
Chimera Events in the 
MicroBooNE Experiment

Polina Abratenko
June 10, 2019

New Perspectives
�1



Short Baseline Low Energy Excess Search

• Major goal of MicroBooNE: 
investigate the excess of low energy 
events (LEE) observed by 
MiniBooNE
• Recreate this measurement with 

reduced background

• Dominated by charged-current 
quasi-elastic (CCQE) events

• Constrain systematic uncertainties 
on intrinsic      background with       

• Using deep learning techniques for 
this LEE analysis

!2

LSND/MiniBooNE ν Anomaly
• 2001:	LSND observes	an	excess	of	EM-like	events	

at	energies	<	1	GeV

§ 3.8σ	excess	consistent	with	!̅# → 	 !̅& oscillations
• 2009:	MiniBooNE observes	a	similar	excess	for	

both	neutrino	&	anti-neutrino	data

§ different	systematics,	energy,	&	event	signature	than	

LSND

3K.	Miller	|	University	of	Chicago

MiniBooNE Low Energy Excess 

June	10	2019

'( → 	')	?

Excess is in the 
200-800 MeV 

range

νµνe



CCQE Events in MicroBooNE

!3

L. Yates︱APS April Meeting 2019 "3

Definition of the Signal
• Define our signal to be charged current quasi-elastic (CCQE) events with one lepton 

and one proton (1ũ1p) topology 

‣ Lepton (electron or muon) with kinetic energy >35 MeV 

‣ One proton with kinetic energy >60 MeV (possibly others below that energy threshold) 

• Requiring a proton reduces backgrounds due to cosmic and single-photon events

νe event: possible LEE signal event or 
irreducible intrinsic background

K.E.e = 320 MeV 
K.E.p = 123 MeV

ν& event: used to constrain systematic 
uncertainties on intrinsic backgrounds

K.E.µ = 73 MeV 
K.E.p = 266 MeV
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MicroBooNE Deep Learning LEE Analysis
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Cosmic Tagging

Track vs. Shower Pixel Labeling

Vertex Finder

Track/Shower Reconstruction

Particle Identification

Muon Neutrino Selection Electron Neutrino Selection

Public Notes:
MICROBOONE-NOTE-1042-PUB
MICROBOONE-NOTE-1051-PUB

Publications:
JINST 12, P03011 (2017)
Phys. Rev. D99, 092001 (2019)

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1042-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1051-PUB.pdf
http://iopscience.iop.org/article/10.1088/1748-0221/12/03/P03011/meta;jsessionid=1238492A9F6846527EFC3137FF9741FD.c4.iopscience.cld.iop.org
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092001


MicroBooNE Deep Learning LEE Analysis
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• Interested in CCQE events that are: 

• Fully contained in the TPC

• Between 200-800 MeV neutrino 
energy

• Of a two-particle topology consisting 
of 1 lepton (electron, muon), 1 
proton 

• Need a good sized sample in data

• Including all detector effects, dead 
wires, etc.

• MicroBooNE detector is difficult to 
simulate
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FIG. 1. Comparison of the generated vs. measured muon momentum (a) and cosine of the muon angle (b) for the simulated
and selected ⌫µ CC events. The binning is the same as used in the cross-section extraction.

is 823 MeV. The relevant energy range for this measure-
ment is from 325 to 1325 MeV, which includes 68% of
neutrinos from the BNB.

We report the final cross section result as a function
of measured kinematic variables following a “forward-
folding” approach. This is done using a migration ma-
trix S, which transforms the number of generated events
Ngen

j in a bin j of generated momentum and angle to
the number of events Ni in a bin i of measured momen-
tum and angle. Ni =

PM
j=1 SijN

gen
j where S is given by

Sij = P (measured in bin i | generated in bin j) and M is
the total number of bins. The e�ciency used in Eq. (1)
as a function of the measured quantities, ✏̃i, is given by

✏̃i =

PM
j=1 SijN sel

j
PM

j=1 SijN
gen
j

, (2)

where N sel
j and Ngen

j are the number of selected and gen-
erated signal events in bin j, respectively, with j being a
bin in generated momentum and angle.

The uncertainty on the measurement is dominated by
systematic uncertainties, which come from the neutrino
flux, neutrino interaction model, and detector response.
Uncertainties, both statistical and systematic, are en-
coded in a covariance matrix, E. The total uncertainty
matrix is a combination of the statistical and systematic
errors, E = Estat+Esyst, where Estat is the statistical un-
certainty matrix, and Esyst is the systematic covariance
matrix.

To assess the uncertainties on the neutrino flux predic-
tion, the final flux simulation from the MiniBooNE col-
laboration is utilized [12], updated to the MicroBooNE
detector location. For neutrino cross section model-
ing uncertainties, we use the Genie framework of event
reweighting [13, 19] with its standard reweighting param-

TABLE I. Contributions to the total cross section systematic
uncertainty.

Source of uncertainty Relative uncertainty [%]
Beam flux 12.4

Cross section modeling 3.9
Detector response 16.2
Dirt background 10.9

Cosmic ray background 4.2
MC statistics 0.2

Stat 1.4
Total 23.8

eters. For both cross section and flux systematics we use
a multisim technique [20], which consists of generating
several MC replicas, each one called a “universe”, where
parameters in the models are varied within their uncer-
tainties. Each universe represents a di↵erent reweighting.
N such universes are then created that can be combined
to construct the covariance matrix:

Eij =
1

N

NX

n=1

(�n
i � �cv

i )(�n
j � �cv

j ), (3)

where � is a shorthand notation for the double-
di↵erential cross section in Eq. (1), i and j correspond to
bins in measured quantities, �cv

i is the central value cross
section in bin i, and �n

i is the cross section evaluated in
the systematic universe n.

A di↵erent model is followed for systematics associated
with the detector model. In this case unisim samples [20]
are generated, where only one detector parameter at a
time is changed by its uncertainty. For M detector pa-

Contributions to total cross section systematic uncertainty
 (arXiv:1905.09694)

https://arxiv.org/abs/1905.09694


MicroBooNE Deep Learning LEE Analysis
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Idea:  
Work with data by 
creating our own  

“chimera” CCQE-like 
events

• Interested in CCQE events that are: 

• Fully contained in the TPC

• Between 200-800 MeV neutrino 
energy

• Of a two-particle topology consisting 
of 1 lepton (electron, muon), 1 
proton 

• Need a good sized sample in data

• Including all detector effects, dead 
wires, etc.

• MicroBooNE detector is difficult to 
simulate
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FIG. 1. Comparison of the generated vs. measured muon momentum (a) and cosine of the muon angle (b) for the simulated
and selected ⌫µ CC events. The binning is the same as used in the cross-section extraction.

is 823 MeV. The relevant energy range for this measure-
ment is from 325 to 1325 MeV, which includes 68% of
neutrinos from the BNB.

We report the final cross section result as a function
of measured kinematic variables following a “forward-
folding” approach. This is done using a migration ma-
trix S, which transforms the number of generated events
Ngen

j in a bin j of generated momentum and angle to
the number of events Ni in a bin i of measured momen-
tum and angle. Ni =

PM
j=1 SijN

gen
j where S is given by

Sij = P (measured in bin i | generated in bin j) and M is
the total number of bins. The e�ciency used in Eq. (1)
as a function of the measured quantities, ✏̃i, is given by

✏̃i =
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j
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gen
j

, (2)

where N sel
j and Ngen

j are the number of selected and gen-
erated signal events in bin j, respectively, with j being a
bin in generated momentum and angle.

The uncertainty on the measurement is dominated by
systematic uncertainties, which come from the neutrino
flux, neutrino interaction model, and detector response.
Uncertainties, both statistical and systematic, are en-
coded in a covariance matrix, E. The total uncertainty
matrix is a combination of the statistical and systematic
errors, E = Estat+Esyst, where Estat is the statistical un-
certainty matrix, and Esyst is the systematic covariance
matrix.

To assess the uncertainties on the neutrino flux predic-
tion, the final flux simulation from the MiniBooNE col-
laboration is utilized [12], updated to the MicroBooNE
detector location. For neutrino cross section model-
ing uncertainties, we use the Genie framework of event
reweighting [13, 19] with its standard reweighting param-

TABLE I. Contributions to the total cross section systematic
uncertainty.

Source of uncertainty Relative uncertainty [%]
Beam flux 12.4

Cross section modeling 3.9
Detector response 16.2
Dirt background 10.9

Cosmic ray background 4.2
MC statistics 0.2

Stat 1.4
Total 23.8

eters. For both cross section and flux systematics we use
a multisim technique [20], which consists of generating
several MC replicas, each one called a “universe”, where
parameters in the models are varied within their uncer-
tainties. Each universe represents a di↵erent reweighting.
N such universes are then created that can be combined
to construct the covariance matrix:

Eij =
1

N

NX

n=1

(�n
i � �cv

i )(�n
j � �cv

j ), (3)

where � is a shorthand notation for the double-
di↵erential cross section in Eq. (1), i and j correspond to
bins in measured quantities, �cv

i is the central value cross
section in bin i, and �n

i is the cross section evaluated in
the systematic universe n.

A di↵erent model is followed for systematics associated
with the detector model. In this case unisim samples [20]
are generated, where only one detector parameter at a
time is changed by its uncertainty. For M detector pa-
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https://arxiv.org/abs/1905.09694


Chimera Events
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E.g. A        CCQE event:νµ



Applications of Chimera Events
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• Studies on systematic uncertainties: validate algorithms’ 
performance on samples with known properties
• Location of vertex and opening angles of lepton/proton are 

known 

• Evaluating selection efficiency, reconstruction’s energy 
resolution for events similar to a target final state

• Create events for re-training a network
• First pass on MC to teach general interaction features

• Re-train on chimeras to teach about data/MC differences



Finding the Right Tracks
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• Select tracks that closely match a target topology to preserve detector 
effects
• For this reason, want to avoid rotating/drastically moving tracks

• Put constraints on specific parameters and search through a pool of 
existing events

• Care about kinematics (angle, track length) and systematics (position)
• Parameters: X, Y, Z,    ,    , length

• Muons and protons

• Candidate entries must pass selection cuts 

• Minimize a likelihood to choose a track, given 6 parameters as input

• To start, focus on MC BNB      -like events

θ φ

νµ



Maximum Likelihood
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• Say we have a defined input parameter, X

• For finding the closest matching value to this X, assume a 
gaussian function with mean at the value X

• The width of this gaussian is configurable (   )

• Each       is a candidate “closest match”

σ

xi

f(x) =
1

√

2πσ2
e
(

−

1

2

(xi −X)2

σ2

)



Maximum Likelihood
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• We have 6 input parameters: X, Y, Z,   ,    , length

• Take the log likelihood product of each gaussian:

• Loop through each event and compute likelihood, then minimize

• Parameters, sigmas taken as input

• User can feed in existing events or input desired parameter values

• Set sigma for each parameter to control precision of match

θ φ

(

−

1

2
ln(2π)−

1

2
ln(σ2

x)−
1

2σ2
x

(xi −X)2
)

+ . . .+
(

−

1

2
ln(2π)−

1

2
ln(σ2

l )−
1

2σ2

l

(l − L)2
)



Choosing a Track: Performance
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Choosing a Track: Performance
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All parameters weighted equally (σ = 1.0)
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Keeping σφ = 0.0001 and all other σ = 1.0, how 
does it affect the parameters?
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Don’t need phi to be this exact
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First pass at optimizing 
(σθ = 0.01, σφ = 0.01, all other σ = 1.0)
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Protons with σθ = 0.01, 
σφ = 0.01, all other σ = 1.0
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Chimera Events
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The first chimera event!
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Conclusion and Outlook

• We are able to find closely matching tracks successfully

• Can tune precision of each parameter: X, Y, Z,   ,    , length
• Muons and protons
• Electrons to come!

• Next step: produce a large sample of chimera events

• Can use for systematic uncertainties in MicroBooNE going 
forward!

Conclusion and Outlook

θ φ
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Thank you!



Backup Slides
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Chimera Definition
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…Hopefully not!



νμ Event Selection
1. Reconstructed vertex is inside fiducial volume

2. Exactly two tracks reconstructed

3. Tracks are well-reconstructed*

4. Tracks are fully contained in the active volume

5. Consistency between three different initial neutrino energy reconstruction 
methods*

6. Cuts placed on reconstructed transverse momentum of the interaction*

7. Reconstructed Q2 > 0*

8. Reject events with significant shower activity in either track

!22

*For details, see:
MICROBOONE-NOTE-1051-PUB

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1051-PUB.pdf


Detector Systematics

!23

Latest MicroBooNE 
Cross-Section Measurement: 
arXiv:1905.09694

Marco Del Tutto 
24th May 2019!59

Detector Systematics
Systematic Sample Relative 

Uncertainty [%]
Induced Charge Effect 13.0

Light Yield Model 4.7

Channel Saturation 4.3

Space Charge Effect 3.7

TPC Visibility 3.7

Electron Lifetime 2.9

Misconfigured Channels 1.8

Longitudinal Diffusion 1.7

Transverse Diffusion 1.6

PE Noise 0.4

Wire Response 0.2

Wire Noise 0.1

Electron Recombination 0.1

We generated MC samples 

for each one of these 

detector parameters and 

recalculated the cross 

section for each: σm. 

The uncertainty has then 

been evaluated as:

Edet
ij = ∑

m
(σcv

i − σm
j ) (σcv

j − σm
j )

Detector Response Relative Uncertainty on Total Cross Section: 16%

MicroBooNE Signal Processing Papers: 
JINST 13, P07006 (2018)
JINST 13, P07007 (2018)

https://arxiv.org/abs/1905.09694
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007

