Inclusive Search for Anomalous Single-Photon Production in MicroBooNE
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We present an inclusive search for anomalous production of single-photon events from neutrino in-
teractions in the MicroBooNE experiment. The search and its signal definition are motivated by the
previous observation of a low-energy excess of electromagnetic shower events from the MiniBooNE
experiment. We use the Wire-Cell reconstruction framework to select a sample of inclusive single-
photon final-state interactions with a final efficiency and purity of 7.0% and 40.2%, respectively.
We leverage simultaneous measurements of sidebands of charged current v, interactions and neu-
tral current interactions producing 7° mesons to constrain signal and background predictions and
reduce uncertainties. We perform a blind analysis using a dataset collected from February 2016 to
July 2018, corresponding to an exposure of 6.34 x 102° protons on target from the Booster Neutrino
Beam (BNB) at Fermilab. In the full signal region, we observe agreement between the data and
the prediction, with a goodness-of-fit p-value of 0.11. We then isolate a sub-sample of these events
containing no visible protons, and observe 93 + 22(stat.) + 35(syst.) data events above prediction,
corresponding to just above 20 local significance, concentrated at shower energies below 600 MeV.

The “Low Energy Excess” (LEE) of events with
electromagnetic (EM) shower activity reported by the
MiniBooNE Collaboration [IH5] is a long-standing
anomaly in neutrino physics. It has many pro-
posed explanations, including new types of neutrinos or
other physics phenomena beyond the Standard Model
(BSM) [6HI5]. MiniBooNE is not able to discriminate
between electron-induced showers, as expected from the
appearance of electron neutrinos (v.) from a light sterile
neutrino, and events with a single-photon-induced shower
in the final state. Therefore, both types of interactions
must be examined independently as a source of the LEE.

The MicroBooNE detector is an 85 metric ton ac-
tive volume liquid argon time projection chamber
(LArTPC) [16], situated on-axis with respect to Fermi-
lab’s Booster Neutrino Beam (BNB) [I7] at a distance
of 468.5 m from the BNB proton target. This places
MicroBooNE only 72.5 m upstream of the MiniBooNE
detector hall on the same beamline. The search presented
in this Letter uses data corresponding to a BNB exposure
of 6.34 x 10%° protons on target (POT), collected from
2016-2018. MicroBooNE’s LArTPC technology allows
us to distinguish EM showers originating from electrons
or photons based on ionization energy deposition at the
start of the shower and on the conversion distance of the
photon relative to the interaction vertex.

We report an LEE search result in the inclusive
single-photon channel using neutrino-argon scattering
data collected by the MicroBooNE experiment. In
MicroBooNE’s first round of LEE results, which con-
sisted of both “electron-like” searches with electron-
initiated EM showers in the final state [I8-21] and
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“photon-like” searches with photon-initiated EM showers
in the final state [22], no significant excess was observed.
Unlike the electron-like LEE searches, which covered a
wide range of final states and processes, the photon-like
LEE search only focused on a specific Standard Model
process — neutrino-induced neutral current (NC) A ra-
diative decay. In this Letter we expand on our first round
of investigations of the MiniBooNE anomaly by present-
ing a more inclusive search for an excess of photon-like
LEE events.

To search for an LEE-like signal we use Monte Carlo
(MC) simulations to form event rate predictions for Stan-
dard Model-based signal and background processes. A
custom tune [23] of the GENIE neutrino event genera-
tor software [24] is used (v3.0.6, G18.10a_02_11a) to
simulate neutrino-argon interactions. We note that this
version of GENIE does not simulate some processes rele-
vant to this analysis such as heavier resonances, and co-
herent single-photon production [25] — the contributions
from which are expected to be negligible — and real ra-
diated photons in charged current events [26]. The BNB
flux at MicroBooNE is modeled with the MiniBooNE flux
simulation [I7] corrected for MicroBooNE’s beamline po-
sition [27]. Particle transport through the detector is
handled by GEANT4 [28], which reproduces ionization and
scintillation via dedicated response algorithms [29] [30].
Simulated neutrino interactions are overlaid with cosmic-
ray data events collected with an unbiased trigger in anti-
coincidence with the beam, which allows for data-driven
cosmic-ray and detector noise modeling. These tools are
implemented using the LArSoft framework [31].

The event topology of the MiniBooNE LEE is a sin-
gle Cherenkov ring consistent with an EM shower (elec-
tron or photon). In this photon-like LEE search, we
therefore define a signal event as any final state contain-
ing one “reconstructable” photon-initiated EM shower



and any number of charged particles below Cherenkov
threshold in MiniBooNE. We define a reconstructable
photon-initiated EM shower as one that starts >3 cm
from the TPC boundary and originates from a photon
with true energy >20 MeV. To account for the expected
opening angle resolution of our shower reconstruction,
we consider two photons (originating from the same ver-
tex) with opening angle <20° as one reconstructable pho-
ton shower, which is slightly larger than MiniBooNE’s
quoted resolution of 13° [4]. No restrictions are imposed
on the number of protons, which are almost always invis-
ible in MiniBooNE due to their high Cherenkov energy
threshold of 342 MeV, or charged pions. Similarly, a
muon with kinetic energy <100 MeV is considered below
MiniBooNE’s detection threshold [32], permitting them
to be included as part of the signal event topology. To
probe only photon-like showers, this analysis excludes
any events with primary electron-initiated EM showers
as signals.

Based on the final-state topologies described above, we
define the following v-Ar interaction processes modeled
in GENIE as our signal:

1. NC 7% events with only one reconstructable photon
shower (NC 70 1),

2. NC A radiative decay (NC A 1),

3. NC processes that produce a single reconstructable
photon from anything other than 7° or A decay,
such as 1 or p meson decays (NC Other 17),

4. v, charged current (v, CC) interactions producing
a single reconstructable photon where the muon’s
kinetic energy is less than 100 MeV (v, CC 1v),
and

5. neutrino interactions occurring outside the detec-
tor but producing a photon entering and showering
inside the TPC fiducial volume (FV), where the FV
is defined as a smaller volume 3 cm from the TPC
boundary (out of FV 1v). [33]

Due to the existence of category one, NC 7° events
have the potential to be either signal (if they have one
reconstructable photon shower, denoted as NCr® 1v) or
background (if they have 0 or 2 reconstructable photon
showers, denoted as just NC 7). For the final selection,
75% of the predicted neutrino events contain a ¥ decay,
regardless of whether they are categorized as signal or
background. In addition to Standard Model processes,
this signal definition also enables observations of single-
photon events induced by possible BSM physics signa-
tures from a broad range of models. By comparing in-
clusive single-photon data to the Standard Model-based
GENIE prediction, we can detect a wide range of physics
phenomena that could explain the MiniBooNE LEE.

We use the Wire-Cell software package [34H36] for the
reconstruction and classification of LArTPC events. The
first step of event selection, referred to as pre-selection,

is to remove cosmic-ray backgrounds using Wire-Cell’s
generic neutrino selection. This step identifies the charge
and light created by the neutrino interaction within an
event and uses this information to reject over 99.99%
of cosmic-ray background events [37]. In the process,
it also reconstructs the neutrino interaction point, called
the neutrino vertex. The reconstructed vertex is required
to be more than 5 cm away from the TPC boundary in
the drift direction, which removes events interacting near
the cathode and anode wire planes that are more likely to
be mis-reconstructed. We also require at least one recon-
structed EM shower to reject a large portion of muon neu-
trino interaction backgrounds. At this stage, the sample
composition is dominated by neutrino interactions with
at least one 7° meson in the final state and other CC
interactions where a shower has been reconstructed.

8 300 TDATA/ZPRED=1.04:0.03(data err)£0.20(pred err)
= F Data POT: 6.343e+20 —e— BNB data, 961.0
w 250 Pred. uncertainty Cosmic Data, 66.2
E Dirt/out FV, 112.7 I NC =°in FV, 177.8
200 CC n%in FV, 56.6 Other in FV, 26.5
E I v.CCinFV,195.5 . 1y, 289.7
150—
100 MicroBooNE
50—
0 = 777
§ 2 0
o i Pred total uncertainty
2 1.5 E
B 1.5 +
@ L
£ + 3 R eTIPTE TG S e
©
S e
a 05
L =
03 6 a ) 0 2
v, CC Background BDT Score
FIG. 1. Distribution of v. CC background rejection BDT

scores. This BDT targets the separation of CC events with a
true electron shower (green) from single-photon signal events
(pink) by focusing on the calorimetry of the start of the shower
(dE/dz) and shower conversion distances.

Following pre-selection, four Boosted Decision Trees
(BDTs), utilizing the XGBoost framework [38], are used
to target specific background categories: v, CC interac-
tions, NC 7V interactions, “other” backgrounds (mainly
consisting of cosmic rays and neutrinos interacting out-
side of the TPC), and v, CC interactions. As an example,
in the v, CC BDT score distribution (shown in Fig. [1f),
events that contain electron showers (green) and single-
photon signal events (pink) are well separated. A BDT
score cut is then applied to reject each background cat-
egory. The cut values are chosen using a simultaneous
optimization method which is described in more detail in
the Supplemental Material and [39]. Events that failed
to pass this cut are used as sideband samples for fur-
ther background studies. Finally, the selection requires
exactly one reconstructed EM shower in the event. The
“signal region” then comprises all events passing these



criteria. The final selection achieves a single-photon sig-
nal efficiency of 7.0% with a 40.2% purity.

Table I moved to Supplemental (Table I).

Additionally, a few regions of interest (ROIs) are iden-
tified — before looking at the data — to investigate partic-
ular topologies that are of interest for the LEE, such as
shower energies below 600 MeV [5] and splitting events
by proton multiplicities [19] 22] 40]. These ROIs are de-
fined as subsets of the selected inclusive 1y events and
are constructed by applying further selection cuts after
the nominal ones outlined above.

To validate the modeling of the selected neutrino-
induced single-photon events, four sideband samples are
defined by inverting selections on the four BDT score
distributions. All sidebands show good agreement within
systematic uncertainties between data and simulation for
kinematic variables used in this analysis, such as shower
energy, and for input variables to the BDTs. Examples
of these kinematic distributions for the v, CC and NC
79 sidebands can be found in the Supplemental Mate-
rial. The v, CC and NC 7° sidebands are used to con-
strain the background prediction in the signal region in a
data-driven approach. Using the framework described in
Ref. [20], the conditional constraint formalism is used to
update the central value predictions of the simulation and
their respective systematic uncertainties. Comparisons of
data to prediction in the sidebands provides constraints
to the signal region through correlations of systematic un-
certainties in these samples. After constraints, both the
background and signal predictions are updated. A no-
table aspect of the constraint procedure is that it utilizes
the correlations between different categories of events.
This means that if individual contributions to the CV or
systematic errors are constrained separately and added
at the end they will not achieve the same result. For
this reason, only the total prediction and uncertainty is
shown post-constraint.

Systematic uncertainties are estimated on five main as-
pects of the simulation: the neutrino beam flux, neutrino
interactions and particle propagation in the detector, the
response of the detector to charge and scintillation light
produced by charged particles traversing the liquid ar-
gon, Monte Carlo statistical uncertainty, and uncertainty
in modeling neutrinos that interact in non-argon material
outside of the cryostat, referred to as “Dirt”. This anal-
ysis uses the common systematic framework adopted by
MicroBooNE, which varies the central values of underly-
ing parameters that model flux, cross section, and parti-
cle re-interaction, independently, within their uncertain-
ties [I7, 23]. For the modeling of the detector response,
uncertainties are evaluated based on the level of agree-
ment between data and simulation in several low-level
detector observables [41], such as charge signals on the
wires and light signals in the PMTs. A Bayesian treat-
ment [42] is used to account for MC statistical uncer-
tainties. The Dirt uncertainty is an additional, relative
50% bin-to-bin uncorrelated uncertainty arising from the
modeling of the materials outside the cryostat. System-

atic uncertainties are incorporated through a covariance
matrix.

Table [I[] shows the systematic uncertainty on the total
number of predicted events in the signal region. The
dominant uncertainty is associated with cross section
modeling of v-Ar interactions, particularly the modeling
of resonant interactions, which is the largest background
category due to the mis-identification rate for 7% final
states reconstructed as single-photon events. redundant
text removed

Type of Uncertainty Selection
Flux model 6.4%
GENIE cross section model and GEANT4 reinteractions 19.1%
Detector response 6.5%
MC statistics 2.0%
Interactions in Dirt 0.8%
Total Uncertainty (Unconstrained) 21.3%
Total Uncertainty (Constrained) 8.4%

TABLE I. Uncertainty on the number of events after the inclu-
sive single-photon selection. Numbers are derived by consid-
ering an integrated shower energy between 0 and 1500 MeV.

This analysis adheres to a signal-blind analysis strat-
egy, whereby the data in the signal region are kept
blinded until the analysis procedure has been fully de-
veloped. Unblinding occurs after all background model-
ing validations have been completed, the selection frozen,
and several fake-data studies on the signal region per-
formed. Upon unblinding the single-photon signal re-
gion, we observed 678 data events with an expected con-
strained prediction of 564 £ 24(stat.) & 51(syst.).

The numbers of final selected events from prediction
and data are summarized in Table[[Tl For the prediction,
the inclusive 17 signal consists of five SM processes as
previously described. The breakdown of the total 1v sig-
nal into these categories is shown. NC 7° interactions
inside the FV with two visible photons make up 20% of
all selected events, making them the largest background
contribution in the final selection.

Process Selected Events
Total Signal: 1v 247 £ 69
NC A 1y 19+ 21
NC 7° 14 143 £ 51
NC Other 1y 3+3
v, CC 1y 9+2
Out of FV 1y 73+ 17
Cosmic data 57T+ 7
Dirt/out FV 101 + 25
Neutrino backgrounds in FV 204 + 45

Total prediction (unconstr.)
Total prediction (constr.)

608 £ 25(stat.) £ 128(syst.)
564 + 24(stat.) + 51(syst.)

BNB data

678

TABLE II. Event number in the signal region by process for
the inclusive single-photon final selection, using 6.34 x 10%°

POT of BNB data.



The shower energy distribution of final selected events,
including 17 signal processes and predicted background
processes broken down into 6 categories, is shown be-
fore constraint in Fig. A comparison of the data
to the prediction after sideband constraints is shown in
Fig. 2B} where the uncertainty is significantly reduced
and the central value is pulled down, mainly due to an
over-prediction in the NC 70 sideband as shown in the
Supplemental Material. The shower energy spectra are
consistent between data and simulation throughout the
entire energy range, with a x?/n.d.f. after constraint of
23/16, corresponding to a p-value of 0.11. In the region
below 600 MeV, a mild data excess with a p-value of 0.03
is observed.

One advantage of MicroBooNE’s LArTPC detector
compared to MiniBooNE’s o0il Cherenkov detector is the
ability to detect protons. Prior analysis [43] has shown
that Wire-Cell particle identification can reliably recon-
struct the physics attributes of protons with true kinetic
energies as low as 35 MeV. While LArTPCs have demon-
strated the potential to perform proton reconstruction
below this energy range [25, [44], this analysis focuses
on and quotes multiplicities of protons only above this
35 MeV threshold. Fig. [3| shows the numbers of recon-
structed protons above threshold in the selected inclusive
1 sample. We observe a data excess in the zero proton
bin, while events showing one or more protons show good
agreement.

To further investigate the nature of the discrepancy,
we perform tests using the previously identified ROIs.
We define one ROI as the subset of selected inclusive 17
events that contain no reconstructed protons in the fi-
nal state (190p) and have reconstructed shower energy
< 600 MeV. We use the same v, CC and NC 70 side-
bands to constrain this ROI, but with the zero-proton
requirement also applied in order to reduce the effect
of proton counting errors when correlating the sideband
and signal samples in the constraining procedure. The
resulting selection achieves an efficiency and purity of
true single-photon events with no protons of 10% and
24%, respectively. Note that since the proton threshold
is 35 MeV, it is possible for the events in this sample
to contain a low energy proton. Our prediction shows
about 10% of the selected 170p events contain a proton
with kinetic energy below 35 MeV.

The reconstructed shower energy for this ROI sample
is shown in Fig. [d] The central value slightly increases
after constraints for the 1v0p sample, which is due to the
4% data excess in the zero proton NC 7¥ sideband. The
constraint’s impact on the central value for Op is oppo-
site to the nominal (Xp, X > 0) sample, due to a 26%
data deficit in the Np (N > 0) sample of the NC 7 side-
band. The Op and Np distributions of these sidebands
can be found in the Supplemental Material, along with
more kinematic distributions of the excess events. For
Fig. 4l we analyze the goodness-of-fit using a 2 distri-
bution consisting of 4 million pseudo-experiments. The
local significance of the excess in the ROI is 2.20. Since
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FIG. 2. Reconstructed shower energy for inclusive single-

photon selected events, (a) before constraint and (b) before
(red) and after (blue) constraint. (a) shows the inclusive
single-photon signal events in pink. The horizontal axis is
reconstructed shower energy in 100 MeV bins. Events with
energy above 1500 MeV are included via an overflow bin. The
constrained prediction has been pulled down in many bins,
due to the NC 7° constraining channel predicting more events
than seen in the data.

this ROI was identified as of interest before unblinding,
no look elsewhere effect evaluation was performed.

In a separate study, we test the compatibility of the
background-subtracted (“excess”) events with various
signal processes in a shape-only comparison of the re-
constructed shower energy distribution in the ROI. Each
of the five signal categories is scaled up to match the
integrated event excess, neglecting any correlations with
background and sideband predictions. The normaliza-
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straint. The horizontal axis is reconstructed shower energy
in 100 MeV bins with the last bin containing overflow events.

tion factors and Kolmogorov—Smirnov (KS) test statistics
calculated with constrained systematic uncertainties are
reported to quantify the comparison. Fig.|5|shows the re-
sults for three representative signal processes. The shape
of NC A 1+ events peaks at higher energies than the ex-
cess events and requires a scaling factor of 10.3, which is
ruled out with high significance by previous MicroBooNE
results [22 40]. In contrast, scaling the normalization of
NC 7° 17 in FV events by a factor of 2 and out of FV
17 events (of which 76% come from NC 7 interactions)

by 1.6 both show good agreement with the shape of the
excess. This suggests that part of the observed excess
events could originate from either or both of these pro-
cesses, which can enter the signal sample due to the rel-
atively large conversion distance for photons combined
with the elongated shape of the MicroBooNE detector.

2 100F
5 - Data POT: 6.343e+20
iy L MicroBooNE o pupdata
< 80~ — NC 7 1y x 2.0, KS = 1.00
T 0, .
S C
& B s NC A Ty x 103, KS = 0.62
= B out of FV 1y x 1.6, KS = 0.99
3 C
- B
S 40—
= L
<] L
S
= r :
s 20 i N
] L !
2 B g
o e
-0 o by by bty b by

0 100 200 300 400 500 600
Reconstructed Shower Energy (MeV)

FIG. 5. Shape-only fit for 170p background-subtracted
events (data minus constrained prediction). Three signal cat-
egories are shown alongside the best fit scaling parameter and
the Kolmogorov—Smirnov test statistic. No constraint or sys-
tematic uncertainties on the shape of the individual predicted
signal categories are considered. The error bars on the data
points include both statistical and constrained systematic er-
rors.

The final study we conduct is to compare the observed
excess to a photon interpretation of the MiniBooNE LEE,
referred to as the “LEE-y model”. A detailed description
of this model can be found in the Supplemental Material.
When scaled from MiniBooNE to MicroBooNE under a
target nucleon interaction assumption, the LEE-v model
predicts a 33 event excess in the 170p sample, which is
less than the observed excess of 93 4 22(stat.) 4= 35(syst.)
events. A Ax? test statistic constructed using the com-
bined Neyman-Pearson (CNP) [45] method is used to si-
multaneously compare the 170p data sample to the con-
strained, nominal GENIE prediction (Hp) and constrained
GENIE plus LEE-y model (H;). Our data shows agree-
ment with H; with a p-value of 0.14 and with Hy with a p-
value of 0.02 in the shower energy distribution. Detailed
analyses of the goodness-of-fit in both shower energy and
angle distributions are shown in the Supplementary Ma-
terial.

Fig. 6 moved to Fig. 16 in Supplemental

In summary, we present the first result of
MicroBooNE’s LEE search in the inclusive single-
photon channel using 6.34 x 102° POT of data collected
from Fermilab’s Booster Neutrino Beam. We select
678 data events, corresponding to a 20% data excess
compared to the prediction of 564 + 24(stat.) & 51(syst.)



events. In the full range of reconstructed shower energy
and after a data-driven constraint procedure leveraging
v, CC and NC 7° rich sidebands is applied, the data
spectrum is consistent with the prediction with a p-value
of 0.11. While further investigation shows that the shape
of some shower kinematic distributions are potentially
compatible with mismodeled out of FV and NC r°
events, the required scaling factors for NC 7° events
would push the predictions well out of their uncertainties
in the relevant background-rich sidebands. We, there-
fore, have so far not identified a simple and complete
explanation for the observed excess. The excess events
are concentrated in the phase space with shower energy
below 600 MeV and no detectable protons in the final
state. This region of phase-space shows a 2.2¢ local sig-
nificance compared to the constrained GENIE prediction.
This result presents a first look at the MiniBooNE LEE
in an inclusive photon channel, and motivates further
investigations both with MicroBooNE’s full dataset,
which contains 1.3 x 102! POT of data, as well as
within the broader SBN program [46]. A data release
corresponding to this analysis is available at Ref. [47].
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