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• Is the standard model complete?
• Neutrino in the Standard Model has no mass
• However neutrino mass has been observed, and it is much smaller than all other 

particles 
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Te Standard Model of Elementary partcles

Who can explain tis t me?

• Theory about fundamental ingredients of 
matter and how they interact with each 
other

• Everything known in this world is made of 
these (and the mirror images)

The Standard Model of Elementary Particles

Minerba Betancourt

Neutrinos in the Standard Model

• Three flavor states νe, νμ, ντ 
• Interact weakly

• No electric charge

• Spin 1/2 particles

• Beyond the Standard Model

• Neutrino mass leads to oscillations
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Neutrinos in the Standard Model

➢ Standard Model
● Neutrinos are massless
● Three flavor states:

n
en
µn
t

● Interact weakly
● No electric charge
● Spin ½ particles

Beyond the Standard Model

●  Neutrinos have mass 
●  Neutrino mass leads to oscillations
●  Neutrinos can be either Dirac or Majorana
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Neutrinos have mass
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NEUTRINOS

HAVE MASS
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[albeit very tiny ones...]

So What?

April 27, 2016 ⌫ World
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Te Standard Model of Elementary partcles

Who can explain tis t me?• Why is there such large gap between 
neutrino masses and quark masses?

• Why do quarks and leptons exhibit 
different behavior?

• What is the absolute mass of neutrino?

Minerba Betancourt

• Neutrinos have mass and weak flavor states

• The probability of a neutrino να transforming into a νβ 

• 2 neutrino case

Neutrino Oscillations 
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L is the distance traveled, E the neutrino energy

Δm2ij=mi2-mj2 difference in the squared masses,  Uαj mixing amplitudes
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• Physics theorize that the big bang created equal amounts of matter and antimatter
• When corresponding particles of                                                                                  

matter and antimatter meet, they                                                                                                                                        
annihilate one another 

• But somehow we are still here and antimatter, for most part, has vanished
• How is that we exist?
• Neutrinos could help to explain why the universe has more matter than antimatter! 

What is the symmetry between matter and antimatter?
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Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 22'

Neutrinos are very very very light  

Why?  

How is it  
that we exist, 
anyway? 
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• Neutrinos have mass and weak flavor states

• There is a non-zero probability of detecting a different neutrino flavor than that 
produced at the source 

• The physics parameters are: the mixing angle and one mass squared difference 

Neutrinos Oscillate!
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Neutrino Oscillations
• The oscillation affects the probability that a neutrino is 

of a particular type as it travels

37

Neutrino Oscillations
This oscillation affects the probability that a neutrino is 
of  a particular type as it travels
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Important question : Can we reproduce the effect we

believe we are seeing in neutrinos from the cosmos 

here on Earth in the laboratory?

December 5, 2010Fermilab Ask-a-Scientist - Neutrinos!

Important question: Can we reproduce the effects that we’ve seen in 
neutrinos from the cosmos, here on Earth in the laboratory ?  

M. Sanchez - ISU/ANL

N E U T R I N O  O S C I L L AT I O N S  

• There is a non-zero probability of detecting a different neutrino flavor than that produced 
at the source: 
 
 

• For the two-flavor case we have one mixing angle and one mass squared difference, these 
are the physics parameters.  

• The path length and energy are experimental parameters.
17

• Since flavor eigenstates are linear combinations of the mass eigenstates:
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• Around 2003 neutrino physicists searched                                                          
for the parameter sin2θ13 

• The parameter sin2θ13 has now been                                                  
measured  

• In 2012 Daya Bay measured sin2θ13 for the                                                    
first time      

• Today is best known angle!                                                                                                                                           

Field moves quickly 

�6 M. Sanchez - ISU/ANL

T H E  M E A S U R E M E N T  O F  A N  A N G L E

• The parameter sin22θ13 has now been shown 
to be non zero.  

• In 2012 Daya Bay observed a clear 
disappearance signature, measuring  sin22θ13  
for the first time.  

• Today they know it to less than 6%! 

• A triumph of the 3 neutrino mixing framework. 
Global data had already hinted at this effect.  

• Other reactor and accelerator experiments 
have also released compatible results. 
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Precision Measurement of θ13

• Nature is kind to give us a relatively 
large θ13 (sin22θ13 ~ 0.1)


• Daya Bay was designed to discover 
sin22θ13 < 0.01 at 90% C.L. Now 
turning into a precision experiment


- Statistics:  
powerful reactors (17.6 GWth) + 
large detectors (80 ton at Far site)


- Reactor-related uncertainty:  
Far/Near relative measurement 


- Detector-related uncertainty: 
multiple functionally identical 
detectors (4 Near + 4 Far)


- Background:  
deep underground (860 m.w.e at 
far site)
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INSS, July 11-12, 2012 Karsten Heeger, Univ. of Wisconsin

At !m2
31 = 2.5x10-3 eV2,

  sin22"13 < 0.15

Search for Neutrino Oscillations at Reactors

early experiments tried to probe “atmospheric neutrino anomaly”
early oscillation experiments didn’t know the length scales involved

20
03

sin22θ13 < 0.15

CHOOZ

sin22θ13

sin22θ13 =&0.084&±&0.005

Results from Neutrino 2014

React. ! sin2 ✓13(4.7%)
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• Is there CP violation in the lepton sector? 
- May explain matter-antimatter asymmetry 

• What is the mass hierarchy? (sign of        ) 
- Important to be able to understand the reach of experiments that study whether 

neutrinos are their own antiparticle or not 
• Is θ23 maximal?  
• Is there a fourth “sterile neutrino”?

Remaining Questions

�7

�m2
32
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N E U T R I N O S  M A S S E S  A N D  M I X I N G

Two mass scales:  
The “atmospheric” mass scale: Δm2

32
 

The “solar” mass scale: Δm2
21

 

Large mixing angle for atmospheric 
neutrino oscillations. 
Solar neutrino oscillations are subject to 
matter effects with a non-maximal mixing 
angle. 
Third mixing angle is small and has 
been measured!  
CP violation in the lepton sector has 
NOT been measured. 
Mass ordering is NOT known for 
atmospheric neutrinos but known for 
the solar mass scale.

21

Δm2
32

Δm2
21

Experimental picture evolving quickly!

What do we know?
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• Oscillation probability depends on neutrino energy Eν
• We need to reconstruct the neutrino energy precisely

• Neutrino energy reconstruction is obtained using the final state particles of 
neutrino-nucleus interaction
• Fully active experiments reconstruct the energy using:  Eν=Elepton+hadron

• Nuclear effects modify the kinematics of the particles and the reconstruction of 
the neutrino energy

�8
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 Neutrinos in Nuclear Media

●One common theme of the experiments 
mentioned: they rely on large A 
materials (Fe, Ar, C, H

2
O etc.)

●Problem: nuclear effects caused by 
nucleons bound in a nucleus distort the 
measured kinematics of the neutrinos.

●Two detectors will not solve your 
problem: these effects modify the near 
and far energy spectra differently.

●Effects not well understood in neutrino 
physics. General strategy has been to 
adapt nuclear effects from electron 
scattering into neutrino scattering.

Neutrino scattering 
is 

straightforward...

...Until it's not!

E
had

In More Detail
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In More Detail

• Neutrino energy reconstruction is obtained using the final state particles of 
neutrino-nucleus interaction
• Fully active experiments reconstruct the energy using:  Eν=Elepton+hadron
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Charged Current Interactions

�10

Quasi-elastic 

Resonant pion 

Deep inelastic 

QE

RES

DIS

n p

Overview Charged Current Interactions

Minerba Betancourt

Neutrino Cross SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

14

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

9

T2K NOvA
DUNE MINERvA

Charged Current Interactions

13
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Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

DATA$Event$

μ"candidate(

p"candidate(

π"candidate(

Review of Quasi-Elastic Scattering

11
Minerba Betancourt 06/17/1510

• Quasi-elastic is one of the simplest channel in neutrino scattering
• We use a free nucleon CCQE formalism:

• where 

• Most of the form factors are known, except the axial form factor FA. This is 
parameterized as a dipole

• We need contribution from lattice QCD 
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Free nucleon CCQE formalism:

Definitely not simple!

But if you look closely, there are just 6 form factors involved

Quasi-Elastic Scattering

Quasi-Elastic Scattering (CCQE)
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Quasi-Elastic Scattering
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J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	
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µ�

p

Subtract the Plastic Background 
!   Predict spectrum of background using: 

 

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 32 
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Current Knowledge 
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neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 
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… the situation has been improving 
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J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 
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J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	
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Subtract the Plastic Background 
!   Predict spectrum of background using: 
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Also, we have Neutral current interactions  
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• Final state interaction (FSI):
- Due to final state interactions, particles can interact with nucleons and pions can 

be absorbed before exiting the nucleus and other nucleons get knocked out

• Nuclear effects modify the true/reco neutrino energy relationship and final-state 
particle kinematics

• Pion absorption is twice as big in Argon as it is in Carbon!

�11

Cheryl Patrick, Northwestern University

So what counts as a quasi-elastic?

19

Remember that we are trying to help oscillation experiments. To decide how to 
define a quasi-elastic, we should think about them: what are their detectors like? 

What energies do they operate at? How do CCQE events look in them?

Resonant events that fake CCQE?
Initially QE events with final-state pions?

“Quasi-elastic” 2p2h scattering?

We looked at two “similar” analyses from 
MINERvA and MiniBooNE… but in fact they 
used different definitions for what counted 

as CCQE. What should we use?

νμ
μ μ

Neutron
Proton

⇡

Only proton and muon escape

absorbed by 
the nucleus

Example of Nuclear Effects (Final State Interaction)

Start as a RES interaction, the pion is absorbed and the interaction looks QE like
 in our detector
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• Other examples of final state interactions:

�12

Final state interactions [FSI]

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 14 / 45

Two models available: hA and hN

Example of Nuclear Effects (Final State Interactions)
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How to make a neutrino beam

�13

1. PROTONS HIT CARBON. 

2. CHARGED PIONS ARE PRODUCED.

3. PIONS DECAY TO NEUTRINOS.

Carbon rod
High energy protons

How to make a neutrino beam

10

n π+ 

π+ 

K+

μ+ 

νμ 

νμ  

μ+ 

p+
p+ p+

μ+ 

νμ 

Neutrinos from the Main Injector (NuMI Beam)

11

Main Injector

p+

~1m

• Protons hit carbon
• Charged pions are produced
• Pions and kaons decay to neutrinos

Fermilab: home of the most powerful neutrino beams,
Two neutrino beams:NuMI and Booster
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• A beam of protons interact with a target and produce pions and kaons

• Focusing system (2 horns, with current, emitting B field)
• Decay region (large pipe, filled with helium)
• Monitors and absorbers 
• Neutrino beam produces mainly νμ and small component of νe

Neutrinos From Accelerators

�14

Joel Mousseau 16

The NuMI Beamline

MINERvA

● MINERvA's neutrinos are produced by the NuMI 
beamline.

● Primary beam is 120 GeV protons from the Main 
Injector.

● Protons collide with a 2 λ graphite target. Decaying 
mesons produce a beam of 98% ν

μ
.

● Modeling expected flux is difficult. Typical strategy 
is to use external data to model hadron production 
in target.

● Other in situ measurements possible from muon 
monitors, geometry runs and neutrino electron 
scattering are possible.

MINOS
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• The target and second magnetic horn can be moved relative to the first horn to 
produce different energy spectra 

• This allows a study of neutrino interaction physics across a broad neutrino energy 
range

• Neutrino oscillation experiments use interactions in the near and far detectors to 
study oscillation physics 

52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

Neutrino Energy Spectrum
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Off axis NuMI beam at ICARUS

�16

• ICARUS is located 103mrad off axis from the NuMI beam

• High statistics for muon and electron neutrinos at ICARUS from NuMI beam

Minerba Betancourt

• NOvA uses off-axis design:

• Detector Prototype 110 mrad off-axis

• NOvA Near Detector 14 mrad off-axis 
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Near Detector energy spectrum
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1 + �2✓2

Near Detector Prototype energy spectrum
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Neutrino Interactions from NuMI off axis 
• Vertex in LArTPC, making a cut on fiducial x, y and z coordinates in the active TPC
• Predicted events per year (6e20POT):

• CC muon neutrino=433056, NC muon neutrino=191232 
• CC electron neutrino=20608, NC electron neutrino=7312

Numu Nue
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• Mainly channels are quasi-elastic and resonance interactions 
• We could make cross section measurements for quasi-elastic and pion production 

scattering, for both electron and muon neutrinos

�18

Neutrino Interactions from NuMI off axis 

Numu Nue



Neutrino Cross Section at ICARUS
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• Ratio of electron neutrino to muon cross section has been measured on carbon
• Measurement of Electron to muon neutrino Quasielastic Scattering at MINERvA 

experiment 

• There are no high statistic measurements of the electron neutrino cross-section and 
muon to electron neutrino ratio cross section on argon at DUNE high energies

• This is an example of the measurements we could do 

2.4 Background

A rich set of new cross-section measurements from the MINERvA, T2K, MicroBooNE, and NOvA
are available, mainly for muon neutrino and antineutrino interactions [26]. For electron neutrinos,
the largest sample is from the MINERvA experiment. The electron-neutrino quasi-elastic-like
scattering measurement of hydrocarbons in the few-GeV region relevant to the DUNE energy
spectrum is shown in figure 2, which shows the ratio of the quasi-elastic di↵erential cross-section
⌫e to ⌫µ as a function of four momentum transfer (Q2). The data are found to be consistent
with lepton universality and are well described by the predictions of the neutrino event generator
GENIE; however, the uncertainties for this measurement are on the order of 20%.

Figure 2: Ratio of CCQE di↵erential cross-
section ⌫e to ⌫µ as a function of Q2.

There are expected di↵erences in the cross-sections of
muon and electron neutrinos: one source is from radiative
corrections (estimates of these di↵erences in the quasi-
elastic region could be in the order of 10% [4]). Similar
di↵erences exist for the deep inelastic scattering (DIS)
region. In the DIS region, the e↵ect of quantum elec-
trodynamics (QED) corrections on the electron energy
spectrum is shown in figure 3. There is a considerable
e↵ect above 2 GeV, at the peak of the oscillated electron-
neutrino spectrum in the DUNE far detector. This
comparison was made by Stefan Prestel (Lund Univer-
sity) as part of the working group discussions at FNAL.

The calculation assumes a charged-current DIS ⌫eq !
eq0 process, in which the neutrino energy is selected from
the DUNE near detector spectrum, the quark momentum
is picked according to parton distribution functions within the proton, and the proton remnants are
handled at the Hadron-Electron Ring Accelerator (HERA). This is somewhat sophisticated when
it comes to additional radiation; quantum chromodynamics corrections on the partonic line include
the correct matrix elements, including interferences, for up to ⌫eq ! eq0 parton–parton states,
and similarly, QED corrections recover the correct matrix elements (including interferences) for up
to ⌫eq ! eq0 gamma-gamma or ⌫eq ! eq0 lepton-lepton states. These corrections are currently
completely neglected in neutrino event generators.

Pythia 8 ne + p ! e�+ hadrons (DIS) + QED
Pythia 8 ne + p ! e�+ hadrons (DIS)10�3
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Figure 3: E↵ect of QED corrections on the
electron energy spectrum. Di↵erences are
in the order of 10% at DUNE energies.

The precise measurement of electron-neutrino scatter-
ing interactions prior to DUNE will be of vital importance
for the precision of the neutrino oscillation program. As
there are very few electron-neutrino cross-section mea-
surements, we currently simulate electron-neutrino inter-
actions by assuming lepton universality, applying muon-
neutrino measurements to electron-neutrino simulations,
and correcting for di↵erences in lepton mass. There are
additional unknown nuclear e↵ects that will couple the
di↵erences caused by mass, leading to currently unquan-
tified uncertainties in the electron-neutrino cross-section
relative to muon neutrinos. The best way to understand
this process is to directly measure the neutrino cross-
sections.

The neutrino community has di↵erent event gener-
ators, such as Generates Events for Neutrino Interac-

8

Phys.Rev.Lett. 116 (2016) no.8, 081802  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• Probing final state nuclear effects using the leading proton                                                  
and the lepton

• Differential cross section in initial struck neutron                                                 
momentum 
- Useful to constrain initial nuclear effects, deficiencies in the model                                 

at low and mid region of the neutron momentum 

Measurements with Quasi-Elastics Events 

�20

• Differential cross section in initial struck neutron momentum pn

Initial Neutron Momentum

18

36

A. Furmanski, J. Sobczyk, Phys.Rev. C95 (2017) no.6, 065501

Assuming exclusive µ-p-A' final states

Use energy conservation to close the equations

p
n
: recoil momentum of the nuclear remnant

11
C*

n

For CCQE with elastic FSI, A' = 
11

C*

No more unknowns

p
n
: neutron Fermi motion *weakly smeared

recoil

Fermi 

motion

A more general analysis of kinematic imbalance

Transverse:

Longitudinal:

New variable:

Neutrino energy is unknown (in the first 

place), equations are not closed.

Xianguo Lu, Oxford 36
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Xianguo Lu, Oxford

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	
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µ�

p

94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

Transverse

Longitudinal

New variable

arXiv:1805.05486  
Accepted for publication PRL

Phys.Rev.Lett. 121 (2018) no.2, 022504 
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Using ICARUS simulation for electron neutrinos
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Neutrino Cross section
• Two types of neutrino oscillation measurements:

•  Appearance and disappearance

• In both cases we count events induced by given type of 
neutrinos Quasi-Elastic scattering (QE)

Neutrino
 flux φ

Density of targets n

Volume of the 
detector V

ν
ν

ν

νν

ν

Cross section σ

Number of interactions
per second 

 φσnV

11

'�nV

• A measure of the probability of an interaction occurring

�21

 Neutrino Cross Section

Number of interactions that occurred

Number of targets 
Total flux of incident neutrinos per unit area

Cross Section � =
N

�T

For a neutrino that has 1 GeV 
of energy the cross section 

�(⌫N) ⇠ 10�38cm2

�(pp) ⇠ 10�26cm2compare with 

tiny
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Detector

�22

Time Projection chamber (TPC)

Photomultipliers  (PMT)

Cosmic Ray Tagger (CRT)
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• All cross section analyses need to use reconstructed tracks or showers                                                           
• We need calibration of the charge and energy response in the TPCs

• Calorimetry and particle ID
• We need reconstruction from the PMT and CRT systems to reject the cosmic 

background
• TPC-PMT matching and CRT-PMT matching

• Measurements will be done as function of neutrino energy, four momentum transfer, 
muon/electron momentum and angle 
• Need to reconstruct muon momentum and angle, neutrino energy, four momentum  
• Eν=Elepton+hadron

Building a Cross Section

�23

Slide: 31PAC Meeting, 01/15/20

Studies on νµ event 
BNB νµCC event (Eν=1.17 GeV) 

●  Shallow depth operation: several out of time cosmic rays overlapping the 
ν event drift window 

●  ICARUS measured events: low energy CNGS ν events from LNGS run 
superimposed to an event from the surface test run in Pavia   

BNB νµCC event (Eν=1.24 GeV) 
and overlapping cosmics 

Cosmics in surface run   ν interactions in LNGS run   
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νe selection and reconstruction

●  The selection and reconstruction of νe interaction is more 
challenging 
Ø  Intrinsically more complex topology of the events 
Ø  Potential background from misidentified γ-initiated showers 

generated by cosmics and by π0 in NC  neutrino events  
●  Good progress in the development and tuning of tools to select 

genuine νe interactions while rejecting backgrounds 
 

BNB νeCC (Eν=1.13 GeV) 
and overlapping cosmics 

BNB νeCC (Eν=670 MeV) 

BNB νµNC (Eν=530 MeV) 

Present production  

• e-! separation based on the ionization density at                                                                                     
the beginning of the shower
- e-showers are expected to start with 1 m.i.p.                                                               

ionization density 

- !-showers should start with 2 m.i.p. from pair                                              
conversion                                                                                                  

• Promising results with the present stage of the                                             
reconstruction tuning:
- ~90% electron efficiency

- ~90%  ! rejection for well reconstructed ν vertex
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• Working with the electron neutrino event selection using the simulation
• Initial studies used the following cuts:

• Longest track length
• Shower start position
• One shower with energy greater than 250 MeV and initial dE/dx cut

• Recently there has been a lot development with the SBN event selection and we 
have started to look other variables and cuts using the analysis framework from 
SBN and starting to look into optimization

Electron Neutrino Event Selection 
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More details at SBN-docs 
 21651 and 21426



Electron Neutrino Event Selection 
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• Initial work explored comics background rejection 
•  Preliminary studies using containment cuts on tracks/showers

•  PMT flash matching using the PMT information  
Cut to reject the cosmic



Electron Neutrino Event Selection 
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• Initial work explored comics background rejection 
•  Preliminary studies using containment cuts on tracks/showers

•  PMT flash matching using the PMT information 
•  CRT cuts using hits from CRT

• More information from CRT could be used to reduce further the cosmic 
background                                                              
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Muon Neutrino Event Selection 
• Starting the analysis with MC simulations 

• Using different cuts to reject the cosmic background 

• Energy spectrum before and after the cuts 
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NuMuCCs: Full Selection

● These two plots show the NuMuCC slices before the full selection (black) and after the full selection (green).

● Reminder: These results are without CRT and no in-time cosmics.

Fiducial Volume (Truth)
Non-Clear Cosmic

Pandora    - Score (> 0.4)
Flash Matching Score (< 6)

             

Rejected: 41.45%       
  

Fiducial Volume (Truth)
Non-Clear Cosmic

Pandora     - Score (> 0.4)
Flash Matching Score (< 6)

        Remaining: 33.75%     

Rejected: 66.25%       
  

 BNB NuMI

Comparison
13.2e20 POT       6.6e20 POT       

Remaining: 59.55%       
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• Neutrinos are great probes to answer fundamental questions about the nature of 
matter and the evolution of the universe

• Several discoveries since the first experimental evidence of neutrinos

• Oscillation experiments depend on modeling nuclear effects correctly and 
knowledge of cross sections to a few percent for precision oscillation 
measurements

• Rich physics program of neutrino-argon scattering measurements at ICARUS 
• We have been commissioning the ICARUS detector at FNAL
• Working with the event selection in MC simulations and data
• Exciting times, we will be working to produce electron and muon neutrino cross 

sections 
• ICARUS data taking for physics expected in fall 


