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Figure 10. Top: Exterior view showing the cathode frame and structural supports to which cathode
sheets are fastened. Bottom: Interior view of cathode plane as viewed from the upstream end of
the LArTPC , showing cathode sheets. Note that the cathode sheets are polished, so a reflection is
is clearly present in this photograph.
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The Muon Counter Stack

• Being MicroBooNE located near the surface, cosmic 
muons can be a source of backgrounds to many 
analyses (~10 cosmic muons per 2.2 ms drift time).

end,atthecenterandatthedownstreamendofMicroBooNE.Athree-dimensionalschematicof 140

thethreeMuCSsetupsisshowninfigure3. 141

(a)Upstream(b)Center(c)Downstream

Figure3.MonteCarlosimulationofthepossibleMuCStrajectoriesinthethreedi�erentMuCSsetupsused
inthisanalysis.BrowntrackscorrespondtocosmicrayshittingbothMuCSboxesandtheTPC,whilered
tracksgothroughonlytheMuCSandmisstheTPC.

3MuCSdataprocessingandMonteCarlogeneration 142

3.1Datasampleprocessing 143

TheMuCSisdesignedtoprovideatriggeronthrough-goingmuonsthatintersectallfourbi-layersof 144

scintillatorstrips.TheMuCStriggerispropagatedtotheMicroBooNEtriggerboardandprovides 145

thestartingtimet0ofatrackassociatedwiththeMuCS. 146

TheMuCSDAQthatreadsouttheMulti-AnodePMTsisseparatedfromtheDAQsystem 147

thatreadsouttheTPCandPMTsystemsofthemaindetector.Itrecordsthehitpatternsofthe 148

scintillatorstripes,whilethemainDAQstorestheTPCandPMTsignalsduringthereadouttime 149

window(4.8ms). 150

TheMuCStriggersatarateofnearly3Hz:givenaDAQintegrationwindowof100ns,the 151

accidentalcoincidentalrateislessthen0.01%andithasbeenconsiderednegligibleforourstudy. 152

Theaccidentalrateisfurtherreducedbyacutappliedonthenumberofhitstripes:weremove 153

eventswithmorethan4hitstripesperbi-layer.Theprobabilitythat,duringthesamereadouttime 154

window,anothercosmicraycrossestheMuCShittingtheTPCis,givenatriggerrateof3Hz, 155

0.01%andithasalsobeenconsiderednegligible.Wearethenassumingthatthereisonlyone 156

cosmicrayintheTPCthatwentthroughtheMuCS. 157

ThedatafollowsaprocessingpaththatmergestheMuCShitpatternsandextrapolatedtrajectory 158

informationwiththeTPCandPMTdatastreamtoformaMuCS-mergeddataset. 159

ThehitsintheMuCSareusedtoobtainapointforeachboxandextrapolateatrackthroughthe 160

TPC(MuCS-extrapolatedtrack),asdescribedinsection2.Thesignalsofthehitwirescorrespond 161

totheTPChits,thatarefedtotheMicroBooNEreconstructionchainandwillbeassembledtoform 162

thereconstructedtracks. 163

ThefirstintersectionpointbetweentheMuCS-extrapolatedtrackandtheTPCisdefinedas 164

(xMuCS,yMuCS,zMuCS).ThereconstructedtrackwiththecloseststartingpointtotheMuCS- 165

–4–

UpstreamCenterDownstream

MuCS

LArTPC

2 The Muon Counter System123

The Muon Counter System (MuCS), described in detail in [5], consists of two sets of planar modules124

made up of scintillator strips placed into two separate, light-tight boxes. Each planar module is made125

up of two sets of 24 scintillator strips, 4 cm wide, arranged into bi-layers oriented perpendicular to126

each other. Each strip contains a wavelength shifting fiber, connected to a Multi-Anode PMT. The127

Multi-Anode PMTs are read out by a DAQ system, separated from the DAQ system that reads out128

the TPC and PMT systems of the main detector.129

As shown in Figure 2, a signal in one strip corresponds to a MuCS hit and, combining the130

MuCS hits in each bi-layer, it is possible to obtain two position coordinates of the crossing points of131

the cosmic rays (z and x in the MicroBooNE TPC coordinate system, shown in figure 1). The height132

of the modules (corresponding to the y coordinate in the MicroBooNE TPC coordinate system),133

known to a precision of 0.5 cm, allows us to extrapolate a three-dimensional trajectory of the cosmic134

ray down to the TPC, which we define as a MuCS-extrapolated track.

Figure 2. A cosmic ray passing through the MuCS boxes will hit the scintillator stripes, producing a signal
that will correspond to a MuCS hit. From the height of the panels and the position of the hit stripes it is then
possible to extrapolate the trajectory of the cosmic ray.

135

The starting angle of the cosmic ray, in spherical coordinates, will be given by:

✓ = acos
⇣

ztop � zbottom

r

⌘
, � = atan

✓
ytop � ybottom

xtop � xbottom

◆
, (2.1)

where r =
q
(xtop � xbottom)2 + (ytop � ybottom)2 + (ztop � zbottom)2 and the top (bottom) coordinates136

are given by the hits in the top (bottom) MuCS box.137

This analysis has been performed on three datasets, acquired with di�erent geometrical config-138

urations. The three configurations correspond to a setup with the two boxes placed at the upstream139

– 3 –

48 cm

48 cm
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• A small muon counter stack (MuCS) has been installed 
on top of the TPC to help with several studies: 

• Data reconstruction efficiency 
• Optical system - TPC matching efficiency 
• Trigger efficiency 
• Detector performances (space-charge effect, 

collected charge, collected light…)
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• A small muon counter stack (MuCS) has been installed 
on top of the TPC to help with several studies: 

• Data reconstruction efficiency 
• Optical system - TPC matching efficiency 
• Trigger efficiency 
• Detector performances (space-charge effect, 

collected charge, collected light…)See Varuna’s talk 

“Measurement of Electron 

Attenuation using Cosmic Ray Muons 

in the MicroBooNE Detector”!
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MuCS and space-charge effect
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• The positive argon ions can cause a distortion in the electrical field of the TPC. 
• Using MuCS-triggered events it is possible to quantify this space-charge effect (SCE).
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Figure 7: Predicted/measured SCE distortions as a function of the drift coordinate at
the top of the TPC for simulation, �y

MC

top

(x) (a), and data, �y

Data

top

(x) (b).
The magenta dashed line represents the o↵sets expected if there were no SCE
in the detector (zero). The o↵sets in data are found to be similar in magnitude
as those predicted by simulation, though distortions near the TPC anode are
found to be smaller than the simulation suggests.

13

MICROBOONE-NOTE-1018-PUB

Data

• SCE simulation qualitatively reproduces effect. 
• Agrees in normalization and base shape features. 
• Offset near anode probably caused by liquid argon flow. 

• Can impact track/shower reconstruction and calorimetry.

https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
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Reconstructing MuCS data
• Each MuCS event is triggered by a cosmic ray going through both MuCS panels. 
• Each MuCS event will contain more than one reconstructed cosmic-ray track (~10 cosmic rays per 2.2 ms). 
• We find the reconstructed track with the starting points closest to the intersection between the 

extrapolated MuCS trajectory (MuCS-extrapolated track) and the TPC, within a maximum distance (MuCS-
tagged track). 

• Number of MuCS-tagged tracks is corrected by the purity and the acceptance of the cut on the maximum 
distance.
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*schematic representation, not to scale
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Efficiency measurement

✏MC =

N. of reconstructed cosmic rays

N. of generated cosmic rays

Monte Carlo

θ
φ

• Using the (xtop, ytop, ztop) and (xbottom, 
ybottom, zbottom) points given by the MuCS 
panels, it is possible to measure the 
reconstruction efficiency as a function of θ, 
φ and extrapolated length in the TPC L.

MuCS

LArTPC

6.4. Data/Monte Carlo comparison316

Having included the correction given by the stopped or captured muons and the system-317

atic uncertainty related to the detector non-uniformities, it is possible to compare the318

data and Monte Carlo reconstruction e�ciencies. The three-dimensional e�ciency plots319

shown in figure 9 can be projected on the bi-dimensional planes (✓,�), (✓, L), (�, L),320

shown in figure 15 and on the single axis ✓, �, L, shown in figure 14.321

Taking into account the systematic uncertainties given by (1) the decay-in-flight cor-322

rection factor (0.1%, section 6.1), (2) the detector non-uniformities (1.1%, section 6.2),323

and (3) the P/A correcting factor (0.2%, section 5), the obtained data/Monte Carlo324

agreement is satisfactory, with almost every bin with a data/Monte Carlo ratio within325

2� of unity. As expected, the reconstruction e�ciency is proportional to the expected326

track length L in the TPC, since longer tracks correspond, in general, to a larger number327

of hit wires and they are then easier to reconstruct.328

The overall reconstruction e�ciency, obtained integrating the three-dimensional plot,
is:

✏

data

= 97.1 ± 0.1 (stat) ± 1.4 (sys) %

✏

MC

= 97.3 ± 0.1 %

for data and Monte Carlo, respectively. The agreement between the two values is within329

the error.330

7. Summary and plans331

This analysis showed that it is possible to match hits in a muon counter system to a332

track in the LArTPC and that by comparing the number of events triggered by the333

MuCS with the number of events with MuCS-tagged tracks we can measure the data334

reconstruction e�ciency.335

This e�ciency, obtained with the procedure described in section 5, has been measured336

as a function of the starting angles ✓, � and the expected length in the TPC, L. These337

coordinates have been measured using the spatial information provided by the hits in338

the MuCS.339

The data reconstruction e�ciency is in agreement, within the errors, with the Monte340

Carlo reconstruction e�ciency, measured using a simulation of cosmic rays all over the341

LArTPC.342

The portion of muons triggering the MuCS but decaying or captured before reaching343

the TPC is, according to a Monte Carlo simulation, 1.0%. It is necessary to account for344

this factor in the measurement of the data reconstruction e�ciency.345

We have also shown that the detector non-uniformities must be taken into account in346

the measurement of the reconstruction e�ciency and the related systematic uncertainty347

is 1.1%.348

However, the coverage of the (✓,�, L) parameter space provided by the MuCS is limited349

and it is not possible to measure e�ciency-corrected quantities, such as the cosmic-ray350
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.

The data reconstruction e�ciency, calculated by comparing the number of MuCS-triggered362

events with the number of events with a reconstructed MuCS cosmic ray, is measured as a function of363

the cosmic-ray starting angles ✓, � and the expected length in the TPC, L. The overall reconstruction364

e�ciency obtained is ✏data = (97.1± 0.1 (stat) ± 1.4 (sys))% and ✏MC = (97.4± 0.1 (stat))% for data365

and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369

publication.370

We also analyze systematic uncertainties that a�ect the data reconstruction e�ciency. The371

fraction of muons triggering the MuCS that decay or are captured before reaching the TPC is⇡ 1.0%,372

according to a Monte Carlo simulation. This factor is taken into account in the measurement of the373

data reconstruction e�ciency. The MuCS data are acquired with the two MuCS boxes placed in three374

di�erent positions, covering di�erent parts of the detector. Detector non-uniformities induce a non-375

negligible e�ect (⇠1%) in the measurement of the data reconstruction e�ciency. Other systematic376
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6.4. Data/Monte Carlo comparison316

Having included the correction given by the stopped or captured muons and the system-317

atic uncertainty related to the detector non-uniformities, it is possible to compare the318

data and Monte Carlo reconstruction e�ciencies. The three-dimensional e�ciency plots319

shown in figure 9 can be projected on the bi-dimensional planes (✓,�), (✓, L), (�, L),320

shown in figure 15 and on the single axis ✓, �, L, shown in figure 14.321

Taking into account the systematic uncertainties given by (1) the decay-in-flight cor-322

rection factor (0.1%, section 6.1), (2) the detector non-uniformities (1.1%, section 6.2),323

and (3) the P/A correcting factor (0.2%, section 5), the obtained data/Monte Carlo324

agreement is satisfactory, with almost every bin with a data/Monte Carlo ratio within325

2� of unity. As expected, the reconstruction e�ciency is proportional to the expected326

track length L in the TPC, since longer tracks correspond, in general, to a larger number327

of hit wires and they are then easier to reconstruct.328

The overall reconstruction e�ciency, obtained integrating the three-dimensional plot,
is:

✏

data

= 97.1 ± 0.1 (stat) ± 1.4 (sys) %

✏

MC

= 97.3 ± 0.1 %

for data and Monte Carlo, respectively. The agreement between the two values is within329

the error.330

7. Summary and plans331

This analysis showed that it is possible to match hits in a muon counter system to a332

track in the LArTPC and that by comparing the number of events triggered by the333

MuCS with the number of events with MuCS-tagged tracks we can measure the data334

reconstruction e�ciency.335

This e�ciency, obtained with the procedure described in section 5, has been measured336

as a function of the starting angles ✓, � and the expected length in the TPC, L. These337

coordinates have been measured using the spatial information provided by the hits in338

the MuCS.339

The data reconstruction e�ciency is in agreement, within the errors, with the Monte340

Carlo reconstruction e�ciency, measured using a simulation of cosmic rays all over the341

LArTPC.342

The portion of muons triggering the MuCS but decaying or captured before reaching343

the TPC is, according to a Monte Carlo simulation, 1.0%. It is necessary to account for344

this factor in the measurement of the data reconstruction e�ciency.345

We have also shown that the detector non-uniformities must be taken into account in346

the measurement of the reconstruction e�ciency and the related systematic uncertainty347

is 1.1%.348

However, the coverage of the (✓,�, L) parameter space provided by the MuCS is limited349

and it is not possible to measure e�ciency-corrected quantities, such as the cosmic-ray350
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.

The data reconstruction e�ciency, calculated by comparing the number of MuCS-triggered362

events with the number of events with a reconstructed MuCS cosmic ray, is measured as a function of363

the cosmic-ray starting angles ✓, � and the expected length in the TPC, L. The overall reconstruction364

e�ciency obtained is ✏data = (97.1± 0.1 (stat) ± 1.4 (sys))% and ✏MC = (97.4± 0.1 (stat))% for data365

and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.
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the cosmic-ray starting angles ✓, � and the expected length in the TPC, L. The overall reconstruction364

e�ciency obtained is ✏data = (97.1± 0.1 (stat) ± 1.4 (sys))% and ✏MC = (97.4± 0.1 (stat))% for data365

and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369

publication.370

We also analyze systematic uncertainties that a�ect the data reconstruction e�ciency. The371

fraction of muons triggering the MuCS that decay or are captured before reaching the TPC is⇡ 1.0%,372

according to a Monte Carlo simulation. This factor is taken into account in the measurement of the373
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.
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and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369

publication.370

We also analyze systematic uncertainties that a�ect the data reconstruction e�ciency. The371

fraction of muons triggering the MuCS that decay or are captured before reaching the TPC is⇡ 1.0%,372

according to a Monte Carlo simulation. This factor is taken into account in the measurement of the373

data reconstruction e�ciency. The MuCS data are acquired with the two MuCS boxes placed in three374
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.
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e�ciency obtained is ✏data = (97.1± 0.1 (stat) ± 1.4 (sys))% and ✏MC = (97.4± 0.1 (stat))% for data365

and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369
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We also analyze systematic uncertainties that a�ect the data reconstruction e�ciency. The371

fraction of muons triggering the MuCS that decay or are captured before reaching the TPC is⇡ 1.0%,372

according to a Monte Carlo simulation. This factor is taken into account in the measurement of the373
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Figure 10. Two-dimensional representation of reconstruction e�ciencies for data (left), Monte Carlo (center)
and their ratio (right). Data uncertainties include systematic e�ects, while Monte Carlo uncertainties are
statistical-only.

The data reconstruction e�ciency, calculated by comparing the number of MuCS-triggered362

events with the number of events with a reconstructed MuCS cosmic ray, is measured as a function of363

the cosmic-ray starting angles ✓, � and the expected length in the TPC, L. The overall reconstruction364

e�ciency obtained is ✏data = (97.1± 0.1 (stat) ± 1.4 (sys))% and ✏MC = (97.4± 0.1 (stat))% for data365

and Monte Carlo, respectively. The two values are consistent within the uncertainties.366

The reconstruction e�ciency presented here only assesses whether a track is found and re-367

constructed. The e�ciency here does not quantify the overall quality of the track reconstruction368

in the TPC, such as the correctness of the track length or angle; this will be addressed in a future369

publication.370

We also analyze systematic uncertainties that a�ect the data reconstruction e�ciency. The371

fraction of muons triggering the MuCS that decay or are captured before reaching the TPC is⇡ 1.0%,372

according to a Monte Carlo simulation. This factor is taken into account in the measurement of the373

data reconstruction e�ciency. The MuCS data are acquired with the two MuCS boxes placed in three374

di�erent positions, covering di�erent parts of the detector. Detector non-uniformities induce a non-375

negligible e�ect (⇠1%) in the measurement of the data reconstruction e�ciency. Other systematic376
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Cosmic Ray Tagger

CRT 
panels TPC

Tagged
cosmic rays

• This analysis represents a small-scale demonstration of the method that can be used with the data 
coming from the Cosmic Ray Tagger, a system of scintillation panels able to tag 85% of the 
cosmic-ray flux.

• The Cosmic Ray Tagger installation has been completed in January, 2017. 
• The angular coverage provided by the CRT is much larger than the one of the MuCS and close to 

100%. It will be possible to measure efficiency-corrected quantities, such as the cosmic-ray flux 
in MicroBooNE, and mitigate the cosmic-ray background.
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Figure 1.1: Rendering showing the LArTPC with proposed muon tagger panel groups (topside, side,
and underside)

Figure 1.2: Background rejection by various configurations of the CRT for T600 detector at 600 m
from the target. Momentum cut is 200 MeV.
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Cosmic Ray Tagger
doi:10.3390/instruments1010002

http://dx.doi.org/10.3390/instruments1010002
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Figure 1.1: Rendering showing the LArTPC with proposed muon tagger panel groups (topside, side,
and underside)

Figure 1.2: Background rejection by various configurations of the CRT for T600 detector at 600 m
from the target. Momentum cut is 200 MeV.
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Cosmic Ray Tagger

... to reality!  Feedthrough, Pipe & Bottom Panels

22

FT Side
6 Horizontal Modules
7 Vertical Modules

Pipe Side
14 Horizontal Modules
13 Vertical Modules

Bottom (not shown) 
4 Beam Dir Modules
5 Drift Dir Modules
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and underside)

Figure 1.2: Background rejection by various configurations of the CRT for T600 detector at 600 m
from the target. Momentum cut is 200 MeV.
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CRT installation tips

Plan ahead, but trust your techs.

Cables will be everywhere! 
(if you don’t think ahead!)

It’s not over until it’s over. 
AKA you will need to access the 
electronics after installation 
(and it’s not going to be always 
comfortable).

25

We planned the order, 
sorted & flagged 
modules ahead. 
Followed techs advice 
on site.

http://dx.doi.org/10.3390/instruments1010002
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Conclusions

•The MicroBooNE experiment has a broad physics program and LArTPC R&D. 
The detector is up and running: 15 public notes and 5 papers already published. 

•A small muon counter stack has the capabilities to assess several performances 
of the LArTPC. 

•Space-charge effect must be taken into account when reconstructing LArTPC 
information, but it can be correctly simulated. 

https://www-microboone.fnal.gov/publications/index.html
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Conclusions

•The MicroBooNE experiment has a broad physics program and LArTPC R&D. 
The detector is up and running: 15 public notes and 5 papers already published. 

•A small muon counter stack has the capabilities to assess several performances 
of the LArTPC. 

•Space-charge effect must be taken into account when reconstructing LArTPC 
information, but it can be correctly simulated. 

•The finding and reconstruction efficiency of tracks in MicroBooNE is in good 
agreement with the simulation. 

•The analysis has been included in a paper submitted to JINST. 
•The Cosmic Ray Tagger provides increased coverage for efficiency studies and 

cosmic-ray background mitigation. Extremely important for future SBN program 
(ICARUS, SBND) and DUNE.

https://www-microboone.fnal.gov/publications/index.html
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The MicroBooNE detector

Cathode 
Plane

Edrift 

U V Y

Liquid Argon TPC

Y wire plane waveforms

V wire plane waveforms
Sense Wires

t

Inco
ming Neutrin

o

Charged Particles

Figure 2. Operational principle of the MicroBooNE LArTPC.

The anode plane is arranged parallel to the cathode plane, and in MicroBooNE, parallel
to the beam direction. There are three planes comprised of sense wires with a characteristic
pitch, held at a predetermined bias voltage, that continuously sense the signals induced by
the ionization electrons drifting towards them [16]. The electrostatic potentials of the
sequence of anode planes allow ionization electrons to pass undisturbed by the first two
planes before ultimately ending their trajectory on a wire in the last plane. The drifting
ionization thus induces signals on the first planes (referred to as induction planes) and
directly contributes to the signals in the final plane (referred to as the collection plane).
Figure 2 depicts the arrangement of the MicroBooNE LArTPC and its operational principle.

The charged particle trajectory is reconstructed using the known positions of the anode
plane wires and the recorded drift time of the ionization. The drift time is the difference
between the arrival times of ionization signals on the wires and the time the interaction
took place in the detector (t0) which is provided by an accelerator clock synchronized to
the beam (BNB or NuMI) or from a trigger provided by the light collection system. The
characteristics of the waveforms observed by each wire provide a measure of the energy
deposition of the traversing particles near that wire, and, when taken as a whole for each
contained particle’s trajectory, allow for determination of momentum and particle identity.

The scintillation photons are detected by a light collection system that is immersed in

– 5 –

Muon track

Pion track
Proton track

v beam Cosmic ray

Collection plane

• Two induction planes (U, V) and one collection plane (Y) 
• Drifted ionization in LAr puts signal on all three planes 

• Drift E field at 273 V/cm, corresponding drift time 2.3 ms. 
• Cold front-end electronics (low noise) 

• 3D event reconstruction by combining signals from all three planes (y,z 
direction) and drift time (x direction) 

• PMT system located on the anode side to trigger neutrino events and help 
reconstruction
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Efficiency measurement

✏MC =

N. of reconstructed cosmic rays

N. of generated cosmic rays

MCC7 Monte Carlo

=

N. of reco. events within d
max

N. of MuCS triggered events

· N. of reco. MuCS cosmic� ray events

N. of MuCS triggered events

N. of reco. MuCS cosmic� ray events within d
max

N. of reco. events within d
max

Data

· N. of reco. MuCS cosmic� ray events

N. of reco. MuCS cosmic� ray events within d
max

✏data =

N. of reco. MuCS cosmic-ray events

N. of MuCS triggered events

= ✏datatag ⇥ P/A =

Tagging efficiency: can be measured 
both with data and Monte Carlo

Purity: can be measured only with Monte 
Carlo (needs the truth information)

· N. of reco. MuCS cosmic� ray events

N. of reco. MuCS cosmic� ray events within d
max

MuCS Monte Carlo

=

N. of reco. events within d
max

N. of generated MuCS cosmic-ray events

· N. of reco. MuCS cosmic� ray events within d
max

N. of reco. events within d
max

✏MuCS-MC =

N. of reco. MuCS cosmic-ray events

N. of generated MuCS cosmic-ray events

= ✏MuCS-MC
tag ⇥ P/A =

Tagging efficiency: can be measured 
both with data and Monte Carlo

Purity: can be measured only with Monte 
Carlo (needs the truth information)

1/Acceptance: can be measured only with 
Monte Carlo (needs the truth information)

1/Acceptance: can be measured only with 
Monte Carlo (needs the truth information)
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N. of generated cosmic rays
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N. of MuCS triggered events

= ✏datatag ⇥ P/A =

Tagging efficiency: can be measured 
both with data and Monte Carlo

Purity: can be measured only with Monte 
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=
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✏MuCS-MC =

N. of reco. MuCS cosmic-ray events

N. of generated MuCS cosmic-ray events

= ✏MuCS-MC
tag ⇥ P/A =

Tagging efficiency: can be measured 
both with data and Monte Carlo

Purity: can be measured only with Monte 
Carlo (needs the truth information)

1/Acceptance: can be measured only with 
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1/Acceptance: can be measured only with 
Monte Carlo (needs the truth information)

Does not depend on dmax!
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Efficiency measurement

=

N. of reco. events within d
max

N. of MuCS triggered events

· N. of reco. MuCS cosmic� ray events

N. of MuCS triggered events

· N. of reco. MuCS cosmic� ray events

N. of reco. MuCS cosmic� ray events within d
max

y

x

dmax

1/Acceptance

The reco. event within dmax can 
be a MuCS cosmic ray but also a 
random one, close to the 
extrapolated starting point.

y

x

dmax

The MuCS cosmic ray has been 
reconstructed but it is outside the dmax cut. 

Tagging efficiency

and the number of MuCS-triggered events:178

✏ =
N. of reco. MuCS cosmic-ray events

N. of MuCS triggered events
. (5)

In a data sample it is not possible to distinguish a MuCS cosmic ray from a nor-179

mal cosmic ray and we define the MuCS-tagged track as the reconstructed track with180

the closest starting point (x
reco

, y

reco

, z

reco

) to the extrapolated MuCS starting point181

(x
MuCS

, y

MuCS

, z

MuCS

), see figure 4. However, events without a reconstructed MuCS182

cosmic ray will always have at least another reconstructed cosmic ray, so it is neces-183

sary to set a maximum distance d

max

between the two points, (x
reco

, y

reco

, z

reco

) and184

(x
MuCS

, y

MuCS

, z

MuCS

). The number of our events with a MuCS-tagged track will then185

depend on d

max

. The e�ciency ✏

tag

of the cut on d

max

is defined as:186

✏

tag

=
N. of reco. events within d

max

N. of MuCS triggered events
(6)

and can be measured both for our data sample (✏data
tag

) and for our general Monte Carlo187

simulation (✏MC

tag

), replacing (x
MuCS

, y

MuCS

, z

MuCS

) with (x
sim

, y

sim

, z

sim

).188

In a Monte Carlo simulation of a MuCS run, instead, the truth information allows us189

to verify if the MuCS-tagged cosmic ray is a real MuCS cosmic ray, or if it is another190

reconstructed cosmic ray, which happens to be mis-identified due to the extrapolated191

starting point distance being closer than d

max

. The purity P of our Monte Carlo MuCS192

sample will be defined as the ratio between the number of events with a reconstructed193

MuCS cosmic ray inside the d

max

cut and the number of events with a reconstructed194

cosmic ray inside the d

max

cut (MuCS-tagged cosmic rays):195

P =
N. of reco. MuCS cosmic-ray events within d

max

N. of reco. events within d

max

. (7)

The acceptance A of our cut on d

max

will be defined as the ratio between the number of196

events with a reconstructed MuCS cosmic ray inside the d

max

cut and the total number197

of events with a reconstructed MuCS cosmic ray:198

A =
N. of reco. MuCS cosmic-ray events within d

max

N. of reco. MuCS cosmic-ray events
. (8)

The MuCS reconstruction e�ciency, as defined in (9), can then be obtained by:199

✏ = ✏

tag

⇥ P/A, (9)

where the P/A ratio will be taken from the MuCS Monte Carlo simulation, while ✏

tag

200

can be measured with the data, ✏data
tag

, or with the general Monte Carlo simulation, ✏MC

tag

201

(described in section 3).202

Figure 7 shows the tagging e�ciency both for data (✏data
tag

) and Monte Carlo (✏MC

tag

),203

the purity P and the acceptance A as a function of d

max

. The MuCS reconstruction204

e�ciencies for data (✏
data

) and Monte Carlo (✏
MC

) are also shown as a reference.205

11

y

x

dmax

The reco. MuCS event is within dmax and it 
corresponds to a MuCS cosmic ray.

Purity 1/Acceptance
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Inefficiency

Missing wires
Collection

Induction 1

Induction 2

Shower-like rays
Collection

Induction 1

Induction 2
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Systematic uncertainties
• Dependence on the dmax cut: as we saw, there is a small dependence (0.2% difference 

between best and worst value) of the data reconstruction efficiency on the chosen value of 
dmax. We quote the value of the difference as a systematic uncertainty. 

• Decay-in-flight and stopped muons: the cosmic muons hitting the MuCS can decay in 
flight or be captured before reaching the TPC. In this case, they trigger the MuCS but do 
not generate a cosmic track in the detector, affecting the measurement of the 
reconstruction efficiency.  

• Space-charge effect: the presence of positive argon ions can introduce a distortion in the 
electric field and cause a displacement of the start and end points of the tracks.  

• Detector non-uniformities: the presence of regions with noisy or unresponsive wires can 
give a different value of the reconstruction efficiency depending on the position of the 
cosmic ray. 

• Monte Carlo cosmic-ray generator: CORSIKA and CRY give different cosmic-ray rate 
estimates and have different cosmic-ray energy spectra (MICROBOONE-NOTE-1005-
PUB). However, since we are measuring an efficiency, the cosmic-ray rate doesn’t matter 
and we need to study only the effect of the energy spectrum. 

• Statistical sampling: since the multiple scattering depends on the energy, low-energy 
cosmic rays will have a higher probability to be further than dmax from the extrapolated 
starting point of the MuCS cosmic ray. Thus, the sampling of the few events from the 
energy spectrum can introduce a bias in the measurement of the efficiency.

0.2%

1.1%

correction

0.1%

negligible

1.1% +

negligible
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MicroBooNE physics goals

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.

PRL 110, 161801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

161801-3

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
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from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
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trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
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value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
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ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the

E
ve

nt
s/

M
eV

0.2

0.4

0.6

0.8

1.0

1.2
Antineutrino

Data (stat err.)
+/-µ from e
+/- from Ke 0 from Ke

 misid0

 N
dirt
other
Constr. Syst. Error

 (GeV)QEE

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E
ve

nt
s/

M
e V

0.0

0.5

1.0

1.5

2.0

2.5

Neutrino

3.01.5

FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).

E
xc

es
s 

E
ve

nt
s/

M
eV

0.0

0.1

0.2

0.3

0.4

Antineutrino

Data - expected background
2=1.0eV2m=0.004,22sin

2=0.1eV2m=0.2,22sin

 Best FitMiniBooNE 2

/GeVQEE

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E
xc

es
s 

E
ve

nt
s/

M
eV

-0.2

0.0

0.2

0.4

0.6

0.8

Neutrino

3.01.5

FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.

PRL 110, 161801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

161801-3

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
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and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE
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corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and
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1. The oscillation parameters are
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 Investigate short-baseline neutrino anomalies

• LSND excess. 
• MiniBooNE low energy excess. 
• Reactor neutrino anomalies.

Cross-section measurementsState of scattering 
(ca. 2016)

•  Final SPS and TeVatron results
>  Tens GeV to hundreds of GeV

•  Final results from MINOS
>  Down into the many GeV region

•  Final results from MiniBooNE, 
K2K, and SciBooNE
>  All these are for  E < ~1 GeV
>  Dearth of antineutrino data 

starting to be addressed
•  These days MINERvA, 

ArgoNeut, T2K results  
rolling in
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• Precise measurements of v-Ar cross section for future LAr 
experiments (DUNE). 

• Probe different theories of nuclear effects in v-Ar 
scattering. 

Phys.Rev.Lett. 110 (2013) 161801 Chin.Phys. C40 (2016) no.10, 100001 

Supernova neutrino and exotic physics LArTPC detector R&D
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FIG. 1: Example of expected supernova neutrino spectra (integrated over 10 s) for the different flavor components. This
example is based on the GKVM (Gava-Kneller-Volpe-McLaughlin) model of Reference [19]. The prediction includes collective
effects, which are responsible for the structure observed in the νe flux.

A generic potential difficulty is that both core-collapse physics and neutrino physics affect the nature of the neutrino
burst, and it may not be trivial to disentangle the two. Relatively robust and model-independent signatures do exist,
however. Clearly, the more experimental data we can gather about the flavor, energy and time structure of the burst,
in as many detectors around the world as possible, the better our chances will be of disentangling the various effects.

III. NEUTRINO INTERACTIONS IN THE TENS-OF-MEV RANGE

Neutrinos are detected via electromagnetically or strongly interacting products of weak charged-current (CC) and
NC interactions with electrons and nuclei. This section describes what is known about neutrino interactions in
the tens-of-MeV range relevant for current detectors, along with their observables. Unfortunately, relatively few
interactions have precisely known cross sections. Except for elastic scattering and inverse β decay (IBD) interactions,
both theoretical and experimental knowledge is limited.

A. Inverse Beta Decay

Relatively cheap detector materials such as water and hydrocarbon-based scintillator have many free protons.
The most significant interaction in these materials is IBD, which is the interaction between ν̄e and free protons,
ν̄e + p → n + e+. The IBD kinematic threshold is Eνthr = 1.8 MeV. The positron’s energy loss can typically be
observed. In the supernova energy regime, to a good approximation Ee+ = Eν − 1.3 MeV. In scintillation detectors,
the 0.511-MeV positron annihilation γs may also be observed. The neutron may be captured on free protons, with
an approximately 200-µs thermalization and capture time, producing a deuteron and a 2.2 MeV γ. The neutron may
also be captured on another nucleus; in particular, the detector may be doped with some material with a high neutron
capture cross section, such as gadolinium (Gd). Gd of natural isotopic composition has average neutron capture cross
section some 1.6×105 times that of free protons, and a thermalization and capture time of a few tens of microseconds
when dissolved in water or scintillator. Neutron capture on a Gd nucleus is followed by a deexcitation cascade of γs

• Supernova neutrinos 
(~10 MeV) using the 
SNEWS alert system 

• Proton decay 
backgrounds study:
K0

L + p ! K+ + n

• Detector effects to further develop LArTPC technology 
• Space charge effect, wire response, noise studies, 

electron lifetime… 
• Essential for future experiments.

Supernova neutrino spectrum



Stefano Roberto Soleti /13Detector performances and cosmic-ray reconstruction efficiency in MicroBooNE

TPC Working Principle

Cathode @ -128 kV
(plate)

Anode
(wire plane)

Electric Field
500 V/cm

X = 2.5 m

Y
 = 2.3 m

Z = 10
.4 

m

1. Charged particles interact in Ar
• Ionize electrons
• Produce scintillation light

2. Ionization e- drift toward anode
3. Wire planes detect drift e-

Scintillation Light
detected by PMTs

Max drift time ≃ 1.6 ms

13 Tuesday, July 15, 14

/…..;

 (MeV)i
QEE

500 1000 1500 2000 2500 3000

Ev
en

ts
/M

eV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

500 1000 1500 2000 2500 30000

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Stacked backgrounds:

e
Ki

e
µi
0/

dirt
a NA 6

other
Low-E excess

 (MeV)i
QEE

500 1000 1500 2000 2500 3000

Ev
en

ts
/M

eV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

500 1000 1500 2000 2500 30000

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Stacked backgrounds:
e
Ki

e
µi
0/

dirt
a NA 6

other
Low-E excess

Motivation
1.We want to uncover the nature of 

the low-energy excess seen by 
MiniBooNE.!

2.Measure neutrino cross-sections 
on argon.!

3.Serve as one detector in a multi-
detector short-baseline neutrino 
oscillation program at Fermilab.!

4.Gain technical experience to 
inform the design of future very 
large LArTPCs.

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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MiniBooNE data exceeds expectation at low energy in 
anti-neutrino and neutrino oscillation modes. The excess 
at low energy comes from events with an 
electromagnetic show component. MiniBooNE has 
limited eg   differentiation due to the fact that it is a 
Cherenkov detector [1].

e/�

Exploring neutrino interactions with MicroBooNE
Tia Miceli for the MicroBooNE Collaboration

Detector design
MicroBooNE is a 170 ton (total volume) Liquid Argon Time Projection Chamber (LArTPC), located on Fermilab’s Booster Neutrino Beamline. LArTPCs 
provide uniquely distinguishable signals for photons and electrons, so they are ideal for resolving the ambiguous electromagnetic excess in MiniBooNE. 

Goals

Both results would be a great new contribution to our knowledge of neutrino phenomena!

A predicted reconstructed energy spectrum 
for photon-like events. Black line assumes 
the low energy excess observed by the 
MiniBooNE detector scaled to the 
MicroBooNE detector. The event predictions 
account for MicroBooNE detector efficiency, 
fiducial volume, and electron-photon 
separation efficiency. The prediction 
assumes data collected for 6.6x1020 protons 
on target in neutrino mode. The error bars 
indicate statistical-only uncertainty [2].

If the excess is dominated by photon events, we will have unveiled a new 
photon background never before considered in neutrino experiments. 

If the excess is dominated by electron events, we may discover 
new oscillation modes into a fourth generation neutrino. 
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Figure 8.1 The TPC inside the cryostat looking up the beamline from the downstream side. The cathode plane 
is on the right (beam-left).  The wire planes and PMT array are on the left (beam-right).  The TPC HV 
feedthrough is top-right (beam-left), and the TPC signal feedthroughs are shown top-left (beam-right). 

 

A (2.33 m height)×(2.56 m width)×(10.37 m length) rectangular solid defines the 61.8 m3 active 
volume of the TPC, which encompasses 86 tons of liquid argon when operational.  The TPC 
cathode plane forms the vertical boundary of the active volume on the left side of the detector 
when viewed along the neutrino beam direction (“beam-left”). Three parallel vertical sense wire 
planes are mounted on the “beam-right” side of the active volume.  The wires in the “Y” plane 
are oriented vertically, while wires in the “U” and “V” planes are oriented ±60 degrees, 
respectively, with respect to vertical.  Ionization electrons drift from beam-left to beam-right, 
reaching in turn the U, V, and Y planes.  The drifting electrons induce charge on the U and V 
induction plane sense wires as they drift by and deposit their negative charge on the Y collection 
plane sense wires.   

The TPC HVFT occupies a position near the beam-left downstream top corner of the TPC.  The 
TPC signal feedthroughs line up along the top beam-right boundary of the TPC. 

The MicroBooNE detector is situated so that it has 
an L/E (~1m/MeV) similar to that of MiniBooNE. 
The time projection chamber has a drift distance 
of 2.5 m, and is 10.5 m long and 2.3 m tall [2].
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⊕ ⊕ =
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Collection Plane MC Waveform
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Picture courtesy of J. Asaadi
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The TPC has two induction wire planes at ±60°, and one vertical 
collection plane. The three planes enable us to reconstruct 
events on a plane parallel with the wires, the third dimension is 
resolved by transforming the drift time to the particular depth of 
the event in the TPC [3].

Ar

Ar*

Ar .2
+

Ar*2

Ar .
+

Ar

Ar

e
e

The 128 nm scintillation light is shifted by a 
plate of tetra phenyl butadiene to 425-450 
nm. Those photons 
are then collected by 
one of the 32 eight 
inch photomultiplier 
tubes.!
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Ionized electrons 
freely travel through 
the liquid argon in a 
~500 V/cm electric 
field to the TPC anode 
wires [3].!

As a charged particle passes the liquid 
argon, the argon atom experiences  one 
of two processes, it becomes ionized, 
or excited. Both paths end by de-
exciting via scintillation.

Event reconstruction
A cartoon 3D anaglyph of a Neutral 
Current event in the MicroBooNE drift 
volume. A neutrino coming in from the 
right and exchanges a Z boson with 
the quarks in a proton. The collision 
results in a recoiling nucleus, short 
stub in the upper right, a medium 
length track on the bottom right, likely 
a charged pion, and the long shower 
on the left, a converted photon, likely 
from a neutral pion. !!!!!
Special thanks to Alistair McLean, 
NMSU, for the MicroBooNE computer 
model screen captures. Event 
superimposed from ArgoNeuT [4].

Collection)view

Induction)view)1Induction)view)2
PMT view

The three wire planes of 
the TPC collect ionization 
of tracks and showers in 
the argon enabling a 2D 
reconstruction on the plane 
parallel with the wires. The 
PMTs provide the crucial 
additional view, providing 
the distance perpendicular 
to the wire planes. Now the 
challenge is to program a 
computer to sum the 
images together into one 
3D image.

Similar to the previous figure, 
here a predicted reconstructed 
energy spectrum for electron-
like events, assuming the low 
energy excess observed by 
the MiniBooNE detector is due 
to an electron-like signal [2].

Intrinsic νe from K decay!
Intrinsic νe from μ decay!
π 0 mis-ID!
Δ→Nɣ mis-ID!
Dirt mis-ID!
Other!
Low-E excess signal

Intrinsic νe from K decay!
Intrinsic νe from μ decay!
π 0 mis-ID!
Δ→Nɣ mis-ID!
Dirt mis-ID!
Other!
Low-E excess signal
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Motivation
1.We want to uncover the nature of 

the low-energy excess seen by 
MiniBooNE.!

2.Measure neutrino cross-sections 
on argon.!

3.Serve as one detector in a multi-
detector short-baseline neutrino 
oscillation program at Fermilab.!

4.Gain technical experience to 
inform the design of future very 
large LArTPCs.

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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MiniBooNE data exceeds expectation at low energy in 
anti-neutrino and neutrino oscillation modes. The excess 
at low energy comes from events with an 
electromagnetic show component. MiniBooNE has 
limited eg   differentiation due to the fact that it is a 
Cherenkov detector [1].

e/�

Exploring neutrino interactions with MicroBooNE
Tia Miceli for the MicroBooNE Collaboration

Detector design
MicroBooNE is a 170 ton (total volume) Liquid Argon Time Projection Chamber (LArTPC), located on Fermilab’s Booster Neutrino Beamline. LArTPCs 
provide uniquely distinguishable signals for photons and electrons, so they are ideal for resolving the ambiguous electromagnetic excess in MiniBooNE. 

Goals

Both results would be a great new contribution to our knowledge of neutrino phenomena!

A predicted reconstructed energy spectrum 
for photon-like events. Black line assumes 
the low energy excess observed by the 
MiniBooNE detector scaled to the 
MicroBooNE detector. The event predictions 
account for MicroBooNE detector efficiency, 
fiducial volume, and electron-photon 
separation efficiency. The prediction 
assumes data collected for 6.6x1020 protons 
on target in neutrino mode. The error bars 
indicate statistical-only uncertainty [2].

If the excess is dominated by photon events, we will have unveiled a new 
photon background never before considered in neutrino experiments. 

If the excess is dominated by electron events, we may discover 
new oscillation modes into a fourth generation neutrino. 
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Figure 8.1 The TPC inside the cryostat looking up the beamline from the downstream side. The cathode plane 
is on the right (beam-left).  The wire planes and PMT array are on the left (beam-right).  The TPC HV 
feedthrough is top-right (beam-left), and the TPC signal feedthroughs are shown top-left (beam-right). 

 

A (2.33 m height)×(2.56 m width)×(10.37 m length) rectangular solid defines the 61.8 m3 active 
volume of the TPC, which encompasses 86 tons of liquid argon when operational.  The TPC 
cathode plane forms the vertical boundary of the active volume on the left side of the detector 
when viewed along the neutrino beam direction (“beam-left”). Three parallel vertical sense wire 
planes are mounted on the “beam-right” side of the active volume.  The wires in the “Y” plane 
are oriented vertically, while wires in the “U” and “V” planes are oriented ±60 degrees, 
respectively, with respect to vertical.  Ionization electrons drift from beam-left to beam-right, 
reaching in turn the U, V, and Y planes.  The drifting electrons induce charge on the U and V 
induction plane sense wires as they drift by and deposit their negative charge on the Y collection 
plane sense wires.   

The TPC HVFT occupies a position near the beam-left downstream top corner of the TPC.  The 
TPC signal feedthroughs line up along the top beam-right boundary of the TPC. 

The MicroBooNE detector is situated so that it has 
an L/E (~1m/MeV) similar to that of MiniBooNE. 
The time projection chamber has a drift distance 
of 2.5 m, and is 10.5 m long and 2.3 m tall [2].
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The TPC has two induction wire planes at ±60°, and one vertical 
collection plane. The three planes enable us to reconstruct 
events on a plane parallel with the wires, the third dimension is 
resolved by transforming the drift time to the particular depth of 
the event in the TPC [3].
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The 128 nm scintillation light is shifted by a 
plate of tetra phenyl butadiene to 425-450 
nm. Those photons 
are then collected by 
one of the 32 eight 
inch photomultiplier 
tubes.!
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Ionized electrons 
freely travel through 
the liquid argon in a 
~500 V/cm electric 
field to the TPC anode 
wires [3].!

As a charged particle passes the liquid 
argon, the argon atom experiences  one 
of two processes, it becomes ionized, 
or excited. Both paths end by de-
exciting via scintillation.

Event reconstruction
A cartoon 3D anaglyph of a Neutral 
Current event in the MicroBooNE drift 
volume. A neutrino coming in from the 
right and exchanges a Z boson with 
the quarks in a proton. The collision 
results in a recoiling nucleus, short 
stub in the upper right, a medium 
length track on the bottom right, likely 
a charged pion, and the long shower 
on the left, a converted photon, likely 
from a neutral pion. !!!!!
Special thanks to Alistair McLean, 
NMSU, for the MicroBooNE computer 
model screen captures. Event 
superimposed from ArgoNeuT [4].

Collection)view

Induction)view)1Induction)view)2
PMT view

The three wire planes of 
the TPC collect ionization 
of tracks and showers in 
the argon enabling a 2D 
reconstruction on the plane 
parallel with the wires. The 
PMTs provide the crucial 
additional view, providing 
the distance perpendicular 
to the wire planes. Now the 
challenge is to program a 
computer to sum the 
images together into one 
3D image.

Similar to the previous figure, 
here a predicted reconstructed 
energy spectrum for electron-
like events, assuming the low 
energy excess observed by 
the MiniBooNE detector is due 
to an electron-like signal [2].
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Motivation
1.We want to uncover the nature of 

the low-energy excess seen by 
MiniBooNE.!

2.Measure neutrino cross-sections 
on argon.!

3.Serve as one detector in a multi-
detector short-baseline neutrino 
oscillation program at Fermilab.!

4.Gain technical experience to 
inform the design of future very 
large LArTPCs.

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the

E
ve

nt
s/

M
eV

0.2

0.4

0.6

0.8

1.0

1.2
Antineutrino

Data (stat err.)
+/-µ from e
+/- from Ke 0 from Ke

 misid0

 N
dirt
other
Constr. Syst. Error

 (GeV)QEE

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E
ve

nt
s/

M
e V

0.0

0.5

1.0

1.5

2.0

2.5

Neutrino

3.01.5

FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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MiniBooNE data exceeds expectation at low energy in 
anti-neutrino and neutrino oscillation modes. The excess 
at low energy comes from events with an 
electromagnetic show component. MiniBooNE has 
limited eg   differentiation due to the fact that it is a 
Cherenkov detector [1].

e/�

Exploring neutrino interactions with MicroBooNE
Tia Miceli for the MicroBooNE Collaboration

Detector design
MicroBooNE is a 170 ton (total volume) Liquid Argon Time Projection Chamber (LArTPC), located on Fermilab’s Booster Neutrino Beamline. LArTPCs 
provide uniquely distinguishable signals for photons and electrons, so they are ideal for resolving the ambiguous electromagnetic excess in MiniBooNE. 

Goals

Both results would be a great new contribution to our knowledge of neutrino phenomena!

A predicted reconstructed energy spectrum 
for photon-like events. Black line assumes 
the low energy excess observed by the 
MiniBooNE detector scaled to the 
MicroBooNE detector. The event predictions 
account for MicroBooNE detector efficiency, 
fiducial volume, and electron-photon 
separation efficiency. The prediction 
assumes data collected for 6.6x1020 protons 
on target in neutrino mode. The error bars 
indicate statistical-only uncertainty [2].

If the excess is dominated by photon events, we will have unveiled a new 
photon background never before considered in neutrino experiments. 

If the excess is dominated by electron events, we may discover 
new oscillation modes into a fourth generation neutrino. 
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Figure 8.1 The TPC inside the cryostat looking up the beamline from the downstream side. The cathode plane 
is on the right (beam-left).  The wire planes and PMT array are on the left (beam-right).  The TPC HV 
feedthrough is top-right (beam-left), and the TPC signal feedthroughs are shown top-left (beam-right). 

 

A (2.33 m height)×(2.56 m width)×(10.37 m length) rectangular solid defines the 61.8 m3 active 
volume of the TPC, which encompasses 86 tons of liquid argon when operational.  The TPC 
cathode plane forms the vertical boundary of the active volume on the left side of the detector 
when viewed along the neutrino beam direction (“beam-left”). Three parallel vertical sense wire 
planes are mounted on the “beam-right” side of the active volume.  The wires in the “Y” plane 
are oriented vertically, while wires in the “U” and “V” planes are oriented ±60 degrees, 
respectively, with respect to vertical.  Ionization electrons drift from beam-left to beam-right, 
reaching in turn the U, V, and Y planes.  The drifting electrons induce charge on the U and V 
induction plane sense wires as they drift by and deposit their negative charge on the Y collection 
plane sense wires.   

The TPC HVFT occupies a position near the beam-left downstream top corner of the TPC.  The 
TPC signal feedthroughs line up along the top beam-right boundary of the TPC. 

The MicroBooNE detector is situated so that it has 
an L/E (~1m/MeV) similar to that of MiniBooNE. 
The time projection chamber has a drift distance 
of 2.5 m, and is 10.5 m long and 2.3 m tall [2].
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The TPC has two induction wire planes at ±60°, and one vertical 
collection plane. The three planes enable us to reconstruct 
events on a plane parallel with the wires, the third dimension is 
resolved by transforming the drift time to the particular depth of 
the event in the TPC [3].
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The 128 nm scintillation light is shifted by a 
plate of tetra phenyl butadiene to 425-450 
nm. Those photons 
are then collected by 
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Ionized electrons 
freely travel through 
the liquid argon in a 
~500 V/cm electric 
field to the TPC anode 
wires [3].!

As a charged particle passes the liquid 
argon, the argon atom experiences  one 
of two processes, it becomes ionized, 
or excited. Both paths end by de-
exciting via scintillation.

Event reconstruction
A cartoon 3D anaglyph of a Neutral 
Current event in the MicroBooNE drift 
volume. A neutrino coming in from the 
right and exchanges a Z boson with 
the quarks in a proton. The collision 
results in a recoiling nucleus, short 
stub in the upper right, a medium 
length track on the bottom right, likely 
a charged pion, and the long shower 
on the left, a converted photon, likely 
from a neutral pion. !!!!!
Special thanks to Alistair McLean, 
NMSU, for the MicroBooNE computer 
model screen captures. Event 
superimposed from ArgoNeuT [4].

Collection)view

Induction)view)1Induction)view)2
PMT view

The three wire planes of 
the TPC collect ionization 
of tracks and showers in 
the argon enabling a 2D 
reconstruction on the plane 
parallel with the wires. The 
PMTs provide the crucial 
additional view, providing 
the distance perpendicular 
to the wire planes. Now the 
challenge is to program a 
computer to sum the 
images together into one 
3D image.

Similar to the previous figure, 
here a predicted reconstructed 
energy spectrum for electron-
like events, assuming the low 
energy excess observed by 
the MiniBooNE detector is due 
to an electron-like signal [2].
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X

MicroBooNE in a nutshell

MicroBooNE is a 85 active mass ton Liquid Argon Time 
Projection Chamber at Fermilab, located: 
• on the axis of the Booster Neutrino Beam (BNB); 
• off the axis of the Neutrinos at the Main Injector (NuMI) 

beam.

What is it?

As a charged particle passes through the liquid argon, the 
argon atom experiences one of two processes, it 
becomes ionized, or excited. Both paths end by de-
excitation via scintillation.

How does it work?

The photons are collected 
by one of the 32 8-inch 
photomultipliers (PMTs),

Ionized electrons travel 
through the liquid argon in a 
constant electric field and 
are collected by the TPC.

What is it?

How does it work?


