2D cross section measurements (E_ ., d,), (E_ .;, P;)

avail (bkg limit),

—+$— Dan 0.6<q, (GeV)<0.8
< 1.0<Lepton Pt (GeV/c)<1.2 5 0.4<Lepton Pt (GeV/c)<0.6 Simulation of>‘ 30F
[ — < o [] s
o % v % - e CC v,-QE O 25
o 10 .—E e o a0k N r v ME
E E3 s . i - v - CC v,-Res ‘E F e ME
G i N e -
8 F &_._,_’_—IL\L—‘ - o - § . CC v -DIS g,, 20: ,.].. ‘V
=) 1E-= s “auus g orareianan 2 30F & o F p
FA O e hE L e CCvezp2h T 150
3 binviainion X 200 b
- i g [ ool Ve" g~ 10H ‘={=‘—
'U= 0 0000 g -%— soF 2 T +

] . AR T T . 4
uf O Aat: (T E T L T T R AR w ; 5:_ i %
ke 2 L CT o L L w o) T A | SR TH e bebielll ST AT LR, . - F P S
< 1070 0.2 0.4 0.6 0.8 1 2 B o 0.2 0.4 0.6 0.8 1 12 2 o o
| | o | IR NI ST T
E,..i (GeV) ‘33 E, a1 (GeV) o o 02 04 06 08 ?roulk?
"avail

Also, comparison with other v"MINERvA measurements is ~ possible
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092008

Need to characterise also NC interactions, often background

for oscillation aua/yses’./
WBooNP _

<6v> ~ 0.8 GeV
n° production represents a major background for EM shower

And Neutral Currents?
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And Neutral Currents?

T2K
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When nevtrinos inferact coherently with the nucleus

<6v> ~ 6 Gel/

Poorly studied interactions (so far), where the v, interacts with the nucleus as a whole

Selection: low 4-mom transfer events where a charged x is produced

MINERVA

<

Multi-targets

First v“CC-Coh measurement on A>40 nuclei

First simultaneous measurements on several targets

Several A-scaling models tested: A3, A2?,
Belkov-Kopeliovich. Data seems to prefer this last,
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CC-Coherent & production
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When nevtrinoe inferact coherently with the nucleus

CC-Coherent & production

<6v> ~ 6 Gel/

Poorly studied interactions (so far), where the v, interacts with the nucleus as a whole
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092009

Summary and prospect

Neutrino cross sections are a very active and pretty fundamental field to ensure
neutrino oscillation experiment success

A variety of experiments involved in the quest for the neutrino interaction
understanding — complementarity of the measurement and sharing of best practice

| had a very limited time to treat the vastity of new results in last two years: please enjoy
Nulnt2024 talks and other talks from the sessions today and tomorrow — so many
progresses in only 2y!

An additional amount of new results are already in the pipeline from the mentioned
experiments

Also, new measurements from other experiments will come soon: ICARUS, SBND,
ArgonCube (Argon), the ND280-Upgrade (CH), NINJA (water et al)

Need to act as a community together with theoreticians and generator developers,
(like NuStec)

Amount of available data is increasing and complexifying: towards a standardised Data

Release format for data preservation ~HepData
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