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Abstract: Following the decommissioning of the Main Injector Neutrino Oscillation Search (MINOS)
experiment, muon and hadron monitors have emerged as vital diagnostic tools for the NuMI Off-axis
vy, Appearance (NOvA) experiment at Fermilab. These tools are crucial for overseeing the Neutrinos
at the Main Injector (NuMI) beam. This study endeavors to ensure the monitor signal quality and to
correlate them with the Neutrino beam profile. Leveraging muon monitor simulations, we systemati-
cally explore the monitor responses to variations in proton-beam and lattice parameters. Through
the amalgamation of individual pixel data from muon monitors, pattern-recognition algorithms,
simulations, and measured data, we devise machine-learning-based models to predict muon monitor
responses and Neutrino flux.

Keywords: NuMI beam; simulation; muon monitor; pixel study

1. Overview of the NuMI Beamline Monitoring System

The NOVA experiment [1] utilizes Fermilab’s NuMI Neutrino beam [2]. Generated
by 120-GeV protons from the Main Injector interacting with a 1.2 m long graphite target,
the beam is refined with two magnetic horns that focus the resultant pions and kaons.
These mesons then decay within a 675 m long pipe, predominantly into muons and muon
neutrinos. The beamline’s design is depicted in Figure 1. Positioned downstream of the
hadron absorber are three muon monitors (MM1, MM2, MM3), each consisting of 9 x 9
pixel ionization chamber arrays. Since the decommissioning of the MINOS detector in
February 2019, these muon monitors have become vital for beam oversight and alignment,
ensuring optimal performance. This continuous monitoring is pivotal for the NOvA
experiment’s success. The setup also features a hadron monitor upstream of the absorber,
several beam-position monitors, and toroids overseeing the primary proton beam.
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Figure 1. Schematic of the NuMI beamline [3] featuring three muon monitors and two magnetic
horns.
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2. Introduction to Muon Monitor Simulation

The muon monitor simulation utilizes g4NuMI [4], a simulation tool grounded in
Geant4 [5]. Within G4NuMI, we model every component of the NuMI beamline, encom-
passing the target, magnetic horns, decay pipe, hadron monitor, and muon monitors.

Our simulation procedure for the muon monitor consists of the following steps:

Neutrinos are generated using G4ANuML

These neutrinos are then traced back to their originating particles.

Muons are subsequently produced from these neutrinos and their parent entities.
These muons are introduced into a distinct G4NuMI environment to generate readings
at the muon monitors.

L

Figure 2 illustrates a 2D histogram of MM1. In the simulation, each of its 81 bins
equates to a pixel indicating the count of muon events. Conversely, for actual data, the
pixels capture the voltage readings from the muon monitors.

Muon monitor 1

I

el 0.0072

0.0043

0.0067 0.012

0.04

-751 -1015

CHeel:80.012 0.02

0.025

0.025 0.023

0.019

-507

0018 | 0.031 [EKES

10,0094
e
£ [EekW 0.036 | 0.043 (GLPRNGER 0.023 | 0.013
E=
= | |
s o
234 Go- 0013 0024 FOGECREEES (LG 0,027 0.014
o
= N -0.02
s o > =
218 £ 30013 0023 BUOIENELEEL 0027 0013
>

-0.03

g 002 | 0033 0033 0022 | 0012
- 0.01
E eyl 0.014 | 0.021 0.03 0.029 0.026 0,023  0.015
‘ .
2.22 g UNelel-b R N0IQ12E 0,018 | 0.017 0.015  0.012 Neelol -
| - ' ' ' ' i 0.00
253 507 753 1015 -1015 -751 =507 -253 0 253 507 753 1015

Horizental position (mmy)

Figure 2. Two—dimensional histogram at MM1. On the (left) (simulation), pixels indicate event
counts divided by 1 x 10°. On the (right) (measurement), pixels display voltage signals normalized
to beam intensity.

In our muon monitor simulation, the momentum distribution across the 81 pixels
provides a detailed correlation between muon distribution and the primary proton-beam
profile. Figure 3 illustrates this: spectra differ between pixels, with momentum peaks
declining as one transitions from MM1’s center to its edge. Each pixel’s spectra in the
diagram are marked, with the central row as X1 to X9 and the central column as Y1 to Y9.

As highlighted in Figure 1, MM1, MM2, and MM3 are strategically placed downstream
of the NuMI hadron absorber, with intervals of 12 and 18 m of rock between them. This
spacing offers sensitivity to various muon momenta. When validating the MM1 simulation
against real-world measurements, we encountered computational hurdles. Our resolution
was to integrate two innovative techniques: uniform beam and multiple decay.

The uniform beam method simulates a uniformly distributed proton beam striking
the target. During analysis, we then apply Gaussian weights to the protons based on their
positions to mimic varying beam locations.

On the other hand, the multiple decay technique compels each target-produced pion
to decay into several muons. Validity checks confirmed this method’s accuracy, comparing
the results of up to 75 decays per pion against a reference simulation, revealing a solid
agreement.
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Figure 3. The plot illustrates the muon momentum spectra for MM1 pixels, organized in a central
row (X1-X9) and column (Y1-Y9). Noticeable is the shift of peaks to lower momentum as one moves
from the center to the edge. Different color lines in the right plots represent spectra for distinct pixels.

Combined, these techniques empower us to generate samples with remarkably high
statistical precision.

3. Comparison between Simulation and Measurement Data

To understand the NuMI beam’s behavior and be able to predict the effect of changes
on the key beam parameters, multiple beam scans were carried out. The beam position
on target, beam spot size, and focusing horn currents were changed in a controlled fash-
ion. Beam scans indicated how each MM responded to beam-position and horn-current
variations.

Our interest is the related change of muon events at muon monitors for different
proton-beam positions. We compared the measurement data and the simulation results by
looking at muon beam centroids and individual pixels (see Figures 4 and 5). The simulation
results exhibit a consistent behavior with the measurement data. Specifically, the centroids
of the muon beam on MM1 and MM3 show opposite slopes as a function of the proton-
beam position on the target. And for all operational pixels at MM1, the comparison shows
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that the simulation largely aligns with data trends, albeit with some quantitative disparities.
Two pixels on the top and left of MM1 are broken and non-operational, leading to missing
data in the comparison.

Muon beam vertical position vs VPTGT (200kA)

—— Data: y = —10.423(+0.063)x — 39.625(+0.137)
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Figure 4. Slopes of muon beam position at MM1 to MM3 plotted against proton—beam position on
the target, comparing data and simulation results.
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Figure 5. Comparison of MM1 pixels for normalized voltage signals and muon event counts across
varying horizontal target beam positions. Blue represents data, while red indicates simulation.

4. Beam Parameter Effect on Pixels at MMs

To study the effect of beam parameters, we compared the simulation results with
changed parameters for each pixel at MM1-MM3. Each simulation had 50 million protons
on target (PoT) and each pion and kaon had multiple decays to muons. The comparison
is illustrated using a 2D histogram, where the number in each bin represents the ratio of
muon events.
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4.1. Horn1 Tilt Angle (x Axis)

In Figure 6, we adjusted the Horn1 tilt angle (represented by the x-axis) from —3 mrads
to +3 mrads, indicating Horn1’s downward and upward tilting. Figure 7, featuring 2D ratio
histograms, illustrates the influence of varying Hornl tilt angles across MM1-MM3. Each
pixel’s value in these histograms represents the ratio of muon events from simulations with
distinct Horn1 tilt settings to those from a reference simulation. The simulation outcomes
highlight MM2 and MM3'’s heightened sensitivity to Hornl tilt changes, with the top pixels
undergoing notably more significant variations than the bottom ones.

y

Figure 6. Model of Hornl.

ratio at pixels ( mm1): +3 mrad

[

-0984 0980 100 100 0999 0.998 0999 0.996 0989

ratio at pixels ( mm2 ): +3 mrad

ratio at pixels ( mm3 ): +3 mrad

114 113 ma

1100 120
109 [ 1.08 | 107 109 1.09 ¥
1075 115
vos [307] 100 108 | 100 : 1.05
~-0998 100 101 100 100 101 100 100 0995 ! —
s -l
1.07 | 1.08 | 107 | 108 | 1.07 | 1.06 | 2 X 25 . L. 105 106 [1.05
6 | 1.06 | 1.06 | 1.06  1.07 | 1.07 - 1.000 B ' 108 103 105 107 106 108 110 109 -1.00

0975 w- 104 104 105 105 106 105 109 104 1.08

~-101 101 101 101 101 101 101 100 100

m- 101 100 101 100 100 101 101 101 100

<-100 101 100 101 100 101 101 101 100

©-101 101 101 101 101 100 101 100 100 095

©-100 101 100 101 101 101 101 101 100 foss < RECSRECCRiEERg| 10 103 [ Rgiiey Lot

L 0.950 ©- 110 106 109 103 104 103 103 1.06 104 -
~-101 101 101 101 101 101 101 101 100 I ~-105 103 (105 104 105 103 103 102 103 IOBZS ~- 101 106 105 105 105 103 106 103 1.06 I
096

— i 0.85
‘”@“’3 2o 10z p e REEEIES 09 ©7 105 102 104 106 100 106 103 110 0950

o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 & 7 8 & 1 7 " " 52 2

©- 100 0998 101 0999 101 100 102 0999 0990

080

ratio at pixels ( mm2 ): -3 mrad ratio at pixels ( mm3 ): -3 mrad

ratio at pixels ( mm1 ): -3 mrad 575 5.5
,952 0.970 0.971 0.961 0.971 ©-0999 0.997 0994 0977 101 0954 0965 1.04 1.05
1075 115

©- 101 099 100 100 0393 0999 0999 Lo |13 I ©-0970 0971 097
N

~- 100 100 100 0992 0990 0,998 1.00 0998 1.0 ~-0.977 0980 0962 0972 0.970 0.975 0956 0.982 0.979 ~- 102 0990 101 103 0992 0.993 0981 0913 1.00

~- 101 100 0996 0.995 0995 0997 0998 101 101 Loy ~-0994 0872 0978 0964 0.974 0.973 0971 0979 0986 1050 ~-0980 106 102 100 103 0986 0994 101 102 Bl
Ll 000 | D DR O B | A e m-0.985 0991 0.992 0972 0981 0.985 0974 0.981 0.997 025, m-105 104 103 100 0998 0998 103 0984 1.00 =05
~ 1S R R L i o=0s) 200 (008100 100 . 0979 0991 100 0992 0997 101 0999 0997 1.00 -1.000 <-104 102 104 102 103 100 103 102 104 -1.00
- 101 100 100 0996 0999 0995 100 0995 099
S R e R i - 101 100 101 102 101 101 101 101 1.00 —_— - 105 103 106 106 102 101 104 103 105 055
©-0995 0996 0998 0.999 100 0993 0999 101 0994 oo8
©-102 102 101 102 101 103 102 101 101 " ©-108 105 109 104 106 108 104 103 0977 55
~-0991 100 0995 100 100 0997 0999 0999 0985 :
0gs ~- 101 102 102 103 103 101 103 100 100 ~-102 106 107 105 110 106 108 110 109
©-0989 0,984 0994 0.993 101 0998 0995 0996 0994 a5 .85
e R S e ©-105 101 103 100 102 103 104 102 103 ©- 110 11.11‘ 107 107 105 1.08 1.00
¢ kB B & F & T 8 s — ;i N — 0900 P ——(—— . 0.80
o 1 2 3 4 5 6 1 8 o 1 2 3 4 5 6 71 8

Figure 7. Two-dimensional histograms of ratios (muon events) at MM1-3 for tilt angle —3 mrads
(top) and —3 mrads (bottom).

4.2. Target Offset in Vertical Direction

The target vertical offset was adjusted between —1 mm and +1 mm, revealing a linear
correlation between muon events at pixels and the offset in Figure 8. Two specific pixels,
73 (center) and 70 (near the edge), were selected to analyze event variations, see Figure 9.
While all three muon monitors exhibited similar patterns, MM1 was particularly sensitive
to the target vertical offset.
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Figure 9. Pixel map of muon monitors.

4.3. Other Parameters’ Effects

For the change of different parameters, we used the improved simulation to check
whether the muon monitors can catch the effect of the parameters. It indicates the muon

monitors are able to find the effect of those changes in Figure 10.
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Figure 10. Circles indicate differences exceeding 3 sigma at certain pixels, while crosses represent
differences within 3 sigma. Here, sigma is the difference in the simulation divided by the statistical
error of the simulation.

5. Machine Learning Algorithms Based on Muon Monitor Data

In addition to analyzing MM data and simulation results, we built a machine learning
(ML) model that predicts/reconstructs primary beam parameters and the magnetic horn
current by using muon monitor data. The model is trained using randomly selected past
data samples. ML predictions can be used to monitor beamline issues in the future. The
plan is to implement the ML model predictions for daily NuMI beamline data monitoring
and catching common failure modes.
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