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FIG. 5.7: Event display for a candidate signal event (2021/23/449). The color scale
shows the number of photo-electrons of the clusters, for clusters having at least five
photo-electrons. The leading shower measured energy E� = 618.2 MeV contained
inside the ECAL, and the second shower, converted within the scintillator tracker,
measured energy E� = 139.7 MeV. The clusters within the ECAL have more photo-
electrons than the clusters inside the Tracker region.

FIG. 5.8: Event display for a candidate signal event (2037/17/4807). Both showers
are contained in the Tracker region of the detector. Measured energies for the showers
are E�1 = 393.6 MeV and E�2 = 298.1 MeV . In addition to the short proton track
near the vertex there is additional vertex activity. Depending on the source of the
vertex activity this event can be a signal or a background.

the time difference between the cluster and muon track must be less than 25 ns.

This selection ensures that only clusters that are in the same time slice with the

muon track are used in ⇡0 reconstruction. Secondly, the charge of the cluster, which

is defined as number of photo-electrons divided by number of hits inside the cluster,

must be greater than 3. This selection removes “low-activity” clusters that might

be due to cross-talk. Finally, the clusters in the HCAL are removed, because these

clusters are most likely created by neutrons, not EM showers. If all three conditions
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60 < mgg (MeV) < 200
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1.5 < Eµ (GeV) < 20.0
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• Situated on-axis in NuMI Beam. 
• Analysis studies low energy dataset peaked at 3.5 GeV.

• Active tracker capable of reconstructing low energy (T = 110 MeV) tracks
• Precise directionality (within 3 mm),
• Particle identification and momentum provided by dE/dx profiling.

• MINOS near detector measures charge and momentum of forward going 
muons.

• ECAL and HCAL aids in full event containment.

pp > 450 (MeV/c)
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• Neutral pions identified via dominant decay (ddidavid).
• Kinematics determined using photons energy and direction

• Momentum limited by photons calorimetric reconstruction,
• Angular resolution is good.

• Use precise angular determination to improve calorimetric 
estimates by fitting iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii  using a penalty term

p0 ! gg
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Kinematic Constraints 

qµ < 25�
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• Nuclear effects are currently one of the dominant sources of systematic 
uncertainty in oscillation measurements [1,2].

• Signal and background selection efficiencies.
• Reconstructed neutrino energy spectra.

• Measuring final states with exactly one cii, and at least one pii and p.
• Will aid in reducing such uncertainties in Multi-GeV oscillation 

experiments [3,4].
• This work is an extension to the analysis on the ‘delta rich’ sample in [5].

• Nuclear dynamics probed by double transverse momentum (dpiii) — a 
kinematic imbalance of the hadronic final state [6].

µ� p0 p
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Proton

Muon

Pion

Corrections made to final state kinematics where any reconstruction bias remains — these are determined analytically. 
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• Inelastic scattering (pAtonA)Ii) results 
in ill-measured range.

• Leads to incorrect momentum 
reconstruction.

• Such events can be removed by 
considering energy at tracks last six 
measurement nodes.

pA ! nA0
<latexit sha1_base64="L/PJE2zZfqKXxfoCjSBM9acYeAU=">AAACIXicZVDLTgIxFL2Db3yiSzeN+FqRGYzKEnXjEhNBEyCkUwo0dNqm7ZjghM9wqwu/xp1xZ/wZy4BG5CQ3OTnn3uTcEyrOjPX9Ty8zN7+wuLS8kl1dW9/Y3Mpt14yMNaFVIrnU9yE2lDNBq5ZZTu+VpjgKOb0L+1cj/+6BasOkuLUDRZsR7grWYQRbJ9X31UXDSiQujvZbW3m/4KdAsySYkHz5EFJUWjkPGm1J4ogKSzg2ph74yjYTrC0jnA6zjdhQhUkfd2ndUYEjappJmnmIDpzSRh2p3QiLUvXvRYIjYwZR6DYjbHvmvzcSf70pU2HunhNyKkAyWlT40anTuWyn1EyYULGlgoxjdWKOXCmjulCbaUosHziCiWbuM0R6WGNiXanZtLPT89LZSQnNkp/OasVC4BeCm2K+fDkuD5ZhF/bgGAI4hzJcQwWqQEDCEzzDi/fqvXnv3sd4NeNNbnZgCt7XN5HMor8=</latexit><latexit sha1_base64="L/PJE2zZfqKXxfoCjSBM9acYeAU=">AAACIXicZVDLTgIxFL2Db3yiSzeN+FqRGYzKEnXjEhNBEyCkUwo0dNqm7ZjghM9wqwu/xp1xZ/wZy4BG5CQ3OTnn3uTcEyrOjPX9Ty8zN7+wuLS8kl1dW9/Y3Mpt14yMNaFVIrnU9yE2lDNBq5ZZTu+VpjgKOb0L+1cj/+6BasOkuLUDRZsR7grWYQRbJ9X31UXDSiQujvZbW3m/4KdAsySYkHz5EFJUWjkPGm1J4ogKSzg2ph74yjYTrC0jnA6zjdhQhUkfd2ndUYEjappJmnmIDpzSRh2p3QiLUvXvRYIjYwZR6DYjbHvmvzcSf70pU2HunhNyKkAyWlT40anTuWyn1EyYULGlgoxjdWKOXCmjulCbaUosHziCiWbuM0R6WGNiXanZtLPT89LZSQnNkp/OasVC4BeCm2K+fDkuD5ZhF/bgGAI4hzJcQwWqQEDCEzzDi/fqvXnv3sd4NeNNbnZgCt7XN5HMor8=</latexit><latexit sha1_base64="L/PJE2zZfqKXxfoCjSBM9acYeAU=">AAACIXicZVDLTgIxFL2Db3yiSzeN+FqRGYzKEnXjEhNBEyCkUwo0dNqm7ZjghM9wqwu/xp1xZ/wZy4BG5CQ3OTnn3uTcEyrOjPX9Ty8zN7+wuLS8kl1dW9/Y3Mpt14yMNaFVIrnU9yE2lDNBq5ZZTu+VpjgKOb0L+1cj/+6BasOkuLUDRZsR7grWYQRbJ9X31UXDSiQujvZbW3m/4KdAsySYkHz5EFJUWjkPGm1J4ogKSzg2ph74yjYTrC0jnA6zjdhQhUkfd2ndUYEjappJmnmIDpzSRh2p3QiLUvXvRYIjYwZR6DYjbHvmvzcSf70pU2HunhNyKkAyWlT40anTuWyn1EyYULGlgoxjdWKOXCmjulCbaUosHziCiWbuM0R6WGNiXanZtLPT89LZSQnNkp/OasVC4BeCm2K+fDkuD5ZhF/bgGAI4hzJcQwWqQEDCEzzDi/fqvXnv3sd4NeNNbnZgCt7XN5HMor8=</latexit><latexit sha1_base64="L/PJE2zZfqKXxfoCjSBM9acYeAU=">AAACIXicZVDLTgIxFL2Db3yiSzeN+FqRGYzKEnXjEhNBEyCkUwo0dNqm7ZjghM9wqwu/xp1xZ/wZy4BG5CQ3OTnn3uTcEyrOjPX9Ty8zN7+wuLS8kl1dW9/Y3Mpt14yMNaFVIrnU9yE2lDNBq5ZZTu+VpjgKOb0L+1cj/+6BasOkuLUDRZsR7grWYQRbJ9X31UXDSiQujvZbW3m/4KdAsySYkHz5EFJUWjkPGm1J4ogKSzg2ph74yjYTrC0jnA6zjdhQhUkfd2ndUYEjappJmnmIDpzSRh2p3QiLUvXvRYIjYwZR6DYjbHvmvzcSf70pU2HunhNyKkAyWlT40anTuWyn1EyYULGlgoxjdWKOXCmjulCbaUosHziCiWbuM0R6WGNiXanZtLPT89LZSQnNkp/OasVC4BeCm2K+fDkuD5ZhF/bgGAI4hzJcQwWqQEDCEzzDi/fqvXnv3sd4NeNNbnZgCt7XN5HMor8=</latexit><latexit sha1_base64="L/PJE2zZfqKXxfoCjSBM9acYeAU=">AAACIXicZVDLTgIxFL2Db3yiSzeN+FqRGYzKEnXjEhNBEyCkUwo0dNqm7ZjghM9wqwu/xp1xZ/wZy4BG5CQ3OTnn3uTcEyrOjPX9Ty8zN7+wuLS8kl1dW9/Y3Mpt14yMNaFVIrnU9yE2lDNBq5ZZTu+VpjgKOb0L+1cj/+6BasOkuLUDRZsR7grWYQRbJ9X31UXDSiQujvZbW3m/4KdAsySYkHz5EFJUWjkPGm1J4ogKSzg2ph74yjYTrC0jnA6zjdhQhUkfd2ndUYEjappJmnmIDpzSRh2p3QiLUvXvRYIjYwZR6DYjbHvmvzcSf70pU2HunhNyKkAyWlT40anTuWyn1EyYULGlgoxjdWKOXCmjulCbaUosHziCiWbuM0R6WGNiXanZtLPT89LZSQnNkp/OasVC4BeCm2K+fDkuD5ZhF/bgGAI4hzJcQwWqQEDCEzzDi/fqvXnv3sd4NeNNbnZgCt7XN5HMor8=</latexit><latexit sha1_base64="GcSK+PKyX6ec8XyKCmbJs5d6h1E=">AAACIXicZVBNTwIxFHyL3/iFevTSCEZPZBejckS9eNRElAQ2pFsKNHTbpu2a4Iaf4VUP/hpvxpvxz1hWNCKTvGQy814ybyLFmbG+/+Hl5uYXFpeWV/Kra+sbm4Wt7VsjE01onUgudSPChnImaN0yy2lDaYrjiNO7aHAx9u/uqTZMihs7VDSMcU+wLiPYOqlZUmctK5E4Oyi1C0W/7GdAsySYkCJMcNXe8qDVkSSJqbCEY2Oaga9smGJtGeF0lG8lhipMBrhHm44KHFMTplnmEdp3Sgd1pXYjLMrUvxcpjo0ZxpHbjLHtm//eWPz1pkyFuXtOyKkA6XhR4QenTuey3WqYMqESSwX5jtVNOHKljOtCHaYpsXzoCCaauc8Q6WONiXWl5rPOjk+rJ0dVNEt+OrutlAO/HFxXirXzSXvLsAt7cAgBnEINLuEK6kBAwiM8wbP34r16b97792rOm9zswBS8zy/0gaJZ</latexit>

Kinematic improvements 
and corrections Default Improved

• Dominant backgrounds are 
constrained using four 
sidebands

• Low/High invariant mass,
• Michel Tagged Events,
• Low proton score sample.

• Ch fit to determine respective 
background normalisations.

Selection and Sidebands

c2
<latexit sha1_base64="ZEesWi/Fe/0JKYdWP6IcULIwkYg=">AAACHnicZVDLTsJAFL31ifgCXbqZCBpXpMUoLIluXGIijwSQTIcpTJhOm5mpCTb8hFtd+DXujFv9G6cFjchJbnJyzr3JuccNOVPatr+sldW19Y3NzFZ2e2d3bz+XP2iqIJKENkjAA9l2saKcCdrQTHPaDiXFvstpyx1fJ37rgUrFAnGnJyHt+XgomMcI1kZqF7tkxO7LxX6uYJfsFGiZOHNSqJ1Cino/b0F3EJDIp0ITjpXqOHaoezGWmhFOp9lupGiIyRgPacdQgX2qenEaeIpOjDJAXiDNCI1S9e9FjH2lJr5rNn2sR+q/l4i/3oIZYm4+E8FCgDhZDPGjURdzaa/ai5kII00FmcXyIo50gJKu0IBJSjSfGIKJZOYzREZYYqJNo9m0s4tK9fK8ipbJT2fNcsmxS85tuVC7mpUHGTiCYzgDBypQgxuoQwMIcHiCZ3ixXq036936mK2uWPObQ1iA9fkNyXWh2w==</latexit><latexit sha1_base64="ZEesWi/Fe/0JKYdWP6IcULIwkYg=">AAACHnicZVDLTsJAFL31ifgCXbqZCBpXpMUoLIluXGIijwSQTIcpTJhOm5mpCTb8hFtd+DXujFv9G6cFjchJbnJyzr3JuccNOVPatr+sldW19Y3NzFZ2e2d3bz+XP2iqIJKENkjAA9l2saKcCdrQTHPaDiXFvstpyx1fJ37rgUrFAnGnJyHt+XgomMcI1kZqF7tkxO7LxX6uYJfsFGiZOHNSqJ1Cino/b0F3EJDIp0ITjpXqOHaoezGWmhFOp9lupGiIyRgPacdQgX2qenEaeIpOjDJAXiDNCI1S9e9FjH2lJr5rNn2sR+q/l4i/3oIZYm4+E8FCgDhZDPGjURdzaa/ai5kII00FmcXyIo50gJKu0IBJSjSfGIKJZOYzREZYYqJNo9m0s4tK9fK8ipbJT2fNcsmxS85tuVC7mpUHGTiCYzgDBypQgxuoQwMIcHiCZ3ixXq036936mK2uWPObQ1iA9fkNyXWh2w==</latexit><latexit sha1_base64="ZEesWi/Fe/0JKYdWP6IcULIwkYg=">AAACHnicZVDLTsJAFL31ifgCXbqZCBpXpMUoLIluXGIijwSQTIcpTJhOm5mpCTb8hFtd+DXujFv9G6cFjchJbnJyzr3JuccNOVPatr+sldW19Y3NzFZ2e2d3bz+XP2iqIJKENkjAA9l2saKcCdrQTHPaDiXFvstpyx1fJ37rgUrFAnGnJyHt+XgomMcI1kZqF7tkxO7LxX6uYJfsFGiZOHNSqJ1Cino/b0F3EJDIp0ITjpXqOHaoezGWmhFOp9lupGiIyRgPacdQgX2qenEaeIpOjDJAXiDNCI1S9e9FjH2lJr5rNn2sR+q/l4i/3oIZYm4+E8FCgDhZDPGjURdzaa/ai5kII00FmcXyIo50gJKu0IBJSjSfGIKJZOYzREZYYqJNo9m0s4tK9fK8ipbJT2fNcsmxS85tuVC7mpUHGTiCYzgDBypQgxuoQwMIcHiCZ3ixXq036936mK2uWPObQ1iA9fkNyXWh2w==</latexit><latexit sha1_base64="ZEesWi/Fe/0JKYdWP6IcULIwkYg=">AAACHnicZVDLTsJAFL31ifgCXbqZCBpXpMUoLIluXGIijwSQTIcpTJhOm5mpCTb8hFtd+DXujFv9G6cFjchJbnJyzr3JuccNOVPatr+sldW19Y3NzFZ2e2d3bz+XP2iqIJKENkjAA9l2saKcCdrQTHPaDiXFvstpyx1fJ37rgUrFAnGnJyHt+XgomMcI1kZqF7tkxO7LxX6uYJfsFGiZOHNSqJ1Cino/b0F3EJDIp0ITjpXqOHaoezGWmhFOp9lupGiIyRgPacdQgX2qenEaeIpOjDJAXiDNCI1S9e9FjH2lJr5rNn2sR+q/l4i/3oIZYm4+E8FCgDhZDPGjURdzaa/ai5kII00FmcXyIo50gJKu0IBJSjSfGIKJZOYzREZYYqJNo9m0s4tK9fK8ipbJT2fNcsmxS85tuVC7mpUHGTiCYzgDBypQgxuoQwMIcHiCZ3ixXq036936mK2uWPObQ1iA9fkNyXWh2w==</latexit><latexit sha1_base64="ZEesWi/Fe/0JKYdWP6IcULIwkYg=">AAACHnicZVDLTsJAFL31ifgCXbqZCBpXpMUoLIluXGIijwSQTIcpTJhOm5mpCTb8hFtd+DXujFv9G6cFjchJbnJyzr3JuccNOVPatr+sldW19Y3NzFZ2e2d3bz+XP2iqIJKENkjAA9l2saKcCdrQTHPaDiXFvstpyx1fJ37rgUrFAnGnJyHt+XgomMcI1kZqF7tkxO7LxX6uYJfsFGiZOHNSqJ1Cino/b0F3EJDIp0ITjpXqOHaoezGWmhFOp9lupGiIyRgPacdQgX2qenEaeIpOjDJAXiDNCI1S9e9FjH2lJr5rNn2sR+q/l4i/3oIZYm4+E8FCgDhZDPGjURdzaa/ai5kII00FmcXyIo50gJKu0IBJSjSfGIKJZOYzREZYYqJNo9m0s4tK9fK8ipbJT2fNcsmxS85tuVC7mpUHGTiCYzgDBypQgxuoQwMIcHiCZ3ixXq036936mK2uWPObQ1iA9fkNyXWh2w==</latexit><latexit sha1_base64="q3aTVfrTuF+fW0uhPxxTtyW87mM=">AAACHnicZVDLTsJAFL3FF+ILdOlmIpi4Ii1GYUl04xITeSRQyXQYYMJ02sxMTbDhJ9zqwq9xZ9zq3zgFNFZOcpOTc+5Nzj1eyJnStv1lZdbWNza3stu5nd29/YN84bClgkgS2iQBD2THw4pyJmhTM81pJ5QU+x6nbW9ynfjtByoVC8SdnobU9fFIsCEjWBupU+qRMbuvlPr5ol2250CrxFmSIizR6Bcs6A0CEvlUaMKxUl3HDrUbY6kZ4XSW60WKhphM8Ih2DRXYp8qN54Fn6NQoAzQMpBmh0Vz9exFjX6mp75lNH+ux+u8l4q+XMkPMzWciSAWIk8UQPxo1nUsPa27MRBhpKsgi1jDiSAco6QoNmKRE86khmEhmPkNkjCUm2jSam3d2Ua1dntfQKvnprFUpO3bZua0U61fL9rJwDCdwBg5UoQ430IAmEODwBM/wYr1ab9a79bFYzVjLmyNIwfr8Biw5oXU=</latexit>
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Apply d’Agostini Unfolding in order to remove detector response

• Reliable signal extraction relies in 
understanding the un-smearing procedure.

• Determine optimal regularisation strength such 
that the signal extraction method has minimal 
model dependence.

• Using Fake Data (statistically equivalent to 
NuMI low energy dataset) want to determine 
regularisation strength by considering 
unfolding to

• Nominal Monte Carlos (MC) model,
• Warped Fake data — Vary underlying 

true distribution and propagate through 
to reconstructed.

• Use statistically fluctuated data for each study 
when assessing unfolding procedure.
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Front View

Inner Detector (ID)
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