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A Bird’s-Eye View of the MiniBooNE 
Anomaly
Adrian Thompson

Short Baseline Neutrino Workshop 2024
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How sensitive are the short baseline 
experiments to the MiniBooNE 
anomaly?

What is the outlook for BSM physics?

CCM Collaboration, [2309.02599], to appear in PRD

Dutta, Kim, Thornton, Thompson, Van de Water 
PRL 129 (2022) 11, 111803 [2110.11944]

https://arxiv.org/abs/2309.02599
https://arxiv.org/abs/2110.11944
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The MiniBooNE 
Excess

Two main features of the 
excess:

1.  Excess in the 
target-mode runs, no 
observed excess in the 
dump-mode run

2.  Excess shows distinct 
angular and energy 
spectra

●● MiniBooNE, 2021 [2006.16883]

● MiniBooNE, 2019 [1807.06137]

● MiniBooNE, 2018 [1805.12028]
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Big Picture: Lots of 
Models

● Sterile Neutrinos: short 
baseline oscillations

○ With matter effects
○ With decays

● Flavor violation 
● HNLs

○ Decays
○ Upscattering

● Dark sector
○ DM Fermion 

upscattering
○ LLP Primakoff

1𝜸,  collinear 2𝜸, and collinear e+e- 
final state topologies

https://arxiv.org/abs/2203.07323
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Dark Sector Particles and Long-lived Particles (LLPs)
From the three-body decays of the charged pions
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Generic Model Setup: some examples

𝜒
𝜒

(1) Long-lived particle (LLP) boson X, 
Primakoff scattering in the 
detector

(2)      Promptly decaying boson tto DM 
pairs, DM scattering in the detector
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Specific Example: Single Vector Mediator Coupled to Pions

At the meson level, we get a scattering mediated by 
the Pi0-N-N interaction for free - this is incoherent 
but elastic in the low energy limit

…more discussion on inelasticity later

g𝝅
±

g𝝅
0



Adrian Thompson          (Northwestern U.)                                                                                  SBN Workshop 2024, Santa Fe                                                  Adrian Thompson          (Northwestern U.)                                                                                  SBN Workshop 2024, Santa Fe                                                  

Vignette: RKHorn Simulation
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1. Simulate the proton beam spot
2. Simulate pi+/- production in the target
3. Propagate pions out of the target and 

through the toroidal magnetic field of the 
horn system via Runge-Kutta

● Based on modelB routine used for 
MiniBooNE

● Work in progress; more sophistication and 
improvements planned:  github 

https://github.com/athompson-git/RKHorn
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Dump vs. Target Mode Pion Fluxes
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Result: Fits to the target mode distributions at MiniBooNE
Dutta, Kim, Thornton, Thompson, Van de Water PRL 129 (2022) 
11, 111803 [2110.11944]

CCM Collaboration, 
[2309.02599], to appear in 
PRD

We fit the resulting photoconversion 
rate to the combined Evis and cosine 
distributions in both target and dump 

mode with a binned log-likelihood

https://arxiv.org/abs/2110.11944
https://arxiv.org/abs/2309.02599
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Coherent Captain Mills (CCM)

● CCM
● 90 degrees off-axis
● 23m target-to-detector
● 800 MeV p beam on W 

target
● Collected 1.79e21 POT in 

six week engineering run 
with the CCM120 detector 
(120 PMTs)

● CCM200 is online and 
taking data

Charged and neutral pions both unfocused and more isotropic at these lower energies 
→ offers a complementarity to the BNB source and an independent test of g𝝅0



Adrian Thompson          (Northwestern U.)                                                                                  SBN Workshop 2024, Santa Fe                                                  Adrian Thompson          (Northwestern U.)                                                                                  SBN Workshop 2024, Santa Fe                                                  
12

Complementarity at o(1 GeV) Proton Targets: CCM, LSND, KARMEN
● KARMEN:

○ 110 degrees off-axis
○ 17.5m target-to-detector
○ 800 MeV p beam 
○ 4.6e22 POT

● LSND
○ 12 degrees off-axis
○ 30m target-to-detector
○ 800 MeV p beam
○ Prompt and delayed searches (null results only)

● CCM
○ 90 degrees off-axis
○ 23m target-to-detector
○ 800 MeV p beam
○ Collected 1.79e21 POT in six week engineering 

run: CCM120

CCM Collaboration, [2309.02599], to appear in PRD
CCM120

KARMEN

https://arxiv.org/abs/2309.02599
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Other Constraints: Rare Pion Decays at PIENU 
PRD 103, 052006, [2101.07381] PIENU Collaboration

→ Constrains the total branching fraction for our 
charged pion decay production mechanism

https://arxiv.org/pdf/2101.07381.pdf
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MicroBooNE: 1g0p analysis from the delta resonance search
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We also take the existing data from 
the 1𝜸0p search 

(MicroBooNE collaboration, 
[2110.00409] PRL 128, 111801)

We obtain a conservative limit from 
a binned log-likelihood on the visible 
energy data

https://arxiv.org/abs/2110.00409
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Single Vector LLP Coupling to Pions: mV=10 MeV Fits and Projections

15

Charged pion 
production limit

Neutral pion 
production limit

+ +
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Single Vector LLP Coupling to Pions: mV=20 MeV Fits and Projections

+ +

● Moving to higher mass LLP vector 
bosons, the branching ratio for 
charged pion production drops

○ PIENU constraint becomes 
weaker on the coupling
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Single Vector LLP Coupling to Pions: mV=35 MeV Fits and Projections

+ +

● Moving to higher mass LLP vector 
bosons, the branching ratio for 
charged pion production drops

○ PIENU constraint becomes 
weaker on the coupling

● Moving beyond 35 MeV in the vector 
mass, we see that the preferred region 
for MB at 1sigma favours a 
combination of neutral and charged 
components

○ The softer spectra from neutral 
pion decays balances the harder 
spectra from the 3-body decays 
at high mass

○ Dump mode also constrains 
arbitrarily large neutral pion 
coupling
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Achilles Integration: Getting the full picture of Coherent + 
Incoherent Scattering Topologies
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Coherent

Incoherent / Inelastic

Nuclear Excitation 
→ De-excitation

1𝛾0p + 1𝛾1p + 1𝛾1n

Final state 
topologies!

Nucleon ejection + 
Intranuclear cascades

https://github.com/AchillesGen/Achilles
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How does this picture look 
for the SBN program?

19
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The Short Baseline Program: SBND, MicroBooNE & ICARUS

20
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Experiment Distance (m) Fiducial 
Volume (m^3)

Energy 
Threshold

POT

SBND 110 4m x 4m x 
5m long

100 MeV 6.6e20

MicroBooNE 470 2.3m x 2.6m x 
10.4 m long

100 MeV 13.2e20

ICARUS 600 2 x (3.0m x 
3.16m x 
17.95 m long)

100 MeV 6.6e20

Forecasts:

https://arxiv.org/pdf/1909.11670.pdf
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Projections for Sensitivity to the MiniBooNE Excess: SBND, 
MicroBooNE, ICARUS

21

PRELIMINARY

● We now forecast future 
sensitivity reaches for

● MicroBooNE
○ assuming ~2x POT 

and 3x efficiency 
w.r.t. the delta 
resonance search, 
scaling 
backgrounds

● SBND and ICARUS for 
50% signal efficiency and 
a range of critical event 
rates (3-100) which may 
depend on backgrounds

● In each case, we see that 
the SBN program is 
sensitive to MB excess!
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The spatial distribution at the detector face: [X,Y]

22

3-body

2-body

The different kinematics of 2-body and 
3-body pion decays may be 
differentiable…

… depending on the mass, decay model

● Variations in the angular 

distribution of the signal 

flux vs. that of the 

neutrino signal

● may be visible in the x,y 

distributions at the 

detector

3-body2-body

PRELIMINARY
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Conclusions

● We explored a large variety of LLP models as solutions to the MB 
excess

● We find a valuable complementarity between stopped-pion / 1 
GeV-scale proton target experiments and the higher energy beam 
dumps / SBN program
○ BSM signal may be connected to both the neutral and charged pions

● Better modeling of scattering in generic MB-anomaly-solving models 
(e.g. photoconversion and upscattering) is needed to model the 1𝜸Np or 
inelastic + intranuclear cascade channels → Achilles

● Ultimately the SBN program with MicroBooNE, SBND, and ICARUS will be 
sensitive to the MB anomaly
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Backup

24
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More Models!

CCM Collaboration, [2309.02599]

https://arxiv.org/abs/2309.02599
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Modeling the BNB Beam spot

Sanford-Wang parameterization of the pion production XS: 
see e.g. MiniBooNE collaboration [0806.1449

Beam spot parameters: see D. W. Schmitz 
thesis

https://arxiv.org/abs/0806.1449
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General Pion Decays

27

● L is total lepton momentum
● k is the massive vector 

momentum

See Khodjamirian, Wyler, 2001
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Cross Sections: Photoconversion for a variety of Lorentz 
Represenations
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Branching Fractions: Rare 3-body decays


