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All in all, the present knowledge of neutrino interactions appears to be
still comparable to the knowledge of the geography of North America
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* A detailed understanding of neutrino-nucleus interaction is pivotal
for the accuracy of accelerator-based oscillation studies

* Near detector studies of neutrino cross sections provide valuable
information about weak interactions and the axial structure of the
nucleus

Image : JLab



Oscillation analysisinan
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| *» Cross section, flux, detector efficiency, and oscillation probability are all energy dependent
—| * Energy dependent cross section information is needed

— ¢ Tension between event topology and genuine interaction mode

. | * Performant models need a consistent treatment of all relevant reaction mechanisms

NulNT 2022



Omar Benhar’s talk

THE TROUBLE WITH FLUX AVERAGE

Lo

do /dwd()

fill

40

20

til)

40

20

2803 MeV, 60 deg
~ 250 MeV, 0.06 GeV?

(@)

T

620 MeV, 36 deg

~= 366 MeV, 0.13 GeV*

a0

200 |

100 |

30|

300

:M}:j Mq;"l.", Ej[] [_:lq_:u

~ 205 MeV, (L08 GeV?

{e) ]

1650 MeV, 13.5 deg

300

~ 390 MeV, 0.14 GeV?

560 MeV, 36 degp

~ 331 MeV, 0.10 GeV?

Hib
- |

60 [ & :
| §

40+ .

Wl f .
: : I-'.l'&'la. r.ll"”'":
v :

“ F 1 N L rl s -
i 1K) 200 00

A0 MeV, 60 deg
" ~e 450 MeV, 0.19 GeV*

Spectral function calculations

inclusive e-scattering

© !



Omar Benhar’s talk

THE TROUBLE WITH FLUX AVERAGE

* Inneutrino-nucleus interactions, e.g. , v, + 4 — 1 + X, the beam

energy is unknown, and so is the energy transfer

+ different reaction mechanisms contribute to the cross section at fixed

muon energy and emission angle

» This feature clearly emerges from the analysis of electron-scattering data
corresponding to different beam energies
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—>For neutrinos, we have
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Overview

multinucleon mechanisms and 2-nucleon
nockout processes in the dip region

Quasi-elastic processes

Elastic

9

<Q@

q Inelastic Scattering
DIS

Nucleus

0
/
/
/
. s
:
o
/
/
'
/

Pion production in the delta

region and beyond

300 MeV

Low energy collective excitation

Rich nuclear physics
program !
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What is going on between initial and final state ... ?

\5 S

* Partially taken into account by
some of the nuclear models
e MC Generators used for

Free nugleon Initial nuclear Extra nuclear .Fmal s’Fate oscillation analyses tend to rely
scattering state effects interactions on efficient but approximate

1.0 K. Niewczas @ NuFACT2021 models
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https://arxiv.org/abs/2203.01748
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Three things we nee to model

(a non exhaustive list)

Relafive contribution of CCQE and other processes in our

far detector samples ;
« So we know how offen we mis-reconsfruct E,,

3 2. |nitial state nucleon momentum and energy
« So we know how wide (and biased) our CCQE E,, reconstruction is

3. Neutrino energy dependence of cross sections -~
- \. * S0 we know how to exfrapolate from our ND to our FD
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Quasi elastic versus multinucleon knockout processes

e _ ™ |* QE processes are dominating the signal in experiments with average energies of a couple of
Genuine CCQE (1p-1h)
C{“ N hundreds of MeVs
) O e Athorough understanding of the QE cross section is extremely important as it is pivotal for
N @ energy reconstruction and oscillation analysis
\_ v N J |+ Correct identification of the reaction mechanism is important but not straightforward
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» Multinucleon effects affect energy reconstruction !
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Modeling QE(like) cross sections

« Several effective approaches are on the market for the description of (inclusive) cross sections
» Efficient and performant
* Often factorized
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Modeling QE(like) cross sections

» Several effective approaches are on the market for the description of (inclusive) cross sections
» Efficient and performant
* Often factorized
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Modeling QE(like) cross sections

Natalie Jachowicz m

Several effective approaches are on the market for the description of (inclusive) cross sections

Efficient and performant
Often factorized

Mean-field models capture a lot of nuclear medium effects in an efficient way
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Raul Gonzalez-Jimenez’s talk

40 T . T T 35 : : . : . i
£=680 MeV, 6,=36 deg £=2500 MeV, 6,=15 deg
30 | 2 BPWIA --------- .
/\ PB—EE&:: —_—— -
25 | 2N\ RMF - — - - —]
AC ED-RMF
20 | TN MEC
15
10 |
5 F . . .
/oo S Quantum mechanical description of
0 . e ! —= = - == . . . .
0 01 02 03 04 05 06 07 08 09 distortion final-state nucleon wave function

m (GeV) . . .
Distortion of the outgoing nucleon (= FSI in a Quantum Mechanical way) * also affects |nc!u5|ve CFOS? sections (real
is important at intermediate energies too !!! part of the optical potential)
* |s crucial for the description of hadrons
~ 10 3 in final state
g ROP ———
L; 35 b rROP+NEUT —— 1 30
g ~ RPWIA+NEUT —
= 30 N TROP — — 7 25
< o5 SN RPWIA — —
< ) 20
: 15
L 10
E:;:. 5]
s 0
0 100 200 300 400 500 0 100 200 300 400 500
T, (MeV) T, (MeV)

Natalie Jachowicz m



Modeling QE(like) cross sections

Recent years have seen the coming-of-age of ab-initio calculations for neutrino-nucleus cross section predictions and
the development of auxiliary techniques to provide predictions for a variety of processes, targets and kinematics

H
Ab initio results
LO
(Q/A)"
! * In principle exact, realistic Hamiltonian e.g. AV18 in GFMC
NLO * Computationally intensive and
(Q/A,)? only applicable to the inclusive response
e Light nuclei
* Non-relativistic
NNLO e StaticA
(Q/A,)
3
ST\OJJ Noah Steinberg
o H. Hergert
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Noah Steinberg’s talk : comparison between GFMC and SF calculations

MiniBooNE - 1 and 2 Body Breakdown

* Separate and 2 Body

0.2 2 coa(d) = 0.3 05 = cosf#] = (L6 0,8 = ens(f] = 0.0 contributions
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= [I'_I | -:"\-l 1%k
B b ME i
0! * Model dependent pion
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*  GFMC non-relativistic nature
means disagreements at
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Noah Steinberg’s talk : comparison between GFMC and SF calculations
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T2K -1 and 2 Body Breakdown
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GMFC and SF provide
excellent agreement

T2K flux peaks at lower
energies

SF and GFMC 2 Body peaks
shifted b/c of interference
effects
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Short-time approximation : go beyond the restriction to inclusive processes in ab-initio approaches and provides more
exclusive information

Back to Back Kinematics =500 MeV
Transverse Response

2500 R e e e s S S * Based on factorization

all pairs 4 1b tor : e Retains 2-body contributions and correctly accounts for
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Coupled-cluster theory predictions for coherent scattering processes

Cross section large
compared to inelastic
processes at small
energies

Mainly sensitive to the
neutron distribution
Interesting prospects for
BSM searches, see Doojin
Kim’s talk !
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Pion Production

Resonances

ChPT background
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* Single pion production in Delta region relatively well understood
* Important background channel for quasi-elastic cross section measurements as the produced pions may be re-absorbed in the
nuclear medium or remain otherwise unobserved, leading to a CCOn topology mimicking a QE event



Minoo Kabirnezhad’s talk

M K_model M. Kabirnezhad,

Phys. Rev. D 97, 013002 o/t

* MK model is a model for single pion production o
..e. resonant and nonresonant interactions including | _\\\Lﬁ“
the interference effects. { B

« Uses Rein-Sehgal model with Graczyk-Sobczyk form-factor to
describe resonant interaction (17 resonances) up to W=2 GeV.

« Lepton mass Is included.
* Non-resonant background Is defined by a set of diagrams
determlned by HNV m0d el E. Hernandez, J. Nieves and M. Valverde,

Phys. Rev. D 7e (2007} 033005
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Minoo Kabirnezhad
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For neutrinos, the axial contribution is only poorly constrained by data

Up to W=2GeV the Osaka dynamic coupled cluster (DCC) model
offers a state-of-the-art description of neutrino-induced meson production
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0.0001

At higher energies, alternate techniques need to be developed
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Hybrid model results for single-pion production

cross-section including

Regge description at higher energies to
overcome problems with low-energy

descriptions

Non-trivial influence of nuclear medium

R. Gonzalez-Jimenez et al.,PRD 97




The transition to the Shallow and Deep Inelastic Scattering region

Here be
dragons!
; A )
Giant
resonance A
Elastic NUCLEUS

Quasielastic

DEEP INELASTIC
“EMC ¥

Y | E— -

-m—2 -zﬂ—:] 300 MeV w

Callum Wilkinson, NuPhys19

* Around W=1080, reactions are dominated by A excitation and single-pion production
At W above the delta region, various baryon resonances, non-resonant backgrounds and interferences contribute

Natalie Jachowicz m



e This kinematic region is not well understood or studied, both experimentally and theoretically

e A considerable fraction of events at higher incoming energies are from these SIS and DIS regions e.g. around 50% for
DUNE
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Snowmass WP on theoretical tools for neutrino scattering, L. Alvarez Ruso et al, arXiv:2203.09030
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https://arxiv.org/abs/2203.09030

* This kinematic region is not well understood or studied, both experimentally and theoretically

* Important background channel for quasi-elastic cross section measurements as the produced pions may be re-absorbed
in the nuclear medium or remain otherwise unobserved, leading to a CCOm topology mimicking a QE event

* A considerable fraction of events at higher incoming energies are from the SIS and DIS regions e.g. around 50% for DUNE

Q2-W distribution with DUNE numu flux on Ar (neutrino model)
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Duality and the transition from nucleon to partonic degrees of freedom

The phenomenology of the transition to partonic degrees of freedom is assessed by Bloom-Gillman duality

Jorge Morfin’s talk

Electron-scattering : resonances (Jlab E94-110 data)

follow the extrapolated DIS curve For neutrinos, the situation is less clear :
045 et T AT Tt Attt * Datais limited to low-statistics hydrogen and deuterium
' ] bubble chamber data from the 70s and 80s
04 | Q= 9(Geviey : « For computations the integrated resonance strength tends to
& Q= TiGeVi) J .
Lo > o' m;ﬂ_ﬂz : account for only ~50% of the observed signal |
35 L. ) |
0.35 oo A 0°=3GeVieY ] r . 0 .
it Q2= 24 (CeVieY 1 1.4 ‘ 56 Fe from1.1 — 1
03 3 O Q= L7(Gevicy B 1.2 f Fe from threshold -----
ke 7 - . e ] i free nucleon
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u * LT . N 06 f IPT LT L L 1 Stress the import
0.2 1 . Quark-hadron duality originally studied and 0.6 1 aad S ress the fmportance
s TRy ) 04t | of including the
[ ‘LG8~ confirmed in e-N seattering — what does B ( Giessen ) non-resonant
0.15 | g A o o g I )
[ e \ a duality “look like” ? (Jlab e-proton Study) 021 GIBUU pion production!
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! ) . . Strong suggestion here that for neutrinos:
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§ arXiv:2203.09030 What does that imply for duality for nuclei with large neutron excess?? \



https://arxiv.org/abs/2203.09030

Speaking of Higher Twist — what about HT v - A?
Growing evidence suggesting HT for v - A 1s NOT the same as e-A Jorge Morfin

+ From pQCD, with Q? evolution proportional to lﬂog(sz A?). extend into the non-pQCD
i d ider 1/ ffects: TMC and HT: Cjj
regime and consi Q? effe P Fi‘[l +F";]

+ Gargamelle (CF;Br) & BEBC (Ne/H) SPS experiments, LO QCD & TMC applied:
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+ Alekhin and Kataev — Higher Twist from CCFR F}{‘

¢ That 1s Cyp in neutrino scattering:
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smaller & negative!

Need completed MINERVA SIS and DIS analyses and better
understanding of HT in neutrino scattering!



DIS : updated Bodek-Yang model

> ha lanca T
* High x PDFs at low Q2
= Resonance region overlapped with a DIS contribution

= Hard to extrapolate DIS contribution to low Q? region from high Q2
data due to non-perturbative QCD effects

BY Effective LO model with Ew describe all e/u DIS and
resonance data as well as photo-production data (down to
Q?=0): provide a good reference for vector SF for neutrino
cross section

Sl . oy (DIs, W>1.4) do/dxdy data favor updated BY(DIS) type Il model

+ Q.E. + Resonance

¢ =
o [
1 1

BY(DIS) type Il model (low Q?: axial>vector) provide a good
reference for neutrino cross sections. Low energy neutrino
] R experiments can normalize their data to our model to
extract their flux

2
©

E —— Type | + Q.E. + Res = D.467 (30-50 GeV)
0.6 —— Type Il + Q.E. + Res = 0.480 (30-50 GeV)
E —— World Average = 0.487 (30-50 GeV)
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» Model also works well down to W=1.4 GeV, thus providing
overlap with resonance models

o
w

alE(107 % cm?jGeV)

6 1 20 30 40 50
E,[GeV]

e
LYl

e
-
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Tackling problems and uncertainties

Several avenues must be pursued to improve our knowledge on neutrino-nucleus scattering
and keep up with experimental developments and needs :

* Further theory efforts

Systematic errors due to v cross section and
flux uncertainties are dominant (-~ 3%) ...

It is faster and cheaper to pay a
theoretician to reduce 2 % your

systematics than building huge

detectors! Guillermo Megias Nulnt18

* More neutrino data on nuclei and nucleons
* New H/D experiment

e Constraints from electron scattering : talks by Camillo Mariani and Noah Steinberger
50 T T

" eq

S(E_)(1/MeV)

JLab E12-14-012
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LQCD constraints

Neutrino-nucleon form factors constitute a major source of uncertainty in neutrino scattering modeling
* Weak vector form factors are well constrained by electron scattering experiments
* Q? evolution of the axial form factor is not well-known, mainly based on old bubble chamber data (ANL, BNL, FNAL)

B-decay

2 242
(1+0 f"Mf’-j\ ‘free’ parameter

Aaron Meyer’s talk

NME 21 f PACS 21
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A. Meyer et al, PRD93, 113015 (2016)
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o L Neutrino cross section on a free nucleon :

==z exp, Dy axial * Improved LQCD prediction owing to better control of
| e oeh e excited state contamination
» Softer slope of the axial form factor’s Q%> dependence
leads to enhanced cross section on the nucleon
* Considerable reduction of the uncertainty

0.2 0.4 1.0 4.0 10.0
E,/GeV

A. Meyer et al arXiv:2201.01839

Further future opportunities for neutrino scattering from LQCD :

* Extend LQCD calculations toward resonance production and the SIS region to better inform effective nuclear theories
* Information on nucleon-nucleon correlations to lift degeneracies between v—nucleon and nuclear effects that
hamper modeling efforts and data comparison for v—nucleus scattering

e DIS structure functions with systematic error budgets

Natalie Jachowicz m



Omar Benhar’s talk

* Replacing the M 4 = 1.03 MeV dipole parametrisation with the lattice
QCD axial form factor leads toa ~ 10 — 15% enhancement of the
single-nucleon knock out cross section, suggesting a corresponding
reduction of the MEC contribution

0.9 > cosf, = 0.8

MiniBooNe data

1/A)d?e /deosb,dp, [10-¥em?GeV ™!

i
LY

02 04 06 08 1 12 14 16 L8
T, [GeV]

Natalie Jachowicz m



Noah Steinberg

MiniBooNE - Form Factor Breakdown
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Universal 10-20% increase in
normalization with LOCD z
expansion

SF agreement better with
LQCD z expansion

GFMC disagreement
regardless of form factor




Noah Steinberg

T2K - Form Factor Breakdown

*  T2K comparison fairly
independent of
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Conclusions — prospects for neutrino-nucleus scattering

e The convoluted problem presented to neutrino-nucleus modeling by the
neutrino oscillation program requires intensive efforts in several domains
* Experimental progress must be met by theoretical advances in neutrino

interaction modeling
* Theory needs constraints, limited by the current lack of data and flux
uncertainties
* Progress will require :
v Extensive collaboration between theorists,
experimentalists and generator developers

Input from electron scattering

Experimental constraints, new H/D measurements
\ would be great !
More theory efforts
Generators need to be equipped with more detailed
cross section models
A. Ashkenazi

Natalie Jachowicz
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These are exactly the goals of the NuSTEC collaboration !
https://nustec.fnal.gov/
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 Where should we go:from here ?" .

*The.upcoming generation of experlments needs crosssection caIcuIatlons with unprecédented accuracy\cmd reliable
uncertainty eStimates s g™ : ._ '

‘--GUaSiezg?ftfii‘éj%ﬂﬁeriﬁg? 2N <nockout? ...single-pion production? ...two-pion production?

(very difficult) (very very difficult) (extremely difficult, impossible?)

...elastic scattering?
(medium difficult)

...more complex scenarios?
(impossible)

P T £ . . ‘* - . \Raul Genzalez-Jimenez
- : 7 P . = L BF
“s We have togackle tbe currently existing %generacy betwee n uncertainties and huclear effects, and between cross
section and flux uncertainties ' < a ' '
* We neet caI;u ations for more%exclusive processes '
* Argon targets s 3 ® .. -

* Especially in the kne\natlc region beyond the quagie I&c&d tpre deIta r'glo'n a Iot of open issues remain
* Combine strength of mlcroscoplc quantummechanlcal nodellng and generatbr approaches to FSI and make sur*eoretlcal

’
progress fln({s it way to generators R A N . . ol
’ - ' . -
> ~ P S o . .
> » . : . ‘~ ” e * - . - ‘
. - \ » -» ) - - ’ ' ¥ ' -
Snowmass'WP on theoretlch tools for neutrino scattering, L. Alvarez Ruso et al, arX|v:fZ-03.0903O
: 2 : > b
' »

“ €6 a * 4 o —


https://arxiv.org/abs/2203.09030

