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Challenges Borrowed from
Tejin Cai’s talk
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Probing Nuclear Structure and Effects

» These effects are
expected to depend
on nuclear size

Elastic
Scattering

Charge Exchange o

» Complimentary ways
to study these
effects:

Absbrption

» Study interactions

across various - '-i @
. . Pion Production
nuclei of different
sizes (this talk)
> Study interactions Probe the behavior of nucleons in Final State Interactions “FSI’: '
. l nuclei: correlations of nuclei, Interactions of neutrino final state
on singutar distribution of nuclear momentum particles exiting the nucleus.
nucleons to study
nucleon structure Both categories affect neutrino enerqy reconstruction through
(Hydrogen result modified final states in both particle content and kinematics

presented
previous talk)




MINERVA Detector
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MINERvVA Detector: Target Region

Range of nuclear sizes allows for probe of nuclear effects’ dependence on said size

}
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Results in Nuclear Targets:
2D v, CCQELike Cross Sections and Ratios




v, CCQELike: Muon P vs. P, Cross-Sections
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https://arxiv.org/pdf/2301.02272.pdf

v, CCQELike: Muon Pr vs. P, Cross-Sections ‘

Zooming in on one p; bin shows power to probe different initial state contributions.
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v, CCQELike: Muon P vs. P, Cross-Section Ratios ‘

» Ratio to high-
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Single Pions (CC1m)




CC1m Interactions and Importance

» MINERVA’s high
resolution scintillator
allows for pion
identification

» Single pion production
significant in many
experimental energy
ranges

» Multiple, interfering
initial state processes
contribute to single
pion production

Coherent production
can mimic oscillation
signals if particles not
fully and accurately
reconstructed in the
final state
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Results in Nuclear Targets:
1D Vi CC1m™ Cross Sections and Ratios




Vi CC1m* Cross Sections
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A. Bercellie et al.: arXiv: 2209.07852



https://arxiv.org/pdf/2209.07852.pdf

Vi CC1m™ Cross Section Ratios
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Results in Nuclear Targets:
1D v, Coherent CC1n™ Cross Sections and A Scaling




v, Coherent CC1x* Cross Sections
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v, Coherent CC1m™ Cross Section Scaling

Neutrino Energy Ratio to CH
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MINERvVA and its Nuclear Targets

» MINERVA’s recent results from its nuclear targets have
provided great insight into neutrino interactions with a
range of nuclei

» Measurements across different final states have provided
complimentary insight into the model predictions for
neutrino scattering

» MINERvVA’s large statistics dataset allowed for the first
simultaneous measurement of neutrino-induced coherent
pion production in multiple materials to allow for ratio
measurement

» More nuclear target measurements to come!
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MINERVA History, Datasets, and Fluxes

» EOI: 2002, Construction Start: 2007, First Full Detector Data: 2009

» Data-taking has been completed for both energy configurations — MINERVA has
been decommissioned

=103 x107°
0.1 2:_ —— Medium Energy v, 01'_ —— Medium Energy v,
: ----- Medium Energy v, : ----- Medium Energy v,
:é; 0.1__ —— Low Energy v, :q'.-:; 008-— —— Low Energy v,
g 0_083_ ----- Low Energy ¥, g 0 065 :.E T Low Energy ¥,
S N ) o 0.06~ % H :
o - v -favored = 0.04 - 55' L v -favored
— 0.04 ~ R H
> N = I
0.02f 0.021: Y
O ™8 70 12 14 16 18 20 Or:.;_' ‘5 L TW 12 16 18 20
Neutrino Energy (GeV) Neutrino Energy (GeV)
Low Energy: ~3.5 GeV peak (2010-2012) 4.0 E 20 1.7 E 20
Medium Energy: ~6 GeV peak (2013-2019) 12.1 E 20 12.4 E 20

“P.O.T.”: Protons on Target, a proxy for number of neutrinos produced



MINERVA Tunes

All applied to MINERVA base GENIE v2.12.6
Naming MnvTune vX.Y.Z

These are NOT cumulative, e.g. v4.4 doesn't apply Y=1,2,3 to get to 4

X  Description

1 | the original tune. Valencia RPA applied to QE (RFG), non-resonant pion production reduction, low recoil fit (LE) applied to Valencia 2p2h
2 | Same as 1 but includes the Stowell et. al (MINERvA) GENIE pion tune low Q2 suppression

3 Replace Valencia 2p2h with SuSA 2p2h, non-rescnant pion production reduction, QE is still RFG with RPA correction from Valencia but has enhanced Bodek-Ritchis
tail, removal of 25 MeV from Eavail in pion events with protons in the final state

4 Same as 1 but includes the full pion bubble chamber fit, CCMormRBes increased to 1.15% {from 1) and MaRES sst to 0.94. Also includes full treatment of the
correlations between MaRES and CCMormRes in the fit

Description

MNormalization change of coherent pion production Epi

MNormalization change of coherent pion production using the angle and E pi distributions (ME)

A, Bercellie low Q2 pion production suppression (see docDB 301370 and normalization of coherent pion production using the angle and E pi distributions (ME)

Replace dipele form of the axial form factor of QE with the Meyer et. al. z-expansion

(0 T N P T B T S

Replace QE RFG nuclear model with MuWro SF

]

Description

1 | Bug fix of =lastic FSI in pions and protons




Flux for Cross-Section Ratios
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Slide borrowed from collaborator, Anezka Klustova



2D Neutrino CCQELike/CCOx: Lead Ratio Model
Comparison
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J. Kleyklamp et al.: arxiv: 2301.



https://arxiv.org/pdf/2301.02272.pdf

v, Coherent CC1m* Cross Sections

» Models underpredict

forward pions, more so

for lead

» Two models being
compared:

» GENIE v2.12.6 (Rein-
Seghal)

» GENIE v3.0.6 (Berger-

Seghal)
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v, Coherent CC1m* Cross Sections

Neutrino Energy (E,)
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