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We report the first measurement of monoenergetic muon neutrino charged current interactions.
MiniBooNE has isolated 236 MeV muon neutrino events originating from charged kaon decay at rest
(K* = pty,) at the NuMI beamline absorber. These signal v,-carbon events are distinguished from
primarily pion decay in flight v, and 7, backgrounds produced at the target station and decay pipe using
their arrival time and reconstructed muon energy. The significance of the signal observation is at the 3.9¢
level. The muon kinetic energy, neutrino-nucleus energy transfer (w = E, — E,,), and total cross section for
these events are extracted. This result is the first known-energy, weak-interaction-only probe of the nucleus
to yield a measurement of @ using neutrinos, a quantity thus far only accessible through electron scattering.
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A charged kaon decays to a muon and a muon neutrino
(K™ = ptv,) 63.6% of the time [1]. In the case that the kaon
is at rest when it decays, the emitted muon neutrino is
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monoenergetic at 236 MeV. The kaon decay at rest (KDAR)
neutrino has been identified as a gateway to a number of
physics measurements, including searches for high-Am?
oscillations [2,3] and as a standard candle for studying the
neutrino-nucleus interaction, energy reconstruction, and
cross sections in the hundreds of MeV energy region [4].
There are other ideas for using this neutrino, including as a
source to make a precision measurement of the strange quark
contribution to the nucleon spin (As) [4] and as a possible
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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 v,
(Z/MIZC — u~X), the muon kinetic energy (7,) and closely
related neutrino-nucleus energy transfer (w = E, — E,)
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 PMT hits collected during the NuMI beam spill. NuMI
provides an intense source of KDAR neutrinos at MiniBooNE
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
v,/proton on target. The background to the KDAR signal,
v, and v, CCevents which produce a muon in the 0-115 MeV
range, originates mainly from pion and kaon decay in flight
near the target station and in the upstream-most decay pipe.
The non-KDAR v, and 7, flux from the absorber, dominated
by decay-in-flight kaons (K3 and K ;) 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
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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.

antineutrino modes, since KDAR production from the
absorber is not dependent on the polarization of the horns.
However, the background v, and 7, 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 x 10%° protons on the NuMI target.
The focus of this analysis is on reconstructing KDAR-
like low energy v, CC events. A simple detector observ-
able, PMThitssg,,, 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 7,
in selected events featuring (1) an electron from muon
decay, noting that about 7.8% of u~ 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
Cerenkov light, as compared to the delayed scintillation-
only light (z = 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 v, CC events are expected to be produced with
energy less than 39 MeV, the Cerenkov threshold for
muons in MiniBooNE mineral oil. KDAR-induced muons
are expected to populate a ‘“‘signal region,” defined as
0-120 PMThitss,g and representing 7, in the range
0-115 MeV. Because of the kinematics of 236 MeV v,
CC events, no signal is expected elsewhere, which is con-
sidered the “background-only region” (>120 PMThitss,).
Although the signal muon energy range considered for this
measurement is lower than past MiniBooNE cross section
analyses featuring v,/v, [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
Cerenkov light. Further, a scintillator “calibration cube” in
the MiniBooNE 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
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simulations in terms of timing, Cerenkov angle, and energy
reconstruction [17]. The energy resolution for 95 MeV muons
is measured to be 12%; a detailed detector simulation agrees
and predicts that the muon energy resolution in low energy v,
CC events drops gradually to about 25% for 50 MeV muons.
The detection efficiency for KDAR v, CCeventsis > 50% for
events containing muons with energy > 50 MeV.

It is challenging to isolate the KDAR neutrino signal in
MiniBooNE among the significant backgrounds. Even after
optimizing event selection cuts and reconstruction, the
signal-to-background ratio in the signal region is expected
to only be ~1:1. Along with the difficulty in identifying
KDAR events based on neutrino energy, another issue is
that reconstructing them as coming from the absorber is not
possible because the muon and neutrino directions are
poorly correlated at these low energies. Simply convolving
a flux prediction with a neutrino cross section to form a
background rate prediction is also not feasible. Although a
reliable background flux prediction is available [34], the
rate and kinematics of such events in MiniBooNE are also
determined by the relevant total and differential v, and U,
cross sections for neutrino energies in the hundreds of MeV
region. The rapid turn on of the v, CC cross section above
the mass of the muon and almost complete lack of data
below 400 MeV [35,36] would make any kind of back-
ground prediction at these energies arbitrary and highly
uncertain.

In order to mitigate the issues associated with the
background prediction near KDAR energies, we use a
timing-based in situ background measurement technique
which relies on the fact that KDAR v, CC events from the
absorber arrive at MiniBooNE ~200 ns after background
v, and 7, CC events originating from the target station and
decay pipe. The background neutrinos simply take a more
direct route to MiniBooNE as compared to their signal
counterparts from the absorber: the distance from the target
to the absorber plus the distance from the absorber to
MiniBooNE is 725 + 86 = 811 m, while the distance from
the target to MiniBooNE is 749 m. Although the beam
window is ~9 us, this timing difference provides a
“background-enhanced” period at the beginning of the
window, where background v, and o, CC events are
expected to dominate, and a “signal-enhanced" period at
the end of the window, where signal KDAR v, CC events
from the absorber dominate. Considering the neutrino event
timing resolution and the timing uncertainties due to
various sources, we define the first and last 600 ns of
the beam window as background and signal enhanced,
respectively. The inset of Fig. 2 shows the relative event
rate in the enhanced regions compared to a high-statistics
region in which signal and background remain constant
(referred to as “normal time” and discussed later in detail).
Most notably, there is a 2.40 (2.10) excess (deficit) of
KDAR-like events (0-120 PMThitss,.) at late (early)
times.
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FIG. 2. The normal time data distribution (black points with
error bars) with the best-fit signal template (green) stacked on the
inferred background (orange). The inset shows the relative event
rate for early time, late time, and normal time after normalizing
the three distributions in the background-only region
(PMThitss,s > 120). A deficit (excess) of KDAR-like events
at early (late) times can be seen.

In the absence of a reliable background prediction, we
employ a template-based analysis which tests the consis-
tency of various candidate KDAR signal T, distributions
with data. We consider a broad and well-defined set of
possible T, signal shapes and determine how well each
matches the data. This procedure can be thought of as the
reverse of the usual differential cross section measurement
extraction. Instead of starting from a detector observable
and turning it into a measure of T, for example, we start
with a candidate “true" T, distribution and map (or “fold”)
it into a detector observable distribution in PMThitssg,.
The candidate true T, signal shapes are based on a beta
distribution. This carefully chosen function, with only two
parameters characterizing its shape, is meant to cover all
physical and continuous shapes that the true KDAR-
induced 7, distribution can take, noting that we are not
sensitive to few-MeV-scale resonance features (e.g. as
predicted by continuum random phase approximation
calculations [7]). The shape of the signal model (T,
spectrum) is defined by two parameters, a and b, according
to the beta distribution: x“~'(1 —x)*~!'/B(a,b), where
B(a.b) =T(a)l'(h)/T(a+b) and x=T,/T;™. After
correcting for detector efficiency, each candidate 7', dis-
tribution is folded into the corresponding PMThitss,
distribution and compared to data as a function of time. The
normalizations of signal and background are expected to
change at early and late times, but the shapes of each stay
nearly constant.

The analysis proceeds in four steps. (1) The data sample
is broken up into seven time bins within the 9200 ns beam
window: three early-time bins (200 ns each), one “normal-
time” (NT) bin (8000 ns), and three late-time bins (200 ns
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FIG. 3. (Left) the three early-time, background-enhanced bins.
(Right) the three late-time, signal-enhanced bins. The data (black
solid line with stat-only error bar), best-fit signal (green), best-fit
background (orange), and total signal 4 background (black
dotted-line) distributions are shown.

each). (2) Using the following procedure, signal and
background templates in PMThitss, are formed using
the high-statistics NT region distribution as a reference,
where signal and background are expected to be constant.
The candidate signal template is drawn from a large number
of possible shapes and normalizations within reasonable
physical limits. In the signal region (0—120 PMThitss,),
the background template is defined such that the candidate
signal plus background distribution is equal to the NT data.
Figure 2 shows an example set of templates overlaid on
datain NT. (3) In each of the three early-time and three late-
time bins, the normalization of each background template is
adjusted so that it is consistent with the number of events
observed in each time bin’s background-only region.
Figure 3 shows an example set of constant-shaped back-
ground templates for each of the early-time and late-time
bins. (4) A Poisson extended maximum likelihood y*
statistic [1,37,38] is formed from a comparison between
the signal + background templates and data in the signal
regions of the three early-time and three late-time bins. This
treatment is studied later with Monte Carlo simulations.
The procedure is then repeated for various combinations of
candidate signal shapes, normalizations, and end points.
For a particular time bin (i), excluding the NT bin, the
signal region data are distributed into 12 PMThitss, ¢ bins
(j) from 0-120. A y? for a Poisson-distributed variable is
then formed by comparing the data (d; ;) and a prediction

(P o) based on the signal model (T;,) with signal
normalization a plus the background (B;;) such that
Pija=Tjoa+ Bijs

Pijo—d;j+d;jIn(d;;/P;;,) di;>0

xiQZZEjI{P d;; =0.

i.j.a ij
We then marginalize over the signal normalizations in each
time bin to produce y7 = min,(y7,).

No KDAR signal events from the absorber are expected
in the first 200 ns time bin. This time period, therefore,
contains the expected PMThitss,s shape of the back-
ground distribution in the signal region. In the first
time bin, the measured ratio of data events in the
0-120 PMThitss,, signal region (28) to total number
of events (118) is compared to the equivalent ratio for the
current candidate model’s background prediction to form
an uncertainty weighted pull term (fpyy). This pull term
penalizes candidate models that produce background tem-
plates inconsistent with the first time bin. Finally, the total
x* for a particular model shape and normalization is given
by > = >2ix7 + four

We test a set of physically allowed and reasonable
models with the parameter sets a € [2.0,8.0],
b € [0.0,6.0]. Models with 0.0 < a < 2.0 are considered
unphysical and inconsistent with all predictions since they
are initially concave down or do not go to zero at
T, =0 MeV. We also test a range of muon kinetic energy
“effective end points,” T} = 95-115 MeV. Although the
separation energy in '’C is 17 MeV, corresponding to a T,
end point of 112 MeV, we consider this range of effective
end points for capturing the characteristic behavior of the
distribution near threshold, limited by the coarse sensitivity
of a two-parameter model.

The best fit model parameters found are a = 2.0,
b =0.88, with a signal normalization of 3700 + 1250
events (y2. = 72.6 with 64 degrees of freedom). The
NT data and best fit signal and background distributions
are shown in Fig. 2, and the corresponding results for each
early- and late-time bin are shown in Fig. 3. The extracted
T, and @ =236 MeV —m, — T, distributions with lo

2. +23) shape-only allowed bands are shown in
Fig. 4. The result is shown with 77** =95 MeV, repre-
senting the best fit effective end point, noting that 77"
values up to the physical limit of 112 MeV are not strongly
disfavored. A simulation with events distributed according
to the best fit shape and data normalizations in each time
bin confirms that the size of the 1o allowed region is
reasonable, with 61% (65%) of best fit values falling in the
2 (3) parameter shape-only (rate + shape) contour. In the
case that the end point is included as an additional shape
parameter, we find that 66% of best fit values fall in the
three parameter shape + end point contour.
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FIG. 4. The best fit 7, (red-dashed) and @ (blue-dashed)

spectra with shape-only 1o error bands, given a fixed end point

of T/ =95 MeV. The distributions are fully correlated.

In addition to the parametrization-based results reported
here, a datarelease [15] associated with this measurement has
been made available which allows one to compare an
arbitrary T,, or w shape and end point prediction with the
data. The program takes a prediction, folds it into the detector
observable, corrects for detector efficiency, and then per-
forms a comparison to data. This comparison is straightfor-
ward because, given the short background-enhanced and
signal-enhanced timing windows, statistical uncertainties
dominate. Although 49 514 events pass the selection cuts
across all reconstructed energies, only 310 (115) events from
the background- (signal-)enhanced period enter the KDAR
v, signal region (0-120 PMThitss,). The fractional error
contribution of systematics, including those associated with
the optical model and detector response, across the full
kinematic range is at the 1%—2% level.

In order to determine the significance of the KDAR v,
observation, we compare the best-fitresult (2, = 72.6)toa
zero-parameter, background-only hypothesis (2, =113.8).
Simulated data, created by distributing events according to
the background-only hypothesis and the data normalization
in each time bin, are used to study the significance of
this result. We find that the probability of obtaining a
Ay? = 2 — 2 > 41.2 s about 1.1 x 107*, correspond-
ing to 3.9¢ (two sided).

The main motivation for presenting a shape-only
differential cross section measurement, rather than a
normalized one, is that there is a large uncertainty on the
kaon production at the absorber. However, we can report a
coarse total cross section value after assigning a conservative
30% uncertainty to the prediction by GEANT4 for the flux
from the absorber (0.085 KDAR v,/proton on target). We
extract a total v, CC cross section at E, = 236 MeV of
6= (2.740.9+0.8) x 1073 cm?/neutron. The first
error represents the total uncertainty of the rate 4 shape

measurement, and the second comes from the uncertainty
on the initial KDAR flux. Adding these in quadrature
yields ¢ = (2.7 +1.2) x 107° ¢cm?/neutron. This can be
compared to the NUWRO prediction of o =1.3x
1073 ¢cm? /neutron [12].

Building on the measurements presented here, the
KDAR neutrino will be studied in great detail in the near
future. MicroBooNE (102 m from the NuMI absorber)
[18], for example, will be able to use its imaging capabil-
ities to precisely study the hadronic part of the KDAR
interaction, reconstruct the muon direction, and mitigate
background via neutrino direction reconstruction. Scaling
from the measurement reported here, we expect over
2000 KDAR events have already been collected by
MicroBooNE, which continues taking data. In addition,
the J-PARC Sterile Neutrino Search at the J-PARC
Spallation Neutron Source (JSNS?) will study KDAR
muon neutrinos with excellent muon energy resolution
and negligible background; 10 000-20 000 KDAR v, CC
events per year are expected after JSNS? starts taking data
in approximately one year [39].

In summary, MiniBooNE has performed the first meas-
urement of monoenergetic v, CC events. The 236 MeV
KDAR neutrinos, originating at the NuMI absorber 86 m
from MiniBooNE, are distinguished from background
neutrinos created at the NuMI target station and decay
pipe using muon energy reconstruction and timing. We
have employed a somewhat unconventional analysis, which
relies on a parametrized T, prediction and subsequent
comparison to data, for extracting the result. This data-
driven measurement does not rely on unfolding and is
largely independent of both cross section and kinematic
predictions from neutrino event generators and a flux
determination. These results provide a standard candle
benchmark, in terms of a variable historically unavailable
to neutrino scattering experiments (@), for modeling the
relationship between lepton kinematics and neutrino
energy, elucidating the neutrino-nucleus to neutrino-
nucleon transition region, and using the associated pre-
dictions to inform oscillation measurements at short and
long baselines.
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