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MicroBooNE is a neutrino experiment located in the Booster Neutrino Beamline (BNB) at Fermilab,
which collected data from 2015 to 2021. MicroBooNE’s liquid argon time projection chamber (LArTPC) is
accompanied by a photon detection system consisting of 32 photomultiplier tubes used to measure the
argon scintillation light and determine the timing of neutrino interactions. Analysis techniques combining
light signals and reconstructed tracks are applied to achieve a neutrino interaction time resolution of
Oð1 nsÞ. The result obtained allows MicroBooNE to access the nanosecond beam structure of the BNB for
the first time. The timing resolution achieved will enable significant enhancement of cosmic background
rejection for all neutrino analyses. Furthermore, the ns timing resolution opens new avenues to search for
long-lived-particles such as heavy neutral leptons in MicroBooNE, as well as in future large LArTPC
experiments, namely the SBN program and DUNE.

DOI: 10.1103/PhysRevD.108.052010

I. INTRODUCTION

The Standard Model (SM) of particle physics has
demonstrated remarkable success in describing the inter-
actions between observed fundamental particles; yet clear
gaps remain in our ability to address questions such as the
nature of dark matter or the matter-antimatter asymmetry in
our universe. The study of neutrino properties and oscil-
lations provides a compelling avenue both to complete our
understanding of the SM and to explore physics beyond the
Standard Model (BSM). An extensive experimental pro-
gram comprised of the Deep Underground Neutrino
Experiment (DUNE) [1] and Short Baseline Neutrino
(SBN) program [2] intends to make precision measure-
ments of neutrino oscillations using liquid argon time
projection chambers (LArTPCs). These detectors offer
the ideal environment in which to search for BSM physics
in the sub-GeV energy regime. Yet, fully exploiting the
potential of such detectors for BSM searches requires

dedicated advances in analysis tools and techniques.
While millimeter-level accuracy and detailed calorimetric
information have enabled the delivery of precision neutrino
physics measurements with TPCs [3–8], the use of scintilla-
tion light signals has not yet been exploited as extensively.
This paper presents the first demonstration of Oð1 nsÞ

timing resolution for neutrino interactions in a LArTPC
utilizing the MicroBooNE detector. This work significantly
improves on MicroBooNE’s previously reported [9] timing
resolution of Oð100 nsÞ. A correction to the reconstructed
interaction time is applied by introducing four develop-
ments: incorporating more precise beam timing signals
from the accelerator, improving the reconstruction of
signals from MicroBooNE’s photon detection system,
considering the particle and light propagation in the
detector, and, finally, including an empirical calibration
to correct for nonuniformities in detector response and
particle propagation time.
The significance of this analysis has strong implications

for searches for BSM physics that exploit differences in
time-of-flight (ToF) to detect massive long-lived particles
arriving at the detector delayed with respect to neutrinos.
The techniques described in this article will allow improved
searches beyond those already achieved with MicroBooNE
previous analysis [10,11]. Furthermore, improved timing
can add a new tool for cosmic background rejection in
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surface LArTPCs, orthogonal to existing techniques
[2,8,12,13].
The remainder of this paper is arranged as follows:

Sec. II provides an overall description of the MicroBooNE
detector and the Booster Neutrino Beamline (BNB).
Section III describes the analysis developed to demonstrate
MicroBooNE’s Oð1 nsÞ timing resolution. Section IV
summarizes the analysis results. Section V presents two
applications in which the timing resolution achieved can
improve MicroBooNE’s capability of studying neutrino
interactions: introducing a new tool for cosmic background
rejection and improving the performance for BSM physics
searches.

II. BOOSTER NEUTRINO BEAMLINE AND
MicroBooNE DETECTOR

MicroBooNE [14] is a neutrino experiment at Fermilab
that collected data from 2015 to 2021. The detector consists
of a LArTPC located near the surface, on axis with the
neutrino beam, and 468.5 m downstream of the proton
target. Figure 1 shows a schematic of the BNB and
MicroBooNE detector, which will be briefly described in
this section.

Booster Neutrino Beamline. The primary source of
neutrinos for the MicroBooNE experiment is the neutrino
beam produced by the BNB [15], where 8 GeV (kinetic
energy) proton pulses are extracted from the Booster
accelerator and delivered to the target. Each proton pulse
has a 52.81 MHz substructure with 81 bunches spaced at
18.936� 0.001 ns. The average bunch width is hσBNBi ¼
1.308� 0.001 ns [16]. This characteristic substructure is
key to leveraging ns-scale timing resolution for neutrino
interactions, as it leads to wide gaps between neutrino
bunches [17].
Resistive wall current monitor. The BNB trigger in

MicroBooNE is provided by a copy of the signal coordi-
nating the proton pulse extraction from the Booster accel-
erator. That signal is subject to a relatively large jitter,
which has a fluctuation of tens of ns. To improve on the
timing accuracy of the MicroBooNE beam trigger this
analysis makes use of the resistive wall current monitor
(RWM) [16] signal. Charged particles traveling through a
conductive metallic pipe induce an image current on the
pipe wall. In the BNB, the RWM is located just before the
proton target and measures the image current produced by
the beam protons. The RWM current reproduces accurately
the proton pulse’s longitudinal time profile. A typical
waveform from the BNB RWM, digitized at 2 GHz, is
shown in Fig. 2. The first bunch of this signal is used to
send a thresholded logic pulse to the MicroBooNE readout
electronics where it is recorded for offline monitoring.
Figure 3 shows examples of RWM logic pulses recorded
with MicroBooNE’s electronics. Misalignment between the
pulses reflects the jitter of the BNB trigger.
MicroBooNE’s photon detection system. A photon

detection system [18] is installed behind the TPC anode
plane to detect scintillation light emitted by the argon atoms
that are excited by charged particles passing through the
argon. Liquid argon is a high-performance prompt scintilla-
tor with a yield of about 30; 000 photons=MeV at
MicroBooNE’s nominal electric field of 273 V=cm
[19,20] with ∼23% of the total light emitted within a few
ns [21]. The MicroBooNE photon detection system consists
of 32 8-inch cryogenic Hamamatsu photomultiplier tubes

FIG. 1. Schematic of the BNB and MicroBooNE detector.
MicroBooNE’s detector is in the path of the BNB, on axis with
the beam direction, 468.5 m downstream of the proton target
(red). The RWM (green) records the proton pulse shape immedi-
ately before protons hit the target. For events selected in this
analysis, the time for protons to hit the target, the propagation and
decay of mesons, and the travel time of neutrinos to the detector
upstream wall is assumed the same for each event.

FIG. 2. Trace of a single BNB RWMwaveform showing the BNB ns substructure. The red line shows the discriminator threshold used
by the oscilloscope. The waveform sample frequency is 2 GHz. The vertical axis is the induced charge on the RWM in volts. Each BNB
proton pulse is composed of 81 bunches spaced at Δ ¼ 18.936� 0.001 ns. The average bunch width is hσBNBi ¼ 1.308� 0.001 ns.
The RWM time structure shown in this figure is obtained through the instruments and methods described in [16].
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(PMTs) equippedwithwavelength-shifting tetraphenyl buta-
diene (TPB) coated acrylic front plates [18]. MicroBooNE’s
readout electronics [22] record 23.4 μs long waveforms
starting at the beam trigger. PMT pulses are smoothed by
an analog unipolar shaper with a 60 ns rise time and then
digitized at 64MHz (16.625 ns samples). One of the 32 PMT
channels became unresponsive starting in the summer of
2017. Figure 4 shows example PMTwaveforms of scintilla-
tion light produced by a candidate neutrino interaction
recorded with the MicroBooNE photon detection system.

III. DATA ANALYSIS

The Oð1 nsÞ timing resolution in MicroBooNE is
achieved through four analysis steps. First, the RWM logic
pulse is used to remove the BNB trigger jitter. Second, an

accurate pulse-fitting method is implemented to extract the
arrival time of the first photons detected by MicroBooNE’s
PMTs. Third, the propagation times of particles and
scintillation photons inside the detector are extracted by
leveraging the TPC’s 3D reconstruction. Finally, an empir-
ical calibration is used to apply corrections on the daughter
particles’ and scintillation light’s propagation times. The
dataset used in this analysis is an inclusive selection of
νμCC interactions candidates [23] from MicroBooNE’s
BNB collected in 2016–17. Events are reconstructed with
the Pandora multi-purpose pattern-recognition toolkit [24].
This selection yields an Oð80%Þ pure sample of neutrino
interactions, and Oð20%Þ cosmic-ray background. The
MicroBooNE timing resolution is evaluated by comparing
the reconstructed BNB ns substructure with the waveform
provided by the RWM, shown in Fig. 2. The timing
resolution achieved by this analysis resolves for the first
time in MicroBooNE the substructure of the BNB beam
spill [17]. This section will describe in detail the analysis
steps developed to achieve this result.
RWM timing. The RWM logic pulse recorded at

MicroBooNE is shaped and digitized through the same
readout electronics as the PMTs. The signal timing (TRWM)
is extracted with the fitting method described in the next
paragraph. The RWM timing is used to replace the BNB
trigger which contains a jitter of tens of ns. The RWM
recorded signal is a logic pulse and, therefore, its shape is
expected to be stable over time. Because of this, the RWM
pulse is used to evaluate the intrinsic timing resolution of
the PMTelectronics by measuring the stability of the RWM
pulse half height width (Δt), shown in Fig. 5(a). The
uncertainty of Δt is obtained fitting the Δt distribution with
a Gaussian function, shown in Fig. 5(b). The width of the
Gaussian (σΔt) gives the uncertainty of Δt, which is
σΔt ≃ 0.3 ns. This uncertainty is on the difference between
the rising and falling edges of the RWM pulses, both
obtained with the same fitting method. Therefore the
uncertainty on the single rising edge timing is given by
σΔt=

ffiffiffi
2

p
≃ 0.2 ns, negligible compared to the overall res-

olution achieved.
PMTs pulse fitting. MicroBooNE’s PMTs provide a

prompt response to the scintillation light produced in
neutrino interactions. In order to extract Oð1 nsÞ timing
resolution the 60 ns shaping response of the MicroBooNE
PMTelectronics must be accounted for. This is achieved by
fitting the rising edge of the PMT trace with the function

fðtÞ ¼ A · exp

�
−
ðt − tMÞ4

B

�
: ð1Þ

Multiple functions have been tested for fitting the PMT
waveform rising edge. The one which gives the lowest χ2

has been chosen. An example of this fit is shown by the red
line in Fig. 6. The parameters A and B in the fit function are
left free and tM is fixed to the time-tick with the maximum
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ADC value. The measured half-height value (green cross in
Fig. 6) is used to assign the arrival time of the first photons
at the PMT. Despite the relatively low sampling frequency
of the PMT digitization, the fitting procedure shows a
resolution of ≃0.2 ns for the intrinsic timing of the PMT
electronics as demonstrated with the RWM pulse.
Particle and scintillation photon propagation. Between

the signal induced by protons at the RWM and the signal
provided by PMTs, there is a complex chain of processes to
take into account in order to extract the neutrino interaction
timing. The time for protons to hit the target, the propa-
gation and decay of mesons, and the travel time of

neutrinos to the detector (illustrated in Fig. 1) is treated
as a constant offset for all interactions. Therefore, the
neutrino time profile at the upstream detector wall is
assumed the same as the proton time profile provided by
the RWM. Once neutrinos enter the detector, three proc-
esses, shown in Fig. 7, impact the observed neutrino
interaction time in the PMTs:
(1) The neutrino ToF inside the TPC (Tν).
(2) The daughter particle ToF from the neutrino inter-

action vertex to the space-point where photons are
produced (Tdp).

(3) The scintillation light ToF from the space-point
where photons are produced to the PMT where
photons are detected (Tsl).

Leveraging the neutrino interaction vertex position and the
daughter particle’s track geometry reconstructed with the
TPC signals [24], the times for each of these three processes

5200 5300 5400 5500 5600
  Time [ns]

0.0

0.5

1.0

1.5

2.0

310

 A
m

pl
itu

de
 [A

D
U

]

 t

MicroBooNE

Run 16180

Subrun 4

Event 210

100 102 104 106 108 110
 t [ns]

0

2

4

6

8

10

310

Ev
en

ts
 / 

0.
2 

ns

MicroBooNE

 POT20 102.13

 / n.d.f. = 1863 / 72

 = tN
 = 

 t
 =  t

 Evt310 0.2)±(37.0
 0.002 ns±102.891

 0.001 ns±0.297

FIG. 5. The intrinsic timing resolution of the PMTelectronics is
obtained measuring the stability of the RWM pulse width (Δt),
shown in (a). The Δt distribution is fitted with a Gaussian
function, shown in (b), and the parameter σΔt=

ffiffiffi
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evaluate the intrinsic timing resolution of the PMT electronics.
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edges, shown with red curves. (b) Gaussian fit of the Δt
distribution. The parameters NΔt, μΔt, and σΔt are respectively
the normalization, the mean and the standard deviation of the
Gaussian fit.
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FIG. 6. Single PMT pulse timing extraction. The red curve
shows the pulse rising-edge fit, and the green cross marks the
rising-edge half-height point used to assign the timing to the
PMT pulse.

FIG. 7. Schematic of the MicroBooNE LArTPC (light blue).
PMTs are represented in maroon. The tracks reconstructed in the
TPC (black solid lines) are used to measure the paths of the
particles and scintillation photons inside the detector. The three
paths, red for the neutrino in the TPC, blue for a daughter particle,
and maroon for scintillation photons, are used to evaluate the time
between the neutrino entering the TPC and scintillation photons
reaching the PMTs: Tν þ Tdp þ Tsl.
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can be extracted. Since the beam is on-axis with the detector,
and neutrinos are nearlymassless,Tν is given by the neutrino
interaction vertex coordinate along the beam direction
divided by the speed of light. Tdp and Tsl are calculated
together for all 3D spacepoints along the trajectory of all
visible daughter particles from the neutrino interaction. At
each 3D spacepoint, Tdp is given by the distance from the
neutrino interaction vertex divided by the speed of light, and
Tsl is given by the distance to the TPB coated plate in front of
each PMTdivided by the group velocity for scintillation light
in liquid argon, vg (1=vg ¼ 7.46� 0.08 ns=m [25]). The
minimum value of Tdp þ Tsl among all reconstructed 3D
spacepoints is chosen as the daughter particle and scintilla-
tion light propagation time for the first photons arriving on
the PMT. This quantity is denoted (T�

dp þ T�
sl). Note that this

calculation is performed independently for each PMT. The
neutrino ToF inside the TPC (Tν) and the daughter particle
and photon propagation times (T�

dp þ T�
sl) are subtracted

from each PMT’s measured photon arrival time to obtain
the neutrino arrival time at the upstream detector wall. The
81 bunches of the beam pulse sub-structure are visible in
the reconstructed neutrino arrival time profile and reproduce
the 52.81MHz substructure of theRWMwaveformof Fig. 2.
Empirical calibration. Once the beam pulse sub-struc-

ture can be resolved, measurements of the time distribution
of the 81 bunches provide a reference used to empirically
correct timing offsets due to nonuniformities in detector
response. The 81 bunches are merged in a single peak and a
Gaussian fit is performed to extract the mean time μ.
Displacements in μ as a function of a given variable indicate
a nonuniformity in need of calibration. Three variables are
identified as a source of substantial smearing.
(1) PMT hardware. Variation in signal propagation time

due to electronics response, signal transmission, or
other intrinsic delays can introduce PMT-by-PMT
offsets.

(2) Daughter particle propagation speed. Approximat-
ing the daughter particle velocity to be equal to the
speed of light impacts the calculation of the propa-
gation time from the neutrino vertex to each PMT
(T�

dp þ T�
sl). This assumption is adopted because the

analysis is implemented prior to detailed particle
tracking and identification which would allow to
reconstruct the momentum and speed along the
trajectory.

(3) Signal amplitude impact on time extraction. The
arrival time is extracted from a fixed amplitude ratio
of thewaveform rising edge (seeFig. 6).Although this
choice resulted in the best performance, it may
introduce a bias dependent on the number of photons
collected in the fast component ona givenPMT(Nph).

These three factors are calibrated using the following
analysis procedure. First a correction is implemented to
account for PMT-by-PMT offsets. The remaining two
effects are subsequently calibrated simultaneously. To

incorporate a correction for PMT hardware offsets, the value
of μ obtained for each PMT is used to remove the offset with
respect to the average across all PMTs. Offsets between
PMTs (Tos) were found to be of order 2.5 ns. For the other
two factors, the timing distributions are binned once for the
propagation time (T�

dp þ T�
sl) values and once for the number

of photons collected in the fast component NPh. Average
values hT�

dp þ T�
sli and hNPhi and the respective Gaussian

means, μα and μβ, are calculated for each timing distribution.

FIG. 8. Linear fits of the mean neutrino interaction time as
functions of hT�

dp þ T�
sli (a) and hNPhi (b) are used to extract the

two calibration factors α1 and β1, which are the gradients of the
linear fits. The β1 coefficient calculation limits the fit to events for
which NPh is larger than 20 photons in order to avoid the
introduction of terms above the linear one in the fit function.
Nevertheless, the correction is applied to every single PMT
measurement. (a) Linear fit of the mean of the neutrino inter-
action time as a function of the average propagation time from the
neutrino vertex to a given PMT hT�

dp þ T�
sli. The parameters α0

and α1 are respectively the offset and the gradient. (b) Linear fit of
the mean neutrino interaction time as a function of the average of
number of photons collected by a given PMT hNPhi. The
parameters β1 and β0 are respectively the offset and the gradient.
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Linear fits ofμα andμβ as functions of hT�
dp þ T�

sli and hNPhi
respectively are performed, see Fig. 8. The fit gradients α1
and β1 give the empirical calibration term TEmp ¼
ðT�

dp þ T�
slÞ · α1 þ NPh · β1, which is subtracted from the

photon arrival time given by each PMT individually.
Corrections introduced by the two calibration factors α1
and β1 are inversely proportional to each other, causing the

spread of the mean values of the beam timing in one variable
to increase after a correction for the other variable is applied.
For this reason, the corrections are applied simultaneously.
The spread as a function of thesevariables persists after a first
correction is applied. To further reduce the residual smearing,
the same procedure is repeated. After a few steps, when each
iteration is no longer reducing the smearing, the spread of the
mean values μα and μβ, shown in Fig. 8, is reduced below
0.5 ns in both cases.
Neutrino arrival time reconstruction. The neutrino

arrival time, which is the neutrino time profile at the
upstream detector wall, is reconstructed by removing the
trigger jitter (TRWM), by subtracting from each PMT’s
measured time the neutrino ToF inside the TPC (Tν) and the
daughter particle and photon propagation time (T�

dp þ T�
sl),

and by applying the empirical corrections (Tos and TEmp).
For each of these terms the spreads and the ranges of values
are reported in Table I. It is important to note that a
significant impact on improving the timing resolution
comes from steps that make use of TPC reconstructed

TABLE I. Terms analyzed in the reconstruction steps introduce
different contributions to the event timing spread. This table
summarizes the standard deviation (STD) and full range of the
distribution of values of each term.

Term STD (ns) Range (ns)

TRWM ≃9 [−25;þ25]
Tν ≃9 [0, 33]
ðT�

dp þ T�
slÞ ≃7 [0, > 50]

Tos ≃2.5 [−5, þ5]
TEmp � � � [−4, þ4]
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FIG. 9. Neutrino candidate arrival time distribution at the upstream detector wall before (a) and after (b) the propagation reconstruction
of the processes happening inside the TPC. The reconstruction includes the neutrino ToF inside the TPC, the daughter particle
propagation and the scintillation light propagation, with the relative empirical correction included. The 81 bunches composing the beam
pulse substructure are easily visible after the propagation reconstruction.
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information emphasizing the importance of the analysis
choice of leveraging both precise PMT timing and topo-
logical information from the TPC. Precise PMT timing is
not alone sufficient to extract Oð1 nsÞ interaction timing
resolution. The median of the obtained values across all
PMTs with more than two detected photons is taken as the
neutrino interaction time for the event. Figure 9 shows the
neutrino arrival timing before (a) and after (b) applying
the neutrino interaction time reconstruction. The 81 bunches
composing the beam pulse sub-structure are well visible
after the reconstruction as seen in Fig. 9(b) and reproduce
the 52.81 MHz substructure of the RWM waveform of
Fig. 2. For each one of the 81 bunches a Gaussian fit is
performed and the extracted mean values are used to obtain
a linear fit as a function of the peak number, as shown in
Fig. 10. The linear fit slope is used to measure the bunch
separation (Δ). The value found of 18.936� 0.001 ns
matches the expectation from the accelerator frequency
parameter [17]. This work demonstrates for the first time
Oð1 nsÞ timing resolution in neutrino interactions in a
LArTPC using fully automated reconstruction methods
which can be integrated in neutrino physics analyses. This
analysis builds on past developments in the use of TPC and
scintillation light information in LArTPCs, including pre-
vious work from ICARUS on neutrino time of flight
measurements [26].

IV. RESULTS

Once all the reconstruction steps are implemented and
corrections applied, the neutrino candidate timing distri-
bution, reported in Fig. 9(b), is used to extract the detector
timing resolution for neutrino interactions. The 81 bunches
are merged in a single peak which is fit with the function:

fðtÞ ¼ CBkg þ
Nffiffiffiffiffiffiffiffiffiffi
2πσ2

p
�
exp

�
−
1

2

�
t − μ − Δ

σ

�
2
�

þ exp

�
−
1

2

�
t − μ

σ

�
2
�
þ exp

�
−
1

2

�
t − μþ Δ

σ

�
2
��
ð2Þ

The fit function is composed of three Gaussians with
identical width σ. The fit parameter σ is used to extract
the timing resolution, while the two Gaussians offset by the
bunch separation Δ are introduced to account for events
from neighboring peaks. Finally an overall constant term,
CBkg, accounts for a flat background from cosmic-ray
events. Using this method the bunch width obtained is
σ ¼ 2.53� 0.02 ns, from the fit shown in Fig. 11. Table II
shows the reduction of the bunch width after each
reconstruction step is included.
Subtracting the intrinsic proton beam bunch width

hσBNBi ≃ 1.308 ns from the measured bunch width gives
a value for the overall detector timing resolution of
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FIG. 10. For each of the 81 bunches observed in Fig. 9(b) a
Gaussian fit is performed to the bunch peak and the extracted mean
values are used to obtain a linear fit as a function of the peak
number. The gradient (Δ) and the intercept (T0) of the linear fit give
respectively the bunch separation and the common constant offset
due to the propagation time form the beam target to the TPC. The
value found for the bunch separation is Δ ¼ 18.936� 0.001 ns.
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FIG. 11. Event timing distribution of the 81 beam bunches
merged in a single peak after applying corrections. The green
dashed line shows the constant term associated to the cosmic
background uniform contribution.

TABLE II. This table shows the decrease of the bunches width
(σ) after each reconstruction step is applied. Applying singularly
TRWM or Tν is not sufficient to separate the bunches and measure
the width. The intrinsic 1.308 ns beam spread is included in the σ
values reported in this table.

Correction included σ (ns)

TRWM or Tν � � �
TRWM and Tν 4.7� 0.2
TRWM, Tν, (T�

dp þ T�
sl) 3.08� 0.04

TRWM, Tν, (T�
dp þ T�

sl), Tos 2.99� 0.04
TRWM, Tν, (T�

dp þ T�
sl), Tos, TEmp 2.53� 0.02
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RTot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2 − hσBNBi2

q
¼ 2.16� 0.02 ns ð3Þ

Finally, a characterization of the timing resolution versus
the total number of detected photons is performed. The
parameter σ is measured as a function of the total number of
detected photons, as shown in Fig. 12. This distribution is
fit using the function

σðhNPhiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hσBNBi2 þ k20 þ

�
k1ffiffiffiffiffiffiffiffiffiffiffiffihNPhi

p �
2

s
; ð4Þ

where k0 is a constant term, k1 is associated to the statistical
fluctuation in the number of detected photons (∝

ffiffiffiffiffiffiffiffi
NPh

p
),

and hσBNBi is the beam spread contribution to the reso-
lution. The intrinsic detector timing resolution is associated
with the constant term k0 measured to be 1.73� 0.05 ns.

V. APPLICATION OF Oð1 nsÞ TIMING
IN PHYSICS ANALYSIS

TheOð1 nsÞ timing resolution achieved can significantly
expand MicroBooNE’s capability of studying neutrino
interactions and searching for BSM physics. An improved
neutrino selection efficiency can be obtained by adding the
Oð1 nsÞ timing as a new tool for cosmic background
rejection in surface LArTPCs orthogonal to existing tech-
niques [2,8,12,13]. Moreover, a Oð1 nsÞ timing resolution
allows improvement in the performance of searches for
heavy long-lived particles which will travel to the detector
more slowly than the SM neutrinos. This method can in
particular be applied to searches for heavy neutral leptons
(HNLs), expanding the phase-space and sensitivity of HNL
models being tested with current techniques [10,11]. In this
section we describe the potential that the precise timing has
for improved cosmic background rejection and for searches
for heavy long-lived particles such as HNLs.

Cosmic ray background rejection. As a surface-level
LArTPC, cosmogenic backgrounds are a significant issue
for MicroBooNE. Existing cosmic rejection techniques
have achieved greater than 99.999% cosmic rejection while
retaining greater than 80% of charge-current neutrino
events [12]. Nonetheless, these topology-driven techniques
have significantly reduced performance for low-energy
(less than about 200 MeV) and neutral-current events.
Additionally, even with greater than 99.999% cosmic
rejection, a cosmic contamination of 14.9% remains for
a visible energy region greater than 200MeV, with closer to
40% contamination below 100 MeV [12]. Given this,
cosmogenic backgrounds are often still the first or second
largest background for MicroBooNE analyses [4,5,27],
even when using the most up-to-date cosmic removal
techniques [12]. The reconstruction of the BNB bunch
structure allows us to exploit the timing of the neutrino
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FIG. 12. Interaction timing resolution as a function of the total
number of photons detected.
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FIG. 13. For the three cuts of �3σ, �2σ, �σ around the peak
the initial 27.1% of total background reduces to 21.7%, 15.2%,
10.6%. Neutrino efficiency of 68.3%, 95.5%, 99.7% and back-
ground rejection of 73.3%, 46.6%, 19.8% are obtained for the
respective cuts. (a) Event timing distribution with selection cuts
around the peaks. The dotted green line shows the cosmic
background fraction. (b) Neutrino efficiency versus background
rejection.
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interaction to reduce remaining cosmic-ray background.
This is possible because cosmic-rays arrive uniformly in
time while BNB neutrinos are in time with the proton pulse
structure of Fig. 2. Imposing a selection time window
around the BNB bunches can be used to reduce the fraction
of cosmic background events as shown in Fig. 13(a).
Figure 13(b) shows the direct dependence of neutrino
the selection efficiency versus background rejection. The
neutrino selection efficiency is defined as the fraction of
neutrino events surviving the cut applied to remove the
background. As a benchmark, a cut at�2σ around the peak
gives a νμCC selection efficiency of 95.5% and a cosmic
background rejection of 46.6% removing nearly half the
cosmic-ray background with minimal efficiency loss. This
method is complementary with respect to previously
demonstrated cosmic rejection for LArTPCs which relies
on charge-to-light matching [12]. Figure 14 shows a
demonstration of this method applied to the reconstructed
energy spectrum for charged-current neutrino interactions
from MicroBooNE. The top panel shows current perfor-
mance applying previous cosmic rejection techniques,
while the bottom panel includes the neutrino interaction
timing cosmic rejection developed in this work.
Heavy neutral lepton searches. A set of models that can

be tested with LArTPC neutrino experiments includes the
production of HNLs throughmixing with standard neutrinos
[10,11,28–31]. HNLsmay be produced in the neutrino beam
from the decay of kaons and pions, propagating to the
MicroBooNE detector where they are assumed to decay to
SM particles. The masses of these right-handed states can
span many orders of magnitude, reaching the detector with a
delay with respect to the nearly massless standard neutrinos
[32]. This results in a distortion of the arrival time distribution
when compared to the proton beam profile. To demonstrate
the impact of ns timing resolution in HNL searches, the
arrival time distributions of neutrinos and hypothetical HNLs
at different masses and percentages are simulated. The BNB
ns substructure measured in this analysis is used for both
neutrino and HNLs assuming a 1.5 ns timing resolution.
HNLs are produced in the BNB with energies analogous to
the neutrino flux. A 10% uniform cosmic background is
included. Figure 15 shows the arrival time distribution of
standard neutrinos (blue line) compared to hypothetical
HNLs (red line) of 100 MeV mass. When precise timing

resolution is not available, timing information can be used to
search for HNLs only in regions after the neutrino beam
pulse, Fig. 15(a). When the timing resolution can resolve the
BNB substructure, each gap between the 81 bunches can be
used to estimate the sensitivity to HNL, Fig. 15(b). To
quantitatively demonstrate the impact of timing resolution on
HNL search sensitivity, a simulation study is carried out
estimating signal and backgrounds for different HNLmasses
assuming only statistical uncertainties. The sensitivity in
sigma is calculated using theAsimov sensitivity test given by

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðsþ bÞ ln

�ðsþ bÞðbþ σ2bÞ
b2 þ ðsþ bÞσ2b

�
− 2

b2

σ2b
ln

�
1þ σ2bs

bðbþ σ2bÞ
�s

ð5Þ

where the signals (s) is the sum of the HNLs time
distribution entries in a given windows and the back-
grounds (b) is the sum of the BNB neutrino plus 10% of
uniform cosmic background time distribution entries in the

same windows, σb is the standard deviation of the entries
summed to obtain b. When using only events after the beam
pulse the window used to estimate the sensitivity include
time distributions entries from 1540 ns to 2040 ns (where
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the peak of the first neutrino bunch is centered at 0 ns).
When utilizing events between beam bunches, the included
entries are in the gaps between neutrino bunches, in a
window where the signal to background ratio is optimized
to return the best sensitivity value. In this case the selection
window size and position vary based on the mass, the bump
shape and percentage of HNL simulated. This is done by
first examining all regions with a nonzero HNL signal.
Then a threshold for the minimum signal to background
ratio is set that defines which bins shall be included in the
window. This threshold is optimized to select windows
between neutrino bunches that return the best sigma
sensitivity as defined by the Asimov sensitivity test. Since
these windows are defined based on an optimized threshold

for signal to background ratio the threshold values and exact
window sizes differ based on the HNL mass and percentage
as these parameters change the exact arrival time of HNLs
and overall signal values. Figure 16 shows the 5σ sensitivity
to HNL rate as function of the HNL mass, using only events
after the beam pulse (blue line) compared to only events
between beam bunches (green line). The beam bunches’
resolution offers significant improvement overall, especially
for lower masses. While a preliminary sensitivity study, this
work demonstrates the significant physics impact that the
methods presented in this paper will have in expanding the
reach of searches for LLPs by up to an order of magnitude in
poorly constrained regions of parameter space.
The ability to resolve interaction timing with Oð1 nsÞ

resolution introduces a new method to improve searches for
long-lived particles (including HNLs) by rejecting neutrino
backgrounds through the determination of the interaction
time. This development will improve the sensitivity of and
help expand the reach of BSM searches in the existing and
upcoming accelerator-based neutrino physics program
being carried out at Fermilab. In particular, the introduction
of Oð1 nsÞ timing has the potential to allow model-
independent searches for heavy long-lived particles for
masses of 10 s to 100 s of MeV.

VI. CONCLUSIONS

This work is the first demonstration of Oð1 nsÞ timing
resolution for reconstructing νμCC interaction times in a
LArTPC with the MicroBooNE experiment. This result is
achieved through the implementation of novel analysis
methods that measure and correct the ToF of neutrinos and
their interaction products, as well as scintillation photons
propagating through the detector volume. This makes use
of both precise photon detection system timing resolution
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as well as detailed reconstructed TPC information to
account for various delays in particle propagation through
the detector. Moreover, the RWM signal has been used to
improve the precision of the beam trigger. The analysis
finds an intrinsic resolution in measuring the neutrino
interaction time of 1.73� 0.05 ns. This result allows for
the resolution of the pulse time structure of the BNB that, in
turn, introduces a new powerful handle for physics mea-
surements with LArTPC neutrino experiments. The method
presented here can be applied to obtain Oð1 nsÞ timing for
any type of interaction occurring in the TPC. Oð1 nsÞ
timing resolution for neutrino interactions enables a new
cosmic-rejection method to discriminate between neutrino
interactions arriving in ∼2 ns pulses in the BNB versus the
continuous flux of cosmic-rays that constitute a significant
background for surface-based LArTPC detectors.
Furthermore, Oð1 nsÞ timing accuracy can be leveraged
for searches of BSM particles such as HNLs that have a
longer ToF and reach the detector delayed with respect to
neutrinos. The development of this new handle for studying
BSM signatures will expand the sensitivity reach and
parameter space that can be explored for searching for
BSM signatures in LArTPC detectors operating in neutrino
beams, both within the SBN program [2] and in the DUNE
near detector [33,34].

ACKNOWLEDGMENTS

This document was prepared by the MicroBooNE
collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. MicroBooNE
is supported by the following: the U.S. Department of
Energy, Office of Science, Offices of High Energy Physics
and Nuclear Physics; the U.S. National Science
Foundation; the Swiss National Science Foundation; the
Science and Technology Facilities Council (STFC), part
of the United Kingdom Research and Innovation; the
Royal Society (United Kingdom); and the UK Research
and Innovation (UKRI) Future Leaders Fellowship.
Additional support for the laser calibration system and
cosmic ray tagger was provided by the Albert Einstein
Center for Fundamental Physics, Bern, Switzerland. We
also acknowledge the contributions of technical and
scientific staff to the design, construction, and operation
of the MicroBooNE detector as well as the contributions
of past collaborators to the development of MicroBooNE
analyses, without whom this work would not have been
possible.

[1] B. Abi et al. (DUNE Collaboration), Long-baseline neutrino
oscillation physics potential of the DUNE experiment, Eur.
Phys. J. C 80, 978 (2020).

[2] M. Antonello et al. (MicroBooNE, LAr1-ND, and ICA-
RUS-WA104 Collaborations), A proposal for a three de-
tector short-baseline neutrino oscillation program in the
Fermilab booster neutrino beam, arXiv:1503.01520.

[3] P. Abratenko et al. (MicroBooNE Collaboration), Search for
an Excess of Electron Neutrino Interactions in MicroBooNE
Using Multiple Final-State Topologies, Phys. Rev. Lett.
128, 241801 (2022).

[4] P. Abratenko et al. (MicroBooNE Collaboration), Search for
an anomalous excess of charged-current νe interactions
without pions in the final state with the MicroBooNE
experiment, Phys. Rev. D 105, 112004 (2022).

[5] P. Abratenko et al. (MicroBooNE Collaboration), Search for
an anomalous excess of inclusive charged-current νe inter-
actions in the MicroBooNE experiment using wire-cell
reconstruction, Phys. Rev. D 105, 112005 (2022).

[6] P. Abratenko et al. (MicroBooNE Collaboration), Search for
an anomalous excess of charged-current quasielastic νe
interactions with the MicroBooNE experiment using
deep-learning-based reconstruction, Phys. Rev. D 105,
112003 (2022).

[7] P. Abratenko et al. (MicroBooNE Collaboration), Search for
Neutrino-Induced Neutral-Current Δ Radiative Decay in

MicroBooNE and a First Test of the MiniBooNE Low
Energy Excess under a Single-Photon Hypothesis, Phys.
Rev. Lett. 128, 111801 (2022).

[8] P. Abratenko et al. (MicroBooNE Collaboration), Measure-
ment of differential cross sections for νμ-Ar charged-current
interactions with protons and no pions in the final state with
the MicroBooNE detector, Phys. Rev. D 102, 112013
(2020).

[9] D. Caratelli (MicroBooNE Collaboration), Neutrino iden-
tification with scintillation light in MicroBooNE, J. Instrum.
15, C03023 (2020).

[10] P. Abratenko et al. (MicroBooNE Collaboration), Search for
heavy neutral leptons decaying into muon-pion pairs in the
MicroBooNE detector, Phys. Rev. D 101, 052001 (2020).

[11] P. Abratenko et al. (MicroBooNE Collaboration), Search for
long-lived heavy neutral leptons and Higgs portal scalars
decaying in the MicroBooNE detector, Phys. Rev. D 106,
092006 (2022).

[12] P. Abratenko et al. (MicroBooNE Collaboration), Cosmic
ray background rejection with wire-cell LArTPC event
reconstruction in the MicroBooNE detector, Phys. Rev.
Appl. 15, 064071 (2021).

[13] P. Abratenko et al. (MicroBooNE Collaboration), Neutrino
event selection in the MicroBooNE liquid argon time
projection chamber using wire-cell 3D imaging, clustering,
and charge-light matching, J. Instrum. 16, P06043 (2021).

P. ABRATENKO et al. PHYS. REV. D 108, 052010 (2023)

052010-12

https://doi.org/10.1140/epjc/s10052-020-08456-z
https://doi.org/10.1140/epjc/s10052-020-08456-z
https://arXiv.org/abs/1503.01520
https://doi.org/10.1103/PhysRevLett.128.241801
https://doi.org/10.1103/PhysRevLett.128.241801
https://doi.org/10.1103/PhysRevD.105.112004
https://doi.org/10.1103/PhysRevD.105.112005
https://doi.org/10.1103/PhysRevD.105.112003
https://doi.org/10.1103/PhysRevD.105.112003
https://doi.org/10.1103/PhysRevLett.128.111801
https://doi.org/10.1103/PhysRevLett.128.111801
https://doi.org/10.1103/PhysRevD.102.112013
https://doi.org/10.1103/PhysRevD.102.112013
https://doi.org/10.1088/1748-0221/15/03/C03023
https://doi.org/10.1088/1748-0221/15/03/C03023
https://doi.org/10.1103/PhysRevD.101.052001
https://doi.org/10.1103/PhysRevD.106.092006
https://doi.org/10.1103/PhysRevD.106.092006
https://doi.org/10.1103/PhysRevApplied.15.064071
https://doi.org/10.1103/PhysRevApplied.15.064071
https://doi.org/10.1088/1748-0221/16/06/P06043


[14] R. Acciarri et al. (MicroBooNE Collaboration), Design and
construction of the MicroBooNE detector, J. Instrum. 12,
P02017 (2017).

[15] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Neutrino flux prediction at MiniBooNE, Phys. Rev. D 79,
072002 (2009).

[16] M. Backfish, MiniBooNE resistive wall current monitor,
FermilabReport No. TM-2556-AD, 2013, 10.2172/1128043.

[17] A. A. Aguilar-Arevalo et al. (The MiniBooNE-DM Col-
laboration), Dark matter search in nucleon, pion, and
electron channels from a proton beam dump with Mini-
BooNE, Phys. Rev. D 98, 112004 (2018).

[18] S. Pate, T. Wester, L. Bugel, J. Conrad, E. Henderson,
B. J. P. Jones, A. I. L. McLean, J. S. Moon, M. Toups, and T.
Wongjirad, A model for the global quantum efficiency for a
TPB-based wavelength-shifting system used with photo-
multiplier tubes in liquid argon in MicroBooNE, J. Instrum.
13, P02034 (2018).

[19] F. Marinho, L. Paulucci, D. Totani, and F. Cavanna, LArQL:
A phenomenological model for treating light and charge
generation in liquid argon, J. Instrum. 17, C07009 (2022).

[20] T. Doke, A. Hitachi, J. Kikuchi, K. Masuda, H. Okada, and
E. Shibamura, Absolute scintillation yields in liquid argon
and xenon for various particles, Jpn. J. Appl. Phys. 41, 1538
(2002).

[21] R. Acciarri et al., Effects of nitrogen contamination in liquid
argon, J. Instrum. 5, P06003 (2010).

[22] D. Kaleko, PMT triggering and readout for the
MicroBooNE experiment, J. Instrum. 8, C09009 (2013).

[23] W. Van De Pontseele, Search for electron neutrino anoma-
lies with the MicroBooNE detector, Ph.D. thesis, University
of Oxford, 2020, 10.2172/1640226.

[24] R. Acciarri et al. (MicroBooNE Collaboration), The
Pandora multi-algorithm approach to automated pattern

recognition of cosmic-ray muon and neutrino events in
the MicroBooNE detector, Eur. Phys. J. C 78, 82 (2018).

[25] M. Babicz et al., A measurement of the group velocity of
scintillation light in liquid argon, J. Instrum. 15, P09009
(2020).

[26] M. Antonello et al., Precision measurement of the neutrino
velocity with the ICARUS detector in the CNGS beam, J.
High Energy Phys. 11 (2012) 049.

[27] P. Abratenko et al. (MicroBooNE Collaboration), First
Measurement of Energy-Dependent Inclusive Muon Neu-
trino Charged-Current Cross Sections on Argon with the
MicroBooNE Detector, Phys. Rev. Lett. 128, 151801
(2022).

[28] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[29] T. Asaka and M. Shaposhnikov, The νMSM, dark matter
and baryon asymmetry of the universe, Phys. Lett. B 620, 17
(2005).

[30] T. Asaka, S. Blanchet, and M. Shaposhnikov, The νMSM,
dark matter and neutrino masses, Phys. Lett. B 631, 151
(2005).

[31] P. Abratenko et al. (MicroBooNE Collaboration), Search for
a Higgs Portal Scalar Decaying to Electron-Positron Pairs in
the MicroBooNE Detector, Phys. Rev. Lett. 127, 151803
(2021).

[32] P. Ballett, S. Pascoli, and M. Ross-Lonergan, MeV-scale
sterile neutrino decays at the Fermilab short-baseline neu-
trino program, J. High Energy Phys. 04 (2017) 102.

[33] A. Abed Abud et al. (DUNE Collaboration), Deep under-
ground neutrino experiment (DUNE) near detector concep-
tual design report, Instruments 5, 31 (2021).

[34] A. Gauch (DUNE Collaboration), Scintillation light detec-
tion performance for the DUNE ND-LAr 2 × 2 modules, J.
Instrum. 18, C04004 (2023).

FIRST DEMONSTRATION OF Oð1 nsÞ TIMING RESOLUTION … PHYS. REV. D 108, 052010 (2023)

052010-13

https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1103/PhysRevD.79.072002
https://doi.org/10.1103/PhysRevD.79.072002
https://doi.org/10.2172/1128043
https://doi.org/10.1103/PhysRevD.98.112004
https://doi.org/10.1088/1748-0221/13/02/P02034
https://doi.org/10.1088/1748-0221/13/02/P02034
https://doi.org/10.1088/1748-0221/17/07/C07009
https://doi.org/10.1143/JJAP.41.1538
https://doi.org/10.1143/JJAP.41.1538
https://doi.org/10.1088/1748-0221/5/06/P06003
https://doi.org/10.1088/1748-0221/8/09/C09009
https://doi.org/10.2172/1640226
https://doi.org/10.1140/epjc/s10052-017-5481-6
https://doi.org/10.1088/1748-0221/15/09/P09009
https://doi.org/10.1088/1748-0221/15/09/P09009
https://doi.org/10.1007/JHEP11(2012)049
https://doi.org/10.1007/JHEP11(2012)049
https://doi.org/10.1103/PhysRevLett.128.151801
https://doi.org/10.1103/PhysRevLett.128.151801
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1103/PhysRevLett.127.151803
https://doi.org/10.1103/PhysRevLett.127.151803
https://doi.org/10.1007/JHEP04(2017)102
https://doi.org/10.3390/instruments5040031
https://doi.org/10.1088/1748-0221/18/04/C04004
https://doi.org/10.1088/1748-0221/18/04/C04004

