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« Future oscillation experiments DUNE and Hyper-
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* Most events in DUNE will contain a pion

« 45% of v, CC events will have W = 1.5 GeV 10

Why d O We care : 2> Hyper-Kamiokande
NEUTRINO

« Future oscillation experiments DUNE and Hyper- «10°
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Hyper-Kamiokande

Why do we care? o

NEUTRINO

5.4.2.5 Other hard scattering uncertainties

NOvVA oscillation analyses [171] have found the need for excursions beyond the default GENIE
uncertainties to describe their single pion to deep inelastic scattering (DIS) transition region
data. Following suit, we drop GENIE’s default “Rv|[n,p][1,2]pi” knobs and instead implement sep-
arate, uncorrelated uncertainties for all perturbations of 1, 2, and > 3 pion final states, CC/NC,
neutrinos/anti-neutrinos, and interactions on protons/neutrons, with the exception of CC neutrino
1-pion production, where interactions on protons and neutrons are merged, following [166]. This
leads to 23 distinct uncertainty channels ([3 pion states] x [n,p] x [nu/anti-nu] x [CC/NC] - 1),
all with a value of 50% for W < 3 GeV. For each channel, the uncertainty drops linearly above
W = 3 GeV until it reaches a flat value of 5% at W = 5 GeV, where external measurements better

constrain this process. + F SI
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Why do we care? o

NEUTRINO

« Future oscillation experiments DUNE and Hyper-
Kamiokande will become systematics dominated
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« Sensitive to mass ordering via 3-10 GeV region
» Primary lepton ring hard to reconstruct in DIS events

» Confused with v, appearance events

v, event
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https://indico.ipmu.jp/event/46/contributions/1303/attachments/1043/1248/wendell_skhk_syst_20151117_ver3.pdf

Experiments in the relevant
energy regime

 Bubble chambers — di-pion production measurements on D,
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https://arxiv.org/abs/1305.7513
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Experiments in the relevant
energy regime

T IIIIIII

ANL flux peak ~0.5 GeV
BNL flux peak ~1.2 GeV
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 Bubble chambers — di-pion production measurements on D,
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* ArgoNeuT - inclusive measurements on Ar
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Flux peak ~9.6 GeV v, (~3.6 GeV v,))
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Experiments in the relevant
energy regime

—CCQE  ---CC2p2h --CCix ---CCDIS -~ CCOth

/g 2L Muon neutrino, FHC
- Bubble chambers — di-pion production measurementson D, 3 |
-
c B
* ArgoNeuT - inclusive measurements on Ar % 1.5
Q ¥
o™
£ |
S
— inclusive, and semi-inclusive pion measurements on 2 LI A e
liquid scintillator (67% C, 16% Cl,, 11% H,, some Ti, O,) % [
0.5
. . .. . . L .~
— inclusive, SIS/DIS, and semi-inclusive pion o1
measurements on solid scintillator CH, Fe, Pb, C (and H,0) e
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Experiments in the relevant
energy regime
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« Higher energy DIS measurements (>10 GeV) — FASERYv,
CCFR, NuTeV, NOMAD, ...
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Experiments in the relevant
energy regime

Should be able to do inclusive measurements

%10° (e.g wrt angle) and pion multiplicity!
 Bubble chambers — di-pion production measurements on D, 5 [-ccne 1 ' ]
: : > [ ~CC-On 2x2 NuMI ]
* ArgoNeuT - inclusive measurements on Ar s 3k-CC-i ]
S |-ccax '
CC->2n

[l [l [l . [ . 2_

— inclusive, and semi-inclusive pion measurements on [

liquid scintillator (67% C, 16% Cl,, 11% H,, some Ti, O,) 1:
— inclusive, SIS/DIS, and semi-inclusive pion i S ;
measurements on solid scintillator CH, Fe, Pb, C (and H,0) Oo- - e’ o, \2%&5

« Higher energy DIS measurements (>10 GeV) — FASERYv,
CCFR, NuTeV, NOMAD, ...

* Near future: 2x2 demonstrator (ND-LAr + MINERVA tracker) in the NuMI beamline (flux peak ~6 GeV)
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Experiments in the relevant
energy regime

Should be able to do inclusive measurements

%10° (e.g wrt angle) and pion multiplicity!
 Bubble chambers — di-pion production measurements on D, 5 [-ccne 1 ' ]
: : > [ ~CC-On 2x2 NuMI ]
* ArgoNeuT - inclusive measurements on Ar s 3k-CC-i ]
S |-ccax '
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« Higher energy DIS measurements (>10 GeV) — FASERYv,
CCFR, NuTeV, NOMAD, ...

* Near future: 2x2 demonstrator (ND-LAr + MINERVA tracker) in the NuMI beamline (flux peak ~6 GeV)
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(Recent) measurements

1. NOvVA’s inclusive 2D v and 3D v on liquid scintillator

“Older’” measurements

2. MINERVA's 1D v and v SIS(-like) on CH

3. MINERvA's 2D v CC>1nt* on CH
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(Recent) measurements

1. NOvVA’s inclusive 2D v and 3D v on liquid scintillator
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NOVA's inclusive measurement(s)

0.80 <cos 0, <0.85 0.85<cos 6, <0.88 0.88 <cos 6, <0.91 0.91<cos 6, <0.94 0.94 <cos 6, <0.96
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« 2D neutrino (T}, cos 8,,), 3D antineutrino (T}, cos 6,;, E,yail) os

* Flux peak ~2 GeV, expected significant contribution from Nt —
lower T}, and higher Ejyai
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NOVA's Inclusive measurement

« 2D neutrino (T}, cos 8,,), 3D antineutrino (T}, cos 6,;, E,yail)

- Flux peak ~2 GeV, expected significant contribution from N — GENIE3 and NEUT overpredict the
lower T,, and higher E,yai / data for forward-going low T, muons
1.5}F 0.80l <Cos 6, < Ol.85 T 0.85'< cos 9, < 0'.88 T O.88l< cos 6, < Ol.91 T 0?4|< cos 9, < Ol.94 T 0.94I <cos 9, < d.96 1
(o) -~ s ’
S I 1. -~ ) AN i Surprisingly (?) NOvA’s
< [ ”& (o [ ] = B Y : E J.H, '
z g ’ et \\m,;,‘{w__ s \jmgw_*éﬁ, \im}m&&,& 1 customised GENIE2 seems to
= P ’ |~ == R N 1§ model the data well
= 05 + | + ' | 1
=2 L | L 1 1 L il L L L L
o 1/5} —/-.?*_aﬁf\cos 6, <0.98 --L028 <cosH, <099 T 0?9 :cvos 6, <1.00 - 1 T, 2 1 T, 2
; " - {h-._\\ { -«1_;._ . Jqu—_h_:“‘w?{"& Predictions Area-Normalized to Data Wh g thi
Ol = =2 S, g '
N SRR RTTITINN, T {m{ ;;:ii_ H‘H} 11l —+— Data (Stat. + Syst.) ere aoes nis
°1g \ 'imhb? TR HJH T T{{Hm —-— GENIE v3.00.06 overprediction come from?
i_ GiBUU 2019
© - .- NEUT v5.4.0
0.5} 1 —— NuWro 2019 i |
. . . . Look into the 3D!
1 2 1 2 1
Average fractional uncertainty 12%
T, (GeV) T, (GeV) T, (GeV) Shape-only 7%
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NOVA's inclusive measurement s

—— NuWro 21.09.2 (2022)
— —— NEUT 5.7.0 (2023)
3D Vyu ——— GiBUU patch3 (2023)
300 MeV < E,,.; < 600 MeV (RES dominated)
15-0.88 <cosd, <0917 0.91 <cos6, <0.94 0.94 < cos 6,<0.96 0.96 < cos 6, <0.98 1

* E,vai Slices powerful to localise problems in modelling

N‘_\“‘N—\w

» Antineutrino, but like in v, GENIE3 overprediction at

Prediction/Data

lower T}, and higher cos 6, | ~126 000 events (14% of the sample)

* Inthe RES (and RES—-DIS transition) rather than in the

68% RES

DIS dominated | 1 22% DIS
S iation in the RES domi g . NEUT "1, e 2 "1y 2
 Some variation in the omlr\ate region, 1GeV <E,,. <2 GeV (DIS dominated)
close to the data at low T, and higher cos 6,, T 085<c0s8, <088 | 088<c0sf, <091 | 091 <cos6, <094 ]

« Different FSI and transition hadronisation with Bodek-
Yang in the DIS dominated region (except GIBUU) —
GENIE3 seems to model the data the best

1

— 1

Prediction/Data

0.94 < cosf, <0.96 | © 0.96 <cos6, <0.98 | _45 000 events (5% of
1 | the sample)

24% RES
1 72% DIS

T, (GeV)
Average fractional uncertainty 14%
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(Recent) measurements

2. MINERVA's 1D v and v SIS(-like) on CH
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MINERVA's SIS measurement ;
- POT-Normalized Resonant | &
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X C ©
_ o _ _ _ Q o14f 1.5GeVic2<W <2GeVic2 o | &
« 1D neutrino and antineutrino cross-sections reported in (anti)muon 3 012" . = Tlothercc | 2
. . o, . O ek i o
momentum variables and variables sensitive to the hadronic system & 0. Reduces | Reduces single-
(=] " - contrib. from quark DIS
« Calorimetric reconstruction of visible recoil energy with model- ©  0.08fdelta resongiide
dependent correction for invisible energy 2 006 1 Woy = ng, 2B,y — 02
. . . . g 004:_ " r Qz = ZEV(Ep. _pp. cos Gp.) _mﬁ
* QE, resonant, and higher W DIS background constraint in sideband w 0.02F- 7 M |
regions via simultaneous shape+normalisation fit to data ob s e B
0 1 2 3 4 5

W,,, (GeV/c?)
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MINERVA's SIS measurement

» 1D neutrino and antineutrino cross-sections reported in (antiymuon
momentum variables and variables sensitive to the hadronic system

» Calorimetric reconstruction of visible recoil energy with model-

dependent correction for invisible energy

* QE, resonant, and higher W DIS background constraint in sideband

regions via simultaneous shape+normalisation fit to data

ME datasets
2 GeV < E, <20 GeV

Ratio to MINERVA Tune v2

2.5
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—— Other CC
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715
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Low Q2 suppression
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2.5
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0.12 ; 0 >« ] Other CC é
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0'04:_ RN Q? = 2E,(E, — p, cos6,) —m?2
0.02F I
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2
W,,, (GeV/c?)

Vp+N - pr+ X

High pr, underprediction,
shape not quite right
(true SIS region with Q2 > 1)

Uncertainties dominated by
flux, interaction model (Mx),

v and detector response
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MINERVA's SIS measurement ;
- POT-Normalized Resonant | -&
0.16  1.08x10°'POT Ipis >
§ 0.14F 1.5GeVic2< W < 2 GeV/c? \2p2h o
. . . . [0} 0.1 Zi n > . __|Other CC E
+ None of them describe data well across the full kinematic region o et | o
o 0 q-Reduces Reduces single-
o — contrib. from quark DIS
 Atlow p, central value does pretty well S  (.08[-delta resonance
: : _ " 0060
* At high pt, GENIE3 gets shape right, Nu\Wro and NEUT fit well . 06; h Wexp =ng, + 2Epaqmy — Q2
:>J, 0'04; i ; o Q7 =2E,(E, — p,cosf,) —mg
« Other variables, dedicated Q2 > 1 GeV? analysis for multi-quark 0.02F- | |l
component of SIS, full systematics info in the publication O 3 ——
W (GeV/c?)
Vp+N - +X Vp+N = v+ X
o 25 " pata —— MINERVA Tune v2 o 25 —— Data —— MINERVA Tune v2
> .  —— GENIE2,12.6 —— GENIE 3.0.6 RFG hA > I~ —— GENIE 2,12.6 —— GENIE 3.0.6 RFG hA
) - —— GENIE3,0.6 LFGhA —— NEUT 5.4.1 LFG QO - —— GENIE 310.6 LFGhA —— NEUT5.4.1 LFG
c - —— NuWro 19.02 LFG GiBUU 2021 TO c » GiBUU 2021 TO
= 21— = ~
~ E 2k
< > < B
> | > :\
& 15— T -
Z 27— Z 15
= - ; =
o q_ul_%} vl o
o /“/ . o _
= - Vi © Vu
m0-5*.‘.‘[,.‘.\.,.‘|‘.,.\i‘.‘ - P I PR B B BRI
ME datasets 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 Q2 9 (1 n 0 (Erecoil>>
A p —
2 GeV < E, <20 GeV p,, (GeVic) P, (GeVic) ! E,
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(Recent) measurements

3. MINERvA's 2D v CC>1nt* on CH
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(Recent) measurements

POT Normalized . Data

T :
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S 3 / 0 GENIE 2.6.2 No FSI
3 :
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é\ 30 e N
NE 25 =N T
o -
§  20F
— -
T 15
Bl B -
sk 10
- 5

00 50 100 150 200 250 300 350 400

Pion Kinetic Energy (MeV)
Not the first time W < 1.8 GeV!
LE vs ME, 1D vs 2D, tuned GENIE 2.6.2
vs tuned GENIE 2.12.6

3. MINERvA's 2D v CC>1nt* on CH
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MINERVA's CC v, >1m*

« Extended m* momentum reach, including pions only found through Michel tag (unconstrainted
kinematic region, model tuned to get more realistic smearing, see )

- Significant Nt contribution at higher pr,, — transition from RES to SIS to DIS

MINERVA Preliminary MINERVA Preliminary MINERVA Preliminary

> x10° . )5103 . )_(103
- . o < < I 9< <1.2 GeV
814__ Scaled X 1 0.4 <pr, <0.6 GeVic &S14F scateax 0.6 <pr, <0.9 GeVic S14E scawarer 0.9 <pry GeV/c
~ - ~ - ~ - —_—
B2 812 P —— I Kaons Only
c c c I QE-like
210 S10F S10F B Other
; - ; 8:— g 8:— Neutral Pions Only
8; - C [ Coherent Pions
6| 6 6 B N r* and Mesons (DIS)
C u C N n* and Mesons (RES)
4 - 4 = 4:_ I8 =1 v, no other mesons
2 2 oF 1n*wioporn
s B 1 & w Neutron
0 % 035 % 005 01 015 02 025 03 035 |HEEE 17 wProton
=14 =1.1F S, 4t : Signal
RO9f++ o — ®0.9F T 50.9F
5 L F
Q0.8 00.8F Qo0.8E
0 0.05 01 0.15 02 025 03 ._035 0 005 01 015 02 025 03 0.35 0 005 01 015 02 025 03 035
Reconstructed T+ (GeV) Reconstructed T+ (GeV) Reconstructed T+ (GeV)

W < 1.8 GeV/c?
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MINERVA's CC v, >1m*

* Clear peak shift from low p,, to high pp,
* Underprediction at high pr,

« Similar behaviour as the SIS measurement

MINER VA Work In Progress MINERVA Work In Progress
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Final thoughts (1)

« MINERVA and NOVA probe multipion production via inclusive and semi-inclusive
measurements — complex contributions from multiple interaction channels

« Dimensionality and correlation with recoil help localise problems
« Highly tuned central values often perform well, need to be cautious of model dependence
* Model variation in the Nrr region from FSI and transition hadronisation

* Focused on low pr,, and high pt, behaviour — indication of missing low pt, (Q?)
suppression across the board in the RES—»SIS—DIS transition at least in GENIE3 models
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Final (final) thoughts

These measurements can indicate where we are missing degrees of freedom (or what) in
our models

Measurements vs A in this region from MINERVA, 2x2 measurements on argon, ND-GAr?
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Back-up
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MINERVA's CC v, >1m*

« Model unconstrained in this kinematic region (trackless pions down to zero m momenta)

« Tuned to get the smearing right (SVD to study migration between pion range and kinetic energy)

MINERVA Work In Progress MINERVA Work In Progress
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NOVA's inclusive measurement

Slices of T, and cos 6, in neutrino mode (2023), and T,,,
cos 0, E,yai (2024)

« Highly customised GENIEZ2 (v) and GENIE3 model (V)

* Lower T}, and higher Ej,,; means more N
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GENIE3 and NEUT overprediction at low T,, and higher cos 6,
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NOvVA’s CC v inclusive

300 MeV < Eavail < 600 MeV 1 GeV < Eavail < 2 GeV

Table from NOvA-tuned GENIE Table from NOvA-tuned GENIE
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Similar to neutrinos, GENIE3 overpredicts at lower T, and higher cos 6,

Average fractional uncertainty 14% E,v.i1 gives power to localise this to mostly RES—DIS transition, less so in DIS
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NOvVA’s CC v inclusive

300 MeV < Eavail < 600 MeV 1 GeV < Eavail < 2 GeV

1aple from NOvA-tuned GENIE Table from NOvA-tuned GENIE
QE MEC RES DIS Others Events: 14% QE MEC RES DIS Others

Events: 5%

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
3.9 1.2 | 68.0 |22.0 4.9 NOVA Preliminary . NOVA Preliminary
0.50 < cosf, <0.741 0.74 < cosf, <0.80 [ 0.80 < cos6, <0.85 | 0.85 < cos6, < 0.88 i 0.50 < cosf, < 0.74 | 0.74 < cos6, < 0.80 | " 0.80 <cosf, <0.85
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—— GENIE 3.4.0 (2023) —— GENIE 3.4.0 (2023)
—— NuWro 21.09.2 (2022) —— NuWro 21.09.2 (2022)
—— NEUT 5.7.0 (2023) , —— NEUT 5.7.0 (2023)
1 2 — Gi
——— GiBUU patch3 (2023) T, (GeV) "1 Gev) GIBUU patch3 (2023)

Lot of variation in the RES region, NEUT close at lower T,, and higher cos 6,
DIS: different FSI with.Bodek-Yang model (except GIBUU) — GENIE seems to model DIS the best

Average fractional uncertainty 14%
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Models

 NOVA 2D: GENIE 2.12.2 (RFG with high-momentum tail, QE Llewellyn-Smith, empirical 2p2h, Rein-
Sehgal RES, DIS Bodek-Yang, custom hadronization Pythia 6, FSI hA) + QE MA =1.04 GeV/c? based
on ANL/BNL, 57% reduction of single pion non-resonant production, neutrino and antineutrino weights
from neutrino NOVA ND fit to empirical MEC )

 NOvA 3D: GENIE 3.0.6 (LFG, QE Valencia+Z-expansion, Valencia MEC and RPA, Berger-Sehgal RES,
DIS Bodek-Yang, custom hadronization Pythia 6, FSI hN) + FSI and MEC tuned

« NEUT 5.4.0: LFG, QE Valencia, MEC Valencia, Rein-Sehgal RES, DIS Bodek-Yang, Pythia 5, FSI
Oset+external data

« NEUT 5.7.0: LFG, QE Valencia, MEC Valencia, RES Rein Sehgal, DIS Bodek-Yang, FSI Oset+external
data

« GENIE 3.4.0 (DUNE): spectral function LFG, QE Valencia, SuSAv2 MEC, Berger-Sehgal RES, DIS
Bodek-Yang, custom hadronization Pythia 6, FSI hA
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MINERVA model

GENIE 2.12.6
* QE - Llewellyn-Smith formalism with the vector form factors modeled using the BBBA0S model
 RES - Rein-Sehgal model
« DIS — a leading order model with the Bodek-Yang prescription
* Nuclear environment — relativistic Fermi gas with additional Bodek-Ritchie high momentum tail
* FSI - INTRANUKE-hA

MINERVA modifications based on our data

. — increased by 50% over the nominal prediction (integrated over
all phase space) based on low recaoil fit

* FSI reweight

. V2:
V4.3.1: , Diffractive Reweight,
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Models

Initial State
Generators Interactions QE MEC RES/Coh DIS FSI
GENIE 3.4.0 Spectral Valencia SuSAv2 BS BY hA
(2023) (DUNE) function,

AR23_20i_02_11b  LFG

NuWro 21.09.02 LFG Llewellyn- Valencia NuWro RES BY NuWro FSI
(2022) Smith (LS) model model
NEUT 5.7.0 LFG Valencia Valencia BS/RS BY Custom
(2023) semi-
classical

intranuclear

cascade
(INC)
model
GiBUU patch3 Modified Dipole Semi- MAID BY BUU
(2023) LFG Form inclusive (electromagnetic transport
Factor, electron form factors) model

RPA scattering
corrections data
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Atmospheric neutrinos

« Atmospheric neutrinos have sensitivity to mass ordering via 3-10
GeV resonance

pposite effect for neutrino and anti-neutrinos: need to separate

— Contribution from v,=v:, where v: enters multi-ring ve sample
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* Ocp sensitivity from ve below 1 GeV = ve/v, important
« Neutrino flavour differences also limiting atmospheric results

Clarence Wret 27
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