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Introduction

The hard‐scattering curve arises from quark and gluon
scattering; the soft‐scattering component however, appears to
be thermal in nature and is poorly understood
Entanglement entropy thermalization between distinct regions
of the colliding nucleons can potentially explain the origin of
the soft‐scattering component, evidenced by previous studies
demonstrating how the exponential component disappears in
diffractive events [2]
We extend these principles to the weak sector by studying
antineutrino‐nucleus scattering on hydrocarbon and carbon
using data from MINERνA and corroborate previous
conclusions regarding entanglement entropy thermalization

Results & Analysis (Cont.)

Antineutrino Induced π 0 Production

Final state interactions (FSI) are large at low pion momenta

Minerva νµ + CH → µ+ + π0 + X Data
dσ/dp2π (cm2/GeV2/nucleon) × 10-40

The transverse momentum distribution of pp collisions from
ATLAS and CMS data has been observed to decompose into a
power‐law curve (“hard”) and decaying exponential curve
(“soft”) [1].

Results & Analysis

However, due to large systematatic and statistical uncertainties, the effects of
the FSI do not impact our analysis
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The value of R agrees with the value found in pp collisions
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Conclusions
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Results are in line with the hypothesis of entanglement entropy
thermalization, namely that quantum entanglement in hadrons is responsible
for observed thermal behavior
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Figure 1. Antineutrino differential scattering cross section against hydrocarbon nuclei with charged current pion
production. Red dashed line shows the thermal component and solid green line the hard component of the
combined (solid blue line) best fit to the data. Data taken from [3, 4].

The reduced chi square statistic is approximately 0.84, indicating excellent fit with the data
The calculated value of R is 0.13 ± 0.03, in line with previous studies of pp collisions, in which
R = 0.16 ± 0.05 [2].

Antineutrino Coherent π − Production

Methodology

We use the two following datasets from MINERνA:
antineutrino induced π 0 production on hydrocarbon at ⟨Eν ⟩ ≈ 3.6 GeV [3, 4]
antineutrino coherent π − production on carbon at ⟨Eν ⟩ = 3 GeV [5]
Three separate curve fits are made in CERN ROOT:
A decaying exponential curve
A power law curve
The sum of a decaying exponential curve and a power law curve
We calculate R, a measure of the power law component in the combined fit,
which ranges from 0 to 1.

Our study raises future questions. How does entanglement arise from QCD?
Is it possible there may be additional experimental signatures?
The future EIC at Brookhaven will provide valuable electron‐proton data for
these studies, allowing researchers to shed light on the connection between
hadronic entanglement entropy and its relation to QCD.
Future MINERνA runs can provide data with improved statistics, which would
allow a more detailed analysis of entanglement entropy thermalization in the
weak sector

Minerva νµ + 12C → µ+ + π- + 12C Data
dσ/dE2π (cm2/GeV2/ 12C) × 10-39

Using the principles of entanglement entropy, we look for the following
experimental signature in neutrino‐nucleus scattering:
For an interaction that probes a subregion of the nucleus, there will be a
thermal component in the momentum distribution of the produced pion
For an interaction that probes the entirety of the nucleus, the thermal
component will be absent

Thermal component is absent in coherent π − production, but present in π 0
production
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Figure 2. Antineutrino coherent scattering from the hydrocarbon scintillator nuclei. The differential cross section is
well described by a hard‐scattering component alone, as expected in the absence of entanglement. The reduced
chi‐squared fit is χ2/ndf = 5.5/6. Data taken from [5].

R = 1.00 ± 0.08, as expected in the absence of entanglement, indicating no thermal
component
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