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For the MiniBooNE and MiniBooNE-DM collaborations

1. Kaon decay at rest (KDAR) Cross Section
2. New !" Appearance Results
3. sub-GeV Dark Matter Search
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signature of dark matter annihilation in the Sun [5,6].
Despite the importance of the KDAR neutrino, it has never
been isolated and identified.
In the charged current (CC) interaction of a 236 MeV νμ

(νμ12C → μ−X), the muon kinetic energy (Tμ) and closely
related neutrino-nucleus energy transfer (ω ¼ Eν − Eμ)
distributions are of particular interest for benchmarking
neutrino interaction models and generators, which report
widely varying predictions for kinematics at these tran-
sition-region energies [7–14]. Traditionally, experiments
are only sensitive, at best, to total visible hadronic energy
since invisible neutrons and model-dependent nucleon
removal energy corrections prevent the complete
reconstruction of energy transfer [16]. The measurements
reported here, therefore, provide a unique look at muon
kinematics and the relationship to neutrino energy in the
few hundreds of MeV range, highly relevant for both
elucidating the neutrino-nucleus interaction and performing
low energy precision oscillation measurements at short
[17–19] and long baselines [20].
The MiniBooNE detector uses 445 tons (fiducial volume)

of mineral oil and 1280 photomultiplier tubes (PMTs), with
an additional 240 PMTs instrumenting a veto region, to
identify neutrino events originating from the Booster
Neutrino Beamline (BNB) and Neutrinos at the Main
Injector (NuMI) neutrino sources. The experiment has
reported numerous oscillation and cross section measure-
ments and new physics searches since data taking began in
2002 [17]. For this analysis, we consider the charge and time
data of PMThits collected during theNuMIbeam spill. NuMI
provides an intense source ofKDARneutrinos atMiniBooNE
in a somewhat indirect way. The 96 cm, 2.0 interaction length
NuMI target allows about 1=6 of the primary NuMI protons
(120 GeV) to pass through to the beam absorber [21], 725 m
downstream of the target and 86 m from the center of
MiniBooNE. The aluminum-core absorber, surrounded by
concrete and steel, is nominally meant to stop the remnant
hadrons, electrons, muons, and gammas that reach the end of
the decay pipe. Interactions of primary protons with the
absorber provide about 84% of the total KDAR neutrinos
from NuMI that reach MiniBooNE. Predictions from FLUKA

[22,23], MARS [24], and GEANT4 [25] for kaon production at
the absorber vary significantly, from 0.06–0.12 KDAR
νμ/proton on target. The background to the KDAR signal,
νμ and ν̄μ CCeventswhich produce amuon in the 0–115MeV
range, originates mainly from pion and kaon decay in flight
near the target station and in the upstream-most decay pipe.
The non-KDAR νμ and ν̄μ flux from the absorber, dominated
by decay-in-flight kaons (Kμ3 andKμ2) with a comparatively
small charged pion component, is expected to contribute at
the few-percent level based on a GEANT4 simulation of the
beamline. Figure 1 shows a schematic of the NuMI beamline
and its relationship to MiniBooNE.
The KDAR event rate at MiniBooNE is expected to be

similar in both NuMI’s low-energy neutrino and

antineutrino modes, since KDAR production from the
absorber is not dependent on the polarization of the horns.
However, the background νμ and ν̄μ event rate is predicted
to be about 30% lower in the antineutrino mode. We use
data taken in this configuration from 2009–2011, corre-
sponding to 2.62 × 1020 protons on the NuMI target.
The focus of this analysis is on reconstructing KDAR-

like low energy νμ CC events. A simple detector observ-
able, PMThits5ns, defined as the number of PMT hits
multiplied by the fraction of light detected in the first 5 ns
after correcting for vertex position, is used to reconstruct Tμ

in selected events featuring (1) an electron from muon
decay, noting that about 7.8% of μ− capture on nuclei [26],
(2) a lack of veto activity, and (3) a reconstructed distance
between the end point of the primary track and the muon
decay vertex of < 150 cm. This detector observable is
meant to isolate the muon via its characteristic prompt
Čerenkov light, as compared to the delayed scintillation-
only light (τ ¼ 18 ns) from the below-threshold hadronic
part of the interaction. According to the NUWRO neutrino
event generator [12], only 14% of muons created in
236 MeV νμ CC events are expected to be produced with
energy less than 39 MeV, the Čerenkov threshold for
muons in MiniBooNE mineral oil. KDAR-induced muons
are expected to populate a “signal region,” defined as
0–120 PMThits5ns and representing Tμ in the range
0–115 MeV. Because of the kinematics of 236 MeV νμ
CC events, no signal is expected elsewhere, which is con-
sidered the “background-only region” (>120 PMThits5ns).
Although the signal muon energy range considered for this
measurement is lower than past MiniBooNE cross section
analyses featuring νμ=ν̄μ [27–33], the energy and timing
distributions of MiniBooNE’s vast calibration sample of
0–53 MeV electrons from muon decay provide a strong
benchmark for understanding the detector’s response to
low energy muons in terms of both scintillation and
Čerenkov light. Further, a scintillator “calibration cube” in
theMiniBooNE volume at a 31 cm depth, used to form a very
pure sample of tagged 95" 4 MeV cosmic ray muons,
shows excellent agreement between data and Monte Carlo

horns
decay pipe

MiniBooNE

40 m 675 m 5 m

86 m

absorber

target

KDARbackground

FIG. 1. The NuMI beamline and various sources of neutrinos
that reach MiniBooNE (dashed lines). The signal KDAR neu-
trinos (solid line) originate mainly from the absorber.

PHYSICAL REVIEW LETTERS 120, 141802 (2018)

141802-2
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• KDAR=Kaon Decay At Rest
• KDAR neutrinos from the NuMI beamline 

absorber have been isolated based on energy 
reconstruction and timing.

• First measurement of ω (energy transferred to 
the nucleus) with a known energy, weak-
interaction-only nuclear probe.

• Results provide a standard candle for 
understanding !" CC events at a known energy 
(236 MeV).

• An associated data release website allows any 
model prediction (#" or $) to be compared 
with the data.

“First Measurement of Monoenergetic Muon Neutrino Charged Current 
Interactions” 
PRL 120 141802 (2018) Editors’ Suggestion

NuMI
beam

2018 FNAL 
Users Meeting



Updated MiniBooNE Oscillation Results:
Doubled ! Mode data
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• Extra data allows better calibrations and cross checks
• Second data set to look at consistency (~8 years apart)
• Improved background estimates from observed data and constraints
• Larger data set leads to smaller statistical uncertainty on signal and background 

measurements

Previous !: #. %#×'()( POT
Previous *!: ''. )+×'()( POT

new !:
#. ,-×'()(

POT

more to 
come
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! mode "! mode Combined

Data 1959 478 2437
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• Combined with LSND (3.83), total 
significance is at 6.13
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• For more information

• arXiv:1805.12028, submitted to PRL

• W&C Talk on July 27
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(Δ#$, sin$ 2*) = (0.041 eV$, 0.958)
6$/89: = 19.5/15.4 (prob. = 20.1%)

; + =;mode
• MiniBooNE ; and =; are consistent

with LSND in L/E and appearance 

probability

• Simple 2> fit

• Best fit at maximum mixing

• But 1? region is large

• Hints at more complicated model
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Beam-Dump Mode 
(Nov 2012 – Sep 2013 !. #$×!&'& POT)
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First Results: sub-GeV
PRL 118, 221803 (2017) 
Editors’ Suggestion
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New To Nucleon Analysis 
(Full Nucleon)
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• Neutral-Current elastic nucleon cut
• Large beam unrelated bkg. (BUB)
• DM at high !"#$ has large % of true 1 %&

sample

• Neutral-Current single '( cut
• Reduced to almost no dirt and BUB
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• Simultaneous fit of NCE and NC%& cuts
• Constrained by ) and )̅ data
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New To Nucleon Analysis
(“Time-of-Flight”)
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• Time resolution of 
detector
• Cherenkov ~1 ns
• Scintillation ~4.5 ns

New To Nucleon Analysis
(“Time-of-Flight”)
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Electron Analysis
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New 90% Confidence Limits
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Dedicated SBN “Beam-Dump” Target
(Expression of Interest to  2017 PAC)
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• A dedicated SBN “beam-dump” target would decrease the ! rate by another 
factor of 20

• Adding an extra target to the BNB in the dog leg region would allow 
simultaneous !/beam-dump running

• Increase SBN physics output at low cost
• Positive response from PAC, seeking DOE funding

arXiv:1707.04591 [hep-ph]

SBND: Start 
testing relic 
density line
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Summary
• The MiniBooNE detector has been running for ~ 15 years
• Accelerator division has provided > 30×10&' POT
• First cross-section measurement of a monoenergetic 

charged-current muon neutrino interaction (Kaon decay at 
rest)
• Doubled neutrino data
• Oscillation analysis now consistent in L/E and 

appearance probability with LSND
• Repurposed a neutrino beamline/detector to search for sub-

GeV dark matter
• DM search sets new world limits with DM masses between 

5 and 50 MeV/c&
• Seeking DOE funds for dedicated SBN “beam-dump” target 
• FNAL in great position to continue being world leaders in 

searches for accelerator-produced dark matter
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“Time-of-Flight”
Constraining Backgrounds
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• Different true event types have 
different timing structure

• Gammas travel before interacting

• Beam unrelated background and dirt 
are “flat” in time because they are 
uncorrelated with the beam

• Can use this info to constrain or remove 
background

NCEOff

For Full N Analysis:
• Fit in “energy” and time to 

increase sensitivity to heavier 
masses



!" CCQE and #$% Stability Checks
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• Detector remains stable within 2% for data sets separated by ~8 years
• Similar check is done for Michel electrons 
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The observed !+ spectra are statistically consistent between the 
new and previous data sets (KS prob. =76%)

New Data is
during 
MicroBooNE
running 

Compare to average 
excess
• Old ~ 1- low
• New ~ 1- high

2018 FNAL 
Users Meeting



Compare L/E to LSND
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• Average !"#$ of each bin is used
• MiniBooNE neutrino, MiniBooNE antineutrino and LSND are 
consistent in appearance probability and L/E
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Example of an Empirical Exotic 
Model: An MSW-Like Resonance
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! = cos& 2( 1 − +/+-./ & + sin& 2(
sin& 2(3 = sin& 2( /!&
Δ53& = !Δ5&

6 + ≈ +-./, 9 = sin& 2(3 × sin& 1.267Δ53& 9/+
6 + ≪ +-./, 9 ≈ sin& 2( × sin& 1.267Δ5&9/+
6 + ≫ +-./, 9 ≈ 0

sin& 2( = 0.0015
Δ5& = 1.59 eV&
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Combined 
with LSND

EresBF =270 ± 30 MeV

A more exotic model could provide a better fit to the MiniBooNE/LSND data

An MSW-Like Resonance Model

Probability = 86%
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2% energy shift is applied to the new data set
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Excess
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Could it be Dirt?

• Constrained at ~10% by internal measurements
• Time-of-flight measurement is consistent with dirt 

background estimate of 4%
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Could it be misid !"?

• Pi0 are tuned to in-situ measurements

27

Phys.Rev.D81:013005,2010

(untuned)
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• #$s are tuned to in-situ measurements



Could it be intrinsic !"?

• intrinsic #$ has 
small 
contribution at 
low energy
• intrinsic #$ is 

constrained by:
• well-measured
#% CCQE data
• SciBooNE

measurement 
of #% from kaon 
decay at the 
BNB

28

Phys.Rev.D81:092005,2010

!& CCQE
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Could it be NC gamma?

29

Theoretical Estimates for NC gamma production 
agree well with MiniBooNE estimates
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Could it be NC gamma?
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Could it be NC gamma?

31R. T. Thornton – Recent Results from MiniBooNE2018 FNAL 
Users Meeting



Could it be nuclear effects?

• Nuclear effect cannot explain the excess, since it’s 
normalized to Numu CC. However, it can affect the 
reconstructed energy.
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!" CCQE and #$% : Data vs MC
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MiniBooNE Detector Well Understood
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No PID Cut

Add 
Electron/
Muon PID 
Cut

Add 
Electron/
!" PID 
Cut

Add #$$
Cut

• 26 papers (4900+ 
citations)

•Measured cross 
section results 
used to constrain 
background
channels to the 
oscillation analysis

• Example is the 
reconstructed #$$

• Before any oscillation 
PID cuts, there is good 
agreement between 
data and simulation
• After applying results 

from cross section 
analyses

2018 FNAL 
Users Meeting



Data vs MC (Selection Process)

• e-" likelihood 
is shown
• Cuts are 

applied in the 
order of

a. no PID cut
b. e-% cut
c. e-" cut
d. m)) cut
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Data vs MC (Selection Process)

• e-" likelihood is 
shown
• Cuts are 

applied in the 
order of

a. no PID cut
b. e-" cut
c. e-& cut
d. m)) cut
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37

Evis vs UZ : Data vs MC
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• !"#$ is a 
function of Evis
and UZ

• Selection cuts 
are defined as 
function of Evis

• There is a low 
Evis cut in the 
analysis

• Low bound of 
!"#$ is above 
the low Evis cut
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Predicted DM Events / 1e20 POT

Average Mean “Energy”
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