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 Is the standard model complete?

2

André de Gouvêa Northwestern

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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Where do neutrinos come from?
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• Neutrinos are the most common matter particles in the universe

• Reviewing the neutrino interactions relevant to neutrino oscillation at the few GeV 
region 



Minerba Betancourt

• 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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• The probability of a neutrino νμ transforming into a νe

• where the mixing matrix has 3 mixing angles and one phase 

What do we know?
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• The 3-neutrino mixing matrix 

3 mixing angles θ12 , θ23 , θ13  and CP violating phase δ

The PMNS Mixing Matrix
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Atmospheric Cross-mixing Solar
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This is the probability that a neutrino that starts as να eigenstate after it travels a distance L is detected as a νβ .
We can see from the probability equation (7) if the neutrino masses are equal to zero oscillations do not occur.

A. Three neutrino mixing

Considering three generations of neutrinos, in the neutrino oscillations formulation, the flavor eigenstates are related
with mass eigenstates through the PMNS matrix. Writing the equation (1) for the three neutrino flavor in matrix
form, we have





νe
νµ
ντ



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3









ν1
ν2
ν3



 =





c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23
s23s12 − s13c23c12eiδ −s23c12 − s13c13s12eiδ c13c23









ν1
ν2
ν3





where cjk = cosθjk and sjk = sinθjk. The parameters of the matrix can be classified into different neutrino oscillations.
The atmospheric neutrino oscillations are determined by the θ23 and ∆m2

23 parameters. The solar neutrino oscillations
are determined by θ12 and ∆m2

12 . And the cross mixing can be determined by θ13, ∆m2
13, and δ. This matrix can

also be written as the multiplication of the three matrices

U =





1 0 0
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cosθ13 0 e−iδsinθ13

0 1 0
−e−iδsinθ13 0 cosθ13









cosθ12 sinθ12 0
−sinθ12 cosθ12 0

0 0 1



 .

The parameters θ13 and δ still unknown.
Using this matrix and the probability from equation (7), it is possible to construct the probability of νµ → νe
oscillations in vacuum. The complete expression for the probability is
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The main goal of the Nova experiment is to find the mixing angle θ13 and the CP phase δ. The next sections will
provide a brief description of the experiment.

B. Two flavor approximation

The study of neutrino oscillation can be described with the two flavor approximation. From the relation of the mass
eigenstates and flavor eigenstates equation (1), the νµ and νe flavor eigenstates are related with the mass eigenstates
ν1 and ν2 as follows

|νµ >= cosθ|ν1 > +sinθ|ν2 >, (9)

|νe >= −sinθ|ν1 > +cosθ|ν2 > . (10)

The time evolution of the weak eigenstate |νµ > is

|νµ >= cosθe−E1t|ν1 > +sinθe−E2t|ν2 > . (11)

The probablity of a muon neutrino transforming into a electron neutrino is

P (νµ → νe) = | < νµ|νe > |2 (12)

= sin2θcos2θ|e−iE2 − e−iE1 |2 = sin22θsin(
(E2 − E1)t

2
), (13)

PMNS: Pontecorvo, Maki, Nakagawa, Sakata

Super Kamiokande, K2K, MINOS RENO, Daya Bay, MINOS, NOvA SNO, KamLAND
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Neutrino Oscillation at Long Baseline 

7

Neutrino oscillations at long baseline 
Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60 
(2008) 338-402. arXiv:0710.0554 [hep-ph]

P (⇥µ ⇥ ⇥e) ⇤ |
p

Patme
�i(�32+�) +

p
Psol|2

= Patm + Psol + 2
p

PatmPsol (cos�32 cos � � sin�32 sin �)

a = GFNe/
p
2 ' 1

3500 km

aL = 0.08 for L = 295 km

aL = 0.23 for L = 810 km

aL = 0.37 for L = 1300 km

Parameter Channels Question

14

Mark Messier, Neutrino 2023 summer school 
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• Cosmic rays hit the earth isotropically
• People expected: 

• However, Super-Kamiokande                                                                                       
found 

• In 1998 Super-Kamionkande                                                                                      
announces the discovery of                                                                                         
neutrino oscillation

The Atmospheric Neutrino Anomaly

8

primary cosmic ray

air molecule
p�⌫µ(Up)

�⌫µ(Down)
= 1

�⌫µ(Up)

�⌫µ(Down)
= 0.54± 0.04

Upward-going  muon 
neutrinos depleted 
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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 

9 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)

3

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

10

�m2
32

6

masses, respectively, m1, m2, and m3:

⌫↵ =
X

i

U↵i⌫i, (II.1)

where i = 1, 2, 3, ↵ = e, µ, ⌧ and U↵i are the elements of the 3 ⇥ 3 unitary leptonic mixing

matrix, also referred to as the neutrino mixing matrix or the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix. The neutrino mass eigenstates are defined through the relative values of the

neutrino masses-squared, as follows: m
2
2 > m

2
1 and |m

2
3 � m

2
1|, |m

2
3 � m

2
2| > m

2
2 � m

2
1 in such

a way that m
2
3 > m

2
2 > m

2
1, termed the normal mass-ordering (NMO), or m

2
3 < m

2
1 < m

2
2,

termed the inverted mass-ordering (IMO). In the NMO, �m
2
31, �m

2
32 are positive while in the

IMO �m
2
31, �m

2
32 are negative. The two mass orderings are depicted in Figure 1. The mass

ordering is currently unknown. A slight preference in the world neutrino data for the NMO [29]

has recently disappeared with new data [30].

(∆m2)sol

(∆m2)sol

(∆m2)atm

(∆m2)atm

νe

νµ

ντ

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy

FIG. 1: Illustration of the two distinct neutrino mass orderings that fit nearly all of the current neutrino data,

for typical values of all mixing angles and mass-squared di↵erences. The color coding (shading) indicates

the fraction |U↵i|
2 of each distinct flavor ⌫↵, ↵ = e, µ, ⌧ contained in each mass eigenstate ⌫i, i = 1, 2, 3.

For example, |Ue2|
2 is equal to the fraction of the (m2)2 “bar” that is painted red (shading labeled as “⌫e”).

From [31].

The PMNS matrix is parameterized with three mixing angles ✓12, ✓13, ✓23 and one (three) CP-

odd phase(s) � (�, ⌘1, ⌘2) if the neutrinos are Dirac (Majorana) fermions. Throughout, we will use

the PDG parameterization for the PMNS matrix [28] and will assume the three-massive-neutrinos

paradigm is true, unless otherwise noted.
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How to make a neutrino beam

11

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

12

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

13
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Neutrino Oscillation Program at Fermilab

14

Present

Long-BaseLine Neutrino Oscillation Program

2032

Present 2022
Short-BaseLine Neutrino Oscillation Program

DUNE

MicroBooNE ICARUS

CP violation?
Mass hierarchy?

Sterile Neutrinos?
2024

SBND

NOvA

MiNiBooNE

Cross Section Experiment

MINERvA
Collected data for several years 
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• Use a high intensity beam of neutrinos from Fermilab
• Construct detectors at far locations: MINOS+ at 735 km (ended data-taking), NOvA at 

810 km (taking data) and DUNE at 1300 km (in design)

Long-baseline Experiments: What can we learn?

15

9

Long-baseline experiments: What can we learn?
● Precision measurements of mixing parametrs
● Neutinos mass hierarchy?

CP Violaton?
Neutino vs Ant-neutino oscilatons

Nova
(Ash river)

MINOS(+)
(Soudan)

DUNE
(Home Stake)

Fermilab Long-baseline
experiments

also, T2K in Asia
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9
J. Nowak, Lancaster University
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Neutrinos from Booster

Neutrinos from NuMI

• Three argon Time Projection Chambers (TPC) detectors at different baselines from 
Booster neutrino beam searching for sterile neutrino oscillations 
- Measuring both appearance and disappearance channels 

Short-baseline Experiments
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• We are using heavy targets for oscillation experiments, such as carbon and liquid argon
• Using heavy targets involves modeling nuclear effects
• We need to model nuclear effects on a range of nuclei

All Accelerator-Based Experiments at Fermilab

17

Minerba Betancourt I The MINERvA Experiment 02/05/15

Neutrino Experiments

• Introduction
• Motivation
• Overview of cross section measurements
• Charged current quasi-elastic
• Pion production
• Charge current inclusive 
• Deep inelastic 

2

5

3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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Fig. 1. A side-view of the NOMAD detector.

with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment

5

17 mm

16.7 mm

3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
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NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.
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tional veto to remove through-going muons from neutrino
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• 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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering

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) 

12

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)

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

15

µ�

p

Subtract the Plastic Background 
  Predict spectrum of background using: 

 

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

Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	

Found	this	event	in	
scin2llator	of	tracker	

Pretend	the	same	event	
happened	in	plas2c	background	

Module Number S
tri

p 
N

um
be

r 

Module Number S
tri

p 
N

um
be

r 

Quasi-elastic 

Resonant pion 

Deep inelastic 

QE

RES

DIS

St
rip

 N
um

be
r

St
rip

 N
um

be
r

St
rip

 N
um

be
r

Module Number

Module Number

Module Number

⌫µ µ

µ

µ

⌫µ

⌫µ

Charged Current Interactions

13

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

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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering

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) 

12

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)

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

15

µ�

p

Subtract the Plastic Background 
  Predict spectrum of background using: 

 

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

Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	

Found	this	event	in	
scin2llator	of	tracker	

Pretend	the	same	event	
happened	in	plas2c	background	

Module Number S
tri

p 
N

um
be

r 

Module Number S
tri

p 
N

um
be

r 

Quasi-elastic 

Resonant pion 

Deep inelastic 

QE

RES

DIS

St
rip

 N
um

be
r

St
rip

 N
um

be
r

St
rip

 N
um

be
r

Module Number

Module Number

Module Number

⌫µ µ

µ

µ

⌫µ

⌫µ

Charged Current Interactions

13

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

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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering

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) 

12

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)

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

15

µ�

p

Subtract the Plastic Background 
  Predict spectrum of background using: 

 

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

Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	

Found	this	event	in	
scin2llator	of	tracker	

Pretend	the	same	event	
happened	in	plas2c	background	

Module Number S
tri

p 
N

um
be

r 

Module Number S
tri

p 
N

um
be

r 

Quasi-elastic 

Resonant pion 

Deep inelastic 

QE

RES

DIS

St
rip

 N
um

be
r

St
rip

 N
um

be
r

St
rip

 N
um

be
r

Module Number

Module Number

Module Number

⌫µ µ

µ

µ

⌫µ

⌫µ

Charged Current Interactions

13

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

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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering

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) 

12

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)

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

15

µ�

p

Subtract the Plastic Background 
  Predict spectrum of background using: 

 

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

Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	

Found	this	event	in	
scin2llator	of	tracker	

Pretend	the	same	event	
happened	in	plas2c	background	

Module Number S
tri

p 
N

um
be

r 

Module Number S
tri

p 
N

um
be

r 

Quasi-elastic 

Resonant pion 

Deep inelastic 

QE

RES

DIS

St
rip

 N
um

be
r

St
rip

 N
um

be
r

St
rip

 N
um

be
r

Module Number

Module Number

Module Number

⌫µ µ

µ

µ

⌫µ

⌫µ

Charged Current Interactions

13

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

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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering

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) 

12

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)
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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

Subtract the Plastic Background 
  Predict spectrum of background using: 
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Charged Current Interactions
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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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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 

d�

dQ2
QE

=
M2G2

F cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}

12/09/13  12

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)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering
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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) 
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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 ) 

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)
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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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  Predict spectrum of background using: 
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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

19

P (⌫↵ ! ⌫�) ⇡ 1� sin2 2✓ sin2(
�m2L

E⌫
)

Joel Mousseau 6

 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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• 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!

20

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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• Nuclear effects modify the neutrino energy, for example multi-nucleon interactions

• The resulting di-nucleon pair undergo final state interaction and produce low 
energy proton and neutrons which we do not detect well  

• Multi-nucleon processes smear the reconstructed neutrino energy
• The nuclear effects are big (>20%) 

Example of Nuclear Effects (multi-nucleon interaction)

21

νμ

pair of nucleons

μ

 nucleons
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• Other examples of final state interactions:

22

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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Studying Nuclear Effects in MINERvA

Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment

5

17 mm

16.7 mm

3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized

���������
����
������
���������
���������������	�����������
Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

• Fine-grained scintillator tracker surrounded by calorimeters 
• MINERvA has different nuclear targets iron, lead, carbon, helium, and water

23

Three views of scintillator bars give 
unambiguous 3D track reconstruction

Thanks to MINOS
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Cross Section Measurements

• Cross section is extracted using:

24

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width

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

15

µ�

p

Selected sample
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• Using the unattached visible energy for the events passing the proton pID for two 
different bins of Q2 in the tracker

• Using the background dominated region in the unattached visible energy distribution

• Let the background float in the fit while keeping the signal constant until the total 
matches the data distributions

Background Constraint Procedure for Non-CCQE like
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• Data prefers the simulation with final state interactions

• The A dependence in NuWro seems to be more favored by the data
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Comparing with Generators (GENIE vs NuWro)

carbon iron lead

GENIE 5.9/5 19.9/5 17.5/5

NuWro 6/5 14.6/5 11.1/5

Χ2/d.o.f

26

CH Carbon

Iron Lead
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 MINERvA Results
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• Is there CP violation in the lepton sector
• What is the mass hierarchy? (sign of        )

• Use simulations to extrapolate from near detector to far detector σνμ—>σνe

• We definitely need a nuclear model to convert from produced to detected energy 
spectra and topologies in the near and the far detectors 
• This illustrates the significance of precise knowledge of neutrino interactions physics 

needed for oscillation studies

Addressing these Remaining Questions

28

�m2
32

Source

Near Detector

Far Detector

Neutrino beam produce 
mainly νμ and small 

component of νe

Nuclear Effects Nuclear Effects

• Having a near and a far detector help to cancel some systematics
• Since the flux is different at near and at far detectors, the convolutions of flux times 

cross section times nuclear effects is different, we still need a nuclear model to 
convert from produced to detected energy spectrum and topology

Near and Far Detector

8

Events at the Near Detector

Events at the Far Detector �
0
⇥ � ⇥ ✏⇥ P⌫µ!⌫e⇥

Nuclear Effects

Nuclear Effects

�⇥ � ⇥ ✏⇥

�⇥ �⇥ �0 ⇥ �⇥

Nuclear model

Beam of νμ

Signal: νe

Long-baseline Experiments: What can we learn?

24

9

Long-baseline experiments: What can we learn?
● Precision measurements of mixing parametrs
● Neutinos mass hierarchy?

CP Violaton?
Neutino vs Ant-neutino oscilatons

Nova
(Ash river)

MINOS(+)
(Soudan)

DUNE
(Home Stake)

Fermilab Long-baseline
experiments

also, T2K in Asia
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Where is the Far and Near Detector?

29
Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 53'

Where are all those neutrinos headed?   

And they make 
the journey from 

Fermilab to 
northern 

Minnesota in 
1/400th of a 

second! 

456'miles'

6'miles'

Neutrinos make the journey 
from Fermilab to northern 
Minnesota

Illinois 
Wisconsin
Minnesota

Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 54'

But will they change their flavor?!?   

νµ
ντ
νµνµ
νµ
ντντ

νµ

νµ

ντ
ντ
ντντ
ντ
ντντ

ντ

νµ

νµ
νµ
νµνµ
νµ
νµνµ

νµ

νµ
Path'to'MN'

0"miles"
Fermilab"

456"miles""
Soudan,"MN"

Illinois 

Wisconsin 

Minnesota 

Lake Superior 

5,400 tons, 2,300 ft   

MINOS 
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• Orthogonal layers of cells provide top and side views for each event 
• NOvA has been running for 10 years!

NOvA detectors are segmented liquid scintillator 

30

Far Detector
14 Kton

895 layers 

Near Detector
0.3 Kton

214 layers 

Prototype Detector
0.22 Kton
200layers 

NOvA Experiment

The NOvA detectors are segmented liquid scintillator 
detectors. Orthogonal layers of cells provide top and side 
views for each event

28Erika Catano-Mur (NOvA, William & Mary)Fermilab JETP, June 28th, 2024

15.5m

6.6cm3.9cm

Scintillation 
Light

Waveshifting
Fiber Loop

To APD 
Readout

NOvA Cell

Particle 
Trajectory

Minerba Betancourt 

23 Clarence Wret

● HK and DUNE will have enough events to be limited 
by the ~3% (an�-)νe uncertainty

● Current experiments at the 3-5% level uncertain�es*

Event counts at the FDs

Nμ
rec FHC 318 211 10000 7000

Nμ
rec RHC 137 105 14000 3500

Ne
rec FHC 108 82 3000 1500

Ne
rec RHC 16 33 3000 500

Sample

*Excep�on of T2K’s single-pion-below-threshold sample (10-15%)

• Several talks covered the current efforts to access the neutrino interaction 
uncertainties 

• Improving our understanding of neutrino uncertainties with current 
measurements from MINERvA, T2K, MicroBooNE and NOvA

• Next generation of oscillation experiment will have high statistics, neutrino 
interaction uncertainties will become the leading systematics 

Impact of neutrino Interaction Uncertainties on 
Oscillation Measurements 

5

Neutrons and Uncertainties

• Topic: (Anti)neutrino scattering that produces neutrons

• Why study neutron production?

– Big uncertainties from neutron scattering

– Handle on other cross sections:

● CCQE

● 2p2h

2

Acero, M. A. et al. Phys. Rev. D 106, 032004 (2022).

Clarence Wret
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A Neutrino Interaction from the NOvA Experiment

31

Mayly Sanchez - ISU

A  M U O N  N E U T R I N O  C A N D I D AT E

25

Zoomed	in	spa/ally



Minerba Betancourt

Neutrino Oscillations at Long Baseline 

32
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Phys.Rev.Lett. 106 (2011) 181801

MINOS Experiment

Long-baseline experiments like NOvA use neutrinos produced 
by a particle accelerator. Neutrinos before (after) oscillations 
are measured with a Near (Far) Detector

23Erika Catano-Mur (NOvA, William & Mary)Fermilab JETP, June 28th, 2024
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NOvA Experiment 

33

Near detector 
measurements

High statistics measurements at near detector 
provide reliable extrapolation to far detector 
and opportunities for cross-section 
measurements.
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𝚫m232 is now the most precisely known PMNS parameter 

34

Δm232 is now the most precisely known PMNS parameter. 
NOvA’s new result achieves a precision of 1.5%

58Erika Catano-Mur (NOvA, William & Mary)Fermilab JETP, June 28th, 2024

Δm232 is now the most precisely known PMNS parameter. 
NOvA’s new result achieves a precision of 1.5%

58Erika Catano-Mur (NOvA, William & Mary)Fermilab JETP, June 28th, 2024
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• Long-baseline neutrino oscillations, including discovery sensitivity to CP violation 
and neutrino mass ordering  

• MeV-scale neutrino physics, including supernova burst astrophysics and solar 
neutrinos 

• Broad program of physics searches beyond the Standard Model

Next Long-baseline neutrino experiment 
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● Long-baseline neutrino oscillations, including discovery sensitivity to CP 
violation and neutrino mass ordering

● MeV-scale neutrino physics, including supernova burst astrophysics and 
solar neutrinos

● Broad program of physics searches beyond the Standard Model, including 
baryon number violation, non-standard oscillations, dark matter
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• Most intense neutrino beam in the word will provide up to 1.3 MW intensity, 
designed to allow for future upgrade to 2.4 MW

• Deep underground cavern at SURF to accommodate four 17-kiloton argon Far 
Detector modules and underground near site 

Neutrino Beam and Underground Facilities 
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LBNF: world-class neutrino beam 
and underground facilities

● Most intense neutrino beam in the world will provide up to 1.2 

MW intensity, designed to allow for future upgrade to 2.4 MW

● Deep underground cavern at SURF to accommodate four 17-

kiloton LArTPC Far Detector modules, and underground near site
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• Near Detector Complex houses a set of detectors to predict the far detector 
spectrum and monitor the beam stability 

• A liquid argon TPC (ND-LAr) plus a Muon Spectrometer (TMS), these can move off 
-axis (PRISM system)

• An on-axis detector (SAND) 

Near Detector at Fermilab 

37 7                  July 19th, 2022                               Daniel Cherdack | University of Houston                       Seattle Snowmass Summer Meeting

The DUNE ND Complex - Phase I

SANDSAND
System for On-Axis System for On-Axis 
Neutrino DetectionNeutrino Detection

TMSTMS
Magnetized Temporary Magnetized Temporary 

Muon SpectrometerMuon Spectrometer

ND-LArND-LAr
Modular Liquid Modular Liquid 

Argon TPCArgon TPC

PRISMPRISM
30m Off-Axis Mobility for 30m Off-Axis Mobility for 

LAr + SpectrometerLAr + Spectrometer

60 meters 
underground

LBNFLBNF

ν/ν/νν  
BeamBeam
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Two LArTPC designs for Far Detector

38

DUNE – Phase I

8 July 2022 Intro to DUNE | FNAL all Scientist meeting23

• LBNF will provide caverns for 4 detector modules at SURF

- 1st detector to be installed in NE cavern has horizontal drift (like ICARUS and 
MicroBooNE)

- 2nd detector will go into SE cavern and has vertical drift (capitalizing on  elements of 
the dual phase development)

Note :  DUNE Science begins
when FD1 is filled and turned on

and recording tracks

n’s
 fro

m FN
AL

APA* Horizontal Drift

*Anode Plane Assemblies
**Charge Readout Planes

CRP** Vertical Drift

• First detector to be installed in NE cavern has horizontal drift technology like 
ICARUS

• Second detector will go into SE cavern and has vertical drift technology 



Minerba Betancourt

• Large-scale DUNE prototypes operated at CERN Neutrino Platform with low noise, 
stable high voltage and high purity 

• Stable operation of ProtoDUNE shows that the technology will work and is scalable 
to full DUNE

• Several publications from the successful operation between 2018 and 2020

• Near Detector LAr 2x2 prototype Module-1 operated successfully at Bern, 
preparation for neutrino beam test at Fermilab underway

39

Far and Near Detector Prototyping 

2022 Fermilab Users' Meeting28

Near detector prototyping efforts

● ND-LAr 2x2 prototype Module-1 operated 
successfully at Bern, preparation for neutrino 
beam test at Fermilab underway

● Dismounting of KLOE for                                      
SAND is underway

DUNE prototype in CERN
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• Four anomalies have been observed in neutrino                                                  
experiments at short baseline in the last 20 years
• These anomalies provided hints to indicate there is a fourth                                              

and non-weakly interacting (sterile) type of neutrino

• Each possibly explained by non standard sterile neutrino                                                               
states driving oscillations at Δm2new ≈ 1 eV2  and small                                  
sin2(2θnew)
• Is there any additional physics beyond the 3- flavor mixing                                        

neutrino oscillation?

Is there a fourth neutrino?

40

Minerba Betancourt

Short-Baseline Neutrino Anomalies 
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• Four anomalies have been observed in neutrino experiments at short baseline the 
last 20 years

• These anomalies provide hints to indicate there is a fourth and non-weakly 
interacting sterile type of neutrino

• Each possibly explained by non standard                                                               
sterile neutrino states driving oscillations                                                                         
at Δm2new ≈ 1 eV2  and small sin2(2θnew) 

Experiment Type Channel Significance
LSND anomaly DAR accelerator ν μ̅→  ν e̅ 3.8 s
MiniBooNE anomaly SBL accelerator νμ→  νe 4.5 s

ν μ̅→  ν e̅ 2.8 s
GALLEX/SAGE anomaly Source – e capture νe disappearance 2.8 s
Reactors anomaly b decay ν e̅ disappearance 3.0 s
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LIGHT STERILE NEUTRINO - EXPERIMENTAL LANDSCAPE

23"#$%&&'&&()*+,-./&012&&'&&3.45.*6&!78&9:9;

M. Dentler et al., JHEP 08:010 (2018) 

Limits from disappearance and 
appearance allowed region 
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FIG. 17: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020

POT neutrino data in the 150 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with

statistical errors) and predicted backgrounds (colored histograms). The dashed histogram shows

the best fit to the neutrino-mode data assuming two-neutrino oscillations.
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FIG. 18: The MiniBooNE neutrino mode cos ✓ distributions, corresponding to the total 18.75⇥1020

POT neutrino data in the 150 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with

statistical errors) and predicted backgrounds (colored histograms). The dashed histogram shows

the best fit to the neutrino-mode data assuming two-neutrino oscillations.

edge of the 5 m radius fiducial volume. (NC ⇡0 events near the edge of the fiducial volume

have a greater chance of one photon leaving the detector with the remaining photon then mis-

reconstructing as an electron candidate.) Fig. 23 shows the excess event radial distributions,

where di↵erent processes are normalized to explain the event excess, while Table IV shows

the result of log-likelihood shape-only fits to the radial distribution and the multiplicative

18

Phys. Rev. D 103, 052002 (2021) 

MiniBooNE 
electron-like 

excess 

Alternative (Beyond Standard Model) explanations exist that could explain the MiniBooNE (and LSND) anomalies.

A 4.7 ! tension arises when combining "e  appearance and "# disappearance data sets.

• Sterile neutrino scenario is far from understood:
- No evidence in νμ disappearance experiments (IceCube, NOvA, MINOS/MINOS+)
- No precise indication from recent ν  ̅   flux measurement at reactors
- Planck data/Big Bang cosmology: at most one further flavor with mnew<0.24 eV

 Sterile Neutrino Physics

41
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Short Baseline Program (SBN)

42

• Three LArTPC detectors at different baselines from Booster neutrino beam 
searching for sterile neutrino oscillations 
- Measuring both appearance and disappearance channels 
• Measure neutrino cross sections on liquid argon
• Same detector technology and neutrino beamline: reducing systematic uncertainties 

to the % level
- A detection technique providing an excellent neutrino identification to reduce the 

backgrounds 

Program aimed at definitely solving the “sterile neutrino puzzle” 
by exploiting:

§ the well characterized FNAL Booster ν beamline;

§ three detectors based on the same liquid argon TPC technique.

7
J. Nowak, Lancaster University

SBNDMicroBooNEICARUS
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• Tracking device: precise 3D event topology with ~mm3 resolution for ionizing 
particle
• Scintillation light detected by PMTs to provide event time and trigger
• Charged particles from neutrino interactions ionize the LAr, production ionization 

electrons drifting in 1 ms toward readout sense wires 

Liquid Argon TPC Detection Technique  

43

• Powerful particle identification by dE/dx 
vs range                                                                                                                               

• Remarkable e/𝛾 separation: calorimetric 
capabilities can distinguish e from 𝛾 at 
the shower start                                                                           
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First Low-Energy Excess Search with MicroBooNE

44

• Four independent analyses 
- Single-photon analysis 
• NC Δ->N𝛾 hypothesis 

- 1𝛾0p, 1𝛾1p

- Searches for a νe excess
• Quasi-elastic kinematics (1e1p)
• MiniBooNE-like final states (1eNp, 1e0p)
• All νe final states (1eX)

UPCOMING MICROBOONE RESULTS

STERILE NEUTRINO EXPERIMENTS AT FERMILAB (ETW) 17

• ne analyses:
• MiniBooNE-like final state (Pandora, 1eNp, 1e0p) 
• restricting to quasi-elastic kinematics (Deep Learning , 1e1p)
• all ne final states (Wire-Cell, 1eX)

• Single photon analysis:
• targeting Delta radiative decay hypothesis (Pandora, 1g1p, 1g0p)

MICROBOONE, JULY 2021
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First low-energy excess search

Four independent analyses
Ø Targeting six different final states

Single-photon analysis
Ø NC Δ → Nγ hypothesis

Ø 1γ0p, 1γ1p

Searches for a νe excess
Ø Quasi-elastic kinematics (1e1p)

Ø MiniBooNE-like final states (1eNp, 
1e0p)

Ø All νe final states (1eX)

3Matt Toups, Fermilab | Search for an Excess of Electron Neutrino Interactions in MicroBooNE - Introduction

Four independent analyses targeting different final 
states, hence probing different theoretical models  

• Single photon analysis
– Targeting NC Δ —> Nγ hypothesis (1γ0p, 1γ1p) 
 
 

• Analyses searching for a νe rate excess
– MiniBooNE-like final states (1eNp, 1e0p)
– Restricting to quasi-elastic kinematics (1e1p)
– All νe final states (1eX) 

MicroBooNE’s First Series of LEE Search Analyses

10/27/21 X

γ
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e-
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p p

p

p

γ

1e1p candidate data event
1eNp candidate data event
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1γ0p candidate data event

1e0p candidate data event

e-



Minerba Betancourt

• No evidence for an enhanced rate of 
single photons from NC Δ->N𝛾 
decay above nominal MC predictions 

• Observe νe candidate events in agreement, 
or below, the predicted rates
• Reject the hypothesis that νe CC 

interactions are fully responsible for the 
MiniBooNE excess at > 97% C. L. in all 
analyses 

45

First Low-Energy Excess Search with MicroBooNE

Electron results

Ø Observe νe candidate event rates 
in agreement with, or below, the 
predicted rates

Ø Reject the hypothesis that νe CC 
interactions are fully responsible 
for the MiniBooNE excess at 
>97% C.L. in all analyses

Ø The MiniBooNE excess is not 
solely νe, so there is much more 
to understand!

11
https://arxiv.org/abs/2110.14054

https://arxiv.org/pdf/2110.14080.pdf, 
https://arxiv.org/pdf/2110.14065.pdf, 
https://arxiv.org/pdf/2110.13978.pdf

Single-photon results

Ø No evidence for an enhanced rate of single 
photons from NC Δ→Nγ decay above 
nominal GENIE expectations

Ø One-sided bound on the normalisation of 
NC Δ→Nγ events of x!< 2.3 (90% C.L.)

Ø More than 50 times better than the world’s 
previous limit

9

(90% C.L.)

https://arxiv.org/pdf/2110.14080.pdf
https://arxiv.org/pdf/2110.14065.pdf
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• The MicroBooNE experiment presented the results of the first analyses searching 
for an excess of low-energy electromagnetic events 

• No hints of an electromagnetic events excess, but results do not rule out existence 
of sterile neutrinos 

46

STERILE NEUTRINO SEARCHES BEYOND MICROBOONE

3"#$%&&'&&()*+,-./&012&&'&&3.45.*6&!78&9:9;

The MicroBooNE experiment presented the results of first analyses searching for                                         
an excess of low-energy electromagnetic events:  

no hints of an electromagnetic event excess, but results do not rule out existence of sterile neutrinos. 

Entering the next phase of accelerator-based short baseline oscillation searches requires:  
increased exposure through a larger far detector and 

a near detector for systematics constraints. 

P. Abratenco et al., https://arxiv.org/abs/2210.10216

!e CC inclusive

 P. Abratenco et al., Phys. Rev. Lett. 128, 241801

First Low-Energy Excess Search with MicroBooNE
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• Searches for both νe disappearance and νμ appearance 

• SBN cover much of the parameters allowed by past anomalies at >5σ significance 
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LSND 99%
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(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]

  appearanceeν → µν

Sensitivity of SBN program 
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νe appearance νμ disappearance
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 disappearanceµν

https://arxiv.org/pdf/1903.04608.pdf
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• Liquid Argon technology for ν physics was proposed in1977 by C. Rubbia 
• Many years of R&D at INFN/CERN culminated in first large-scale experiment at 

LNGS underground labs
• 2 TPCs per module with central cathode,                                                           

1.5 m drift, ED=0.5 kV/cm, Δt~1 ms
• 3 readout wire planes (2 induction+collection)                                                       

per TPC, ~54000 wires at 0, 60 degrees, 3 mm                                                       
pitch:  a continuous read-out 
• 360 (8” PMTs)                                                         coating 

ICARUS (Imaging Cosmic And Rare Underground Signals)

48
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ICARUS at FNAL

49

• Several technology improvements were introduced, aiming to further improve the 
achieved performance ICARUS previous runs: new cold vessels, improvement of the 
cathode planarity, higher performance read-out electronics and upgrade of the PMT 
system
• ICARUS began commissioning in 2020, collecting first neutrino data in June 2021

11 11

Cosmic Ray Tagger (CRT)
• The CRT system is composed of plastic scintillator bars

readout by SiPMs.
• Side CRTs have been repurposed from MINOS modules.
• Top CRT modules were assembled at LNF (Italy) and 

installed by end of December 2021.
• The system provides spatial (~cm) and timing (~ns) 

coordinates of the track crossing point.

Excess CRT activity 
during the beam gate for 

the south wall

4 μs trigger gate 

1.6 μs
BNB beam spill 

Geometrical Top CRT Hits distribution Preliminary

11 11

Cosmic Ray Tagger (CRT)
• The CRT system is composed of plastic scintillator bars

readout by SiPMs.
• Side CRTs have been repurposed from MINOS modules.
• Top CRT modules were assembled at LNF (Italy) and 

installed by end of December 2021.
• The system provides spatial (~cm) and timing (~ns) 

coordinates of the track crossing point.

Excess CRT activity 
during the beam gate for 

the south wall

4 μs trigger gate 

1.6 μs
BNB beam spill 

Geometrical Top CRT Hits distribution Preliminary

TPC PMT

Top CRT

side CRT



Minerba Betancourt

• ICARUS is pursing single-detector neutrino oscillation measurement 
• Studying events from BNB with 1𝞵 Nproton and 0𝞹, two approaches traditional 

reconstruction (Pandora) and machine learning based reconstruction 

Neutrino Oscillation Analysis 

50

First BNB Studies w/ DataFirst BNB Studies w/ Data

15

ICARUS Work in progress
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(83.5%)

(15.1%)

( 3.8%)

( 0.6%)

(83.5%)

(15.1%)

( 3.8%)

( 0.6%)

♦ Excellent data/MC agreement seen in 10% unblinded Run 2 data

♦ Current systematics:  flux/xsec/detector ~ 10%/15%/15%

ML (SPINE)
1µNp0π Selection

Efficiency ~ 75%
Purity ~ 80%

Pandora
1µNp0π Selection

Efficiency ~ 50%
Purity ~ 80%
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• First cross section measurement: 1𝞵+Nproton+0𝞹
• Observables 𝞭PT and 𝞭𝞪T, sensitive to initial and final state effects                                                                             

• Events with contained muons and protons 
• Main background is events with pions 

51

CC 0𝞹 Event Selection for fully contained Events 

• Differential cross section in transverse boosting angle δαT

- The transverse boosting angle δαT represents the direction of the 
transverse momentum imbalance

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 Kinematic Imbalances 
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3

FIG. 2. Schematic illustration of the single-transverse kine-
matic imbalance—δφT, δ#pT and δαT—defined in the plane
transverse to the neutrino direction.

transverse projection. The combined effect determines
the evolution of the δαT distribution with p!

′

T. An exam-
ple predicted by NuWro is shown in Fig. 3. At p!

′

T ! pF,
the cross section for δαT at 180 degrees is suppressed
in QE interactions due to Pauli blocking, which leads to
a forward peak in the distribution of δαT at small p!

′

T.
As p!

′

T → Eν , the cross section for δαT at 0 degrees is
suppressed by the conservation of the longitudinal mo-
mentum. Even though the fractions of events in both
extremes of the p!

′

T spectrum change with the neutrino
energy, they are insignificant for the few GeV neutrino
interactions. As a result, the δpT and δαT distributions
are largely independent of Eν , as is shown in Fig. 4, where
the evolution of the distributions with the neutrino en-
ergy is dominated by variations in the strength of the
FSIs.
The transverse momentum imbalance δpT has been

used by the NOMAD experiment to enhance the purity of
the selected QE [15], while the “transverse boosting an-
gle” δαT is proposed here for the first time. Experimen-
tal data on δαT will reveal the accelerating/decelerating
nature of FSIs. Its dependence on p!

′

T, measured in a
detector that has a low momentum threshold, will addi-
tionally provide constraints on Pauli blocking.
Besides the transverse momentum imbalance and

boosting angle, another single-transverse variable can be
defined (Fig. 2):

δφT ≡ arccos
−$p !

′

T · $pN′

T

p!
′

Tp
N′

T

, (6)

which measures the deflection of N′ with respect to $q
in the transverse plane. If the initial-state nucleon were
static and free, δφT would be zero; with nuclear effects,
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FIG. 3. Conditional probability density function of δαT as
a function of the muon pT without FSIs (each slice of pµT is
normalized in such a way that the maximum is 1; the renor-
malized density is shown on the z-axis), predicted by NuWro
for νµ CC QE on carbon (RFG) at neutrino energy of 1 GeV
with FSIs switched off.

the deflection caused by ∆$p adds in a smearing to the
initial distribution of δφT that is determined by $pN. Ex-
periments have measured the δφT distribution in QE-like
events [16] and used it to enhance the QE purity [15, 17].
However, the trigonometric relation illustrated by Fig. 2
shows that δφT scales with δpT/p!

′

T and therefore depends
on the lepton kinematics which are sensitive to the neu-
trino energy. The energy dependence of p!

′

T counteracts
the FSI deflection and the uncertainties from the nuclear
effects and neutrino flux become convolved. The distri-
bution of δφT by NuWro is shown in Fig. 5 for different
neutrino energies. In contrast to the expected evolution
with the FSI strength, the distribution becomes narrower
at higher energy because of the increase of p!

′

T. This
serves as an example of how the neutrino energy depen-
dence can bias a measurement of nuclear effects. Because
of the p!

′

T dependence, the single-transverse variables all
suffer to some extent from a dependence on the neutrino
energy even after kinematic saturation is reached. Nev-
ertheless, the study of nuclear effects can be performed
by restricting p!

′

T.

IV. MODEL PREDICTIONS

In the previous discussion, an equivalence is estab-
lished between the nuclear effects in neutrino-nucleus in-
teractions and the transverse kinematic imbalance. Ini-
tial and final-state effects can be directly observed via
δ$pT, as can be seen by rewriting Eq. 4 into

δ$pT = $pN
T −∆$pT, (7)

where $pN is the momentum of the initial nucleon. In this
section we present the latest predictions of the single-
transverse variables. Interactions of neutrinos from the

2

II. NUCLEAR MEDIUM RESPONSE

Consider a CC interaction on a nucleus. At the basic
level the neutrino ν interacts with a bound nucleon N
which then transits to another hadronic state N′:

ν +N → "′ +N′, (1)

where "′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum #pN, and an energy-momentum (ω, #q) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of
N′ are used. Following energy-momentum conservation
(the binding energy is neglected compared to the initial
nucleon energy [6]), the energy transfer reads

ω =
Q2 +W 2 −m2

N + 2#q · #pN

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (3)

where mN is the mass of N, and the last line follows from
averaging out the direction of #pN in Eq. 2, which is a first
order approximation because the polarization term ∼

#q· #pN with opposite orientations of #pN for a give #q does not
exactly cancel as the W ∗-N cross section is slightly dif-
ferent with the varying center-of-mass energy [7]. Below
the deeply inelastic scattering (DIS) region—especially
in QE and RES where W equals the nucleon and dom-
inantly the ∆(1232) resonance mass, respectively—the
cross section is suppressed when Q is larger than the nu-
cleon mass. The hadron momentum in these channels,
as indicated by Eq. 3, “saturates” if the neutrino energy
is above the scale Q2/2mN ∼ O(0.5 GeV) beyond which
the charged lepton retains most of the increase of the
neutrino energy.
Once the final state hadron N′ is produced, it starts

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆#p)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆#p), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆#p) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.
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FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.

III. SINGLE-TRANSVERSE KINEMATIC

IMBALANCE

To make a neutrino energy-independent measurement
of nuclear effects, the in-medium energy-momentum
transfer (∆E, ∆#p) would be the ideal observable; this
however is not experimentally accessible because of the
unknown initial nucleon momentum and the initially un-
known neutrino energy. Instead, ∆#p can be directly in-
ferred from the following single-transverse kinematic im-
balance (Fig. 2):

δ#pT ≡ #p "
′

T + #pN′

T , (4)

δαT ≡ arccos
−#p "

′

T · δ#pT
p"

′

TδpT
, (5)

where #p "
′

T and #pN′

T are the projections of the extra-nucleus
final-state momenta transverse to the neutrino direction.
In particular, −#p "

′

T = #qT, the transverse component of #q.
If the initial-state nucleon were static and free, δpT

would be zero—a feature that is not possessed by other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δ#pT and δαT

would be the transverse projection of #pN and of the an-
gle between #pN and #q, respectively. Accordingly, to first
approximation, the distribution of δ#pT would be inde-
pendent of the neutrino energy, and that of δαT would
be flat due to the isotropy of Fermi motion. The FSI
acceleration (deceleration) of the propagating N′ adds in
a smearing to δpT and pushes δ#pT forward (backward)
to (−)#qT, making δαT → 0 (180) degrees.
Second order effects that lead to the dependence on

the neutrino energy include the previously discussed po-
larization (see text after Eq. 2), Pauli blocking, and the
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♦ First NuMI cross section measurement:  1µNp0π final state

• Enriched in quasi-elastic and 2p2h interactions

• Select events w/ one muon-like track and at least one proton-like track

♦ Study angles, transverse kinematic variables sensitive to FSI

♦ Use of charged pion control sample in fit (handle on π p mis-ID)→

• Instead require two muon-like (pion-like) tracks
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• Certain BSM searches benefit from sitting off-axis such as kaon coupled Higgs portal 
scalars 

• BSM models considered so far, both involving kaon decay and contained dimuon final 
states: Higgs Portal Scalar and Heavy QCD Axion 

• Topology: events with two muons, search: look for resonance t specific value 

52

BSM Searches with NuMI 
Higgs Portal Scalar at ICARUS

3

BSM PhysicsBSM Physics

♦ Rich BSM physics program at ICARUS w/ off-axis NuMI beam

♦ BSM models considered so far, both involving kaon decay and 
contained dimuon final states (for first analysis):

• Higgs Portal Scalar (HPS):  Scalar dark sector particles that undergo 
mixing with Higgs boson

• Heavy QCD Axion or Axion-Like Particle (ALP):  Pseudoscalar 
particles that undergo mixing with pseudoscalar mesons

20

 

ICARUS Data
Preliminary

   A typical event in the
   signal box

HPS/ALP Search ResultsHPS/ALP Search Results

♦ HPS/ALP search:  look for resonance 
(“bump”) at specific value of M(µµ)

♦ Using ICARUS Run 2 NuMI data, no 
new physics signal observed

♦ Full results in forthcoming paper
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• The SBND detector contains three systems, a TPC system, a photon detector 
system (PDS) with 120 PMTs and 192 X-Arapucas and a Cosmic Ray Tagger (CRT) 
• SBND is located on the surface 

53

SBND Experiment

Rhiannon Jones Neutrino interaction physics at SBND

The SBND detector systems: CRT

24

● The SBND will be entirely surrounded by planes of 
cosmic ray taggers (CRTs) 

○ 4π coverage important for surface detectors
○ Two panels on top for telescopic tagging

Cryostat

Top CRT panels

Side CRT panels

Each CRT plane comprises panels of scintillator strips in a 
cross formation for precise hit reconstruction

Cosmic 
ray

TPC

CRT

PDS
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SBND Detector Installation 

26

APA Assembly, Dec. 2018
Fully Assembled 

Detector, Oct. 2022

Towards commissioning:
Installing cables

Towards commissioning:
Purity monitors

Journey to Data Taking: Detector Assembly to Commissioning
APA Assembly, Dec. 2018

Detector inserted in the 
cryostat, Apr. 2023
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Neutrino Interactions at SBND

M.Nebot-Guinot

• Collect the largest sample of neutrino-argon interactions to date. 


• Discriminate between nuclear models to inform MC generators.


• Reduce systematic uncertainties for oscillation analysis.

12

Cross-section measurements
SBND physics goals

SBND will observe 
5000 ν-events/day! 

Marco Del Tutto 
Fermilab Users Meeting 202213

Cross-Section Measurements
SBND data will enable a generational advance in the study of neutrino-argon interactions in the GeV energy range, 

with low thresholds for particle tracking and calorimetry and enormous statistics.  

SBND will have the largest dataset of ν-Ar interactions and will do high-statistics measurements of many signatures and 

can observe rare channels. 

SBND will record 20-30x more neutrino-argon interactions than is currently available.  

SBND will observe 5000 ν-events/day!

1.5M νμ CC events in 1 year 12k νe CC events in 1 year
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Cross-section measurements
SBND physics goals
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5000 ν-events/day! 

Marco Del Tutto 
Fermilab Users Meeting 202213

Cross-Section Measurements
SBND data will enable a generational advance in the study of neutrino-argon interactions in the GeV energy range, 

with low thresholds for particle tracking and calorimetry and enormous statistics.  

SBND will have the largest dataset of ν-Ar interactions and will do high-statistics measurements of many signatures and 

can observe rare channels. 

SBND will record 20-30x more neutrino-argon interactions than is currently available.  

SBND will observe 5000 ν-events/day!

1.5M νμ CC events in 1 year 12k νe CC events in 1 year

• New data sets will reach the order of millions of neutrino interactions for single 
channels 
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BSM Searches with Booster 

56

• Rich BSM searches: Neutrino tridents, dark matter, Higgs portal, heavy neutral 
lepton, millicharged particles…

Image credits: Pedro Machado, Marco Del Tutto

BSM searches with SBND  |  Supraja Balasubramanian  |  NuFACT 2022 6

BSM Production in the Booster Neutrino Beam

A non-exhaustive list of BSM new physics produced  
in the Booster Neutrino Beam.
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Detector Commissioning 
• Starting to commission the different systems TPC, PMT and CRT
• 1.6 𝞵 wide per reflecting the duration of the BNB spill 

57
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Journey to Data Taking: Successful Commissioning 
❖ Successful demonstration of SBND commissioning using CRT and PMT data 

→ clear peaks in CRT and PMT data from the neutrino beam
➢ 1.6µs wide peak reflecting the duration of the BNB spill    

37

Stay tuned for the exciting SBND physics results in the months and years to come!

First neutrino interactions 
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Summary

58

• 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

• Fermilab has excellent program looking to answer the remaining questions in 
neutrino oscillations

• Long baseline program: measuring the three mixing angles, mass hierarchy and 
searching for CP violation

- DUNE is making excellent progress with the detector prototypes and design 

• The SBN detectors will perform a world-leading search for eV-scale sterile neutrino 
by looking at both appearance and disappearance channels 
- Rich physics program of neutrino-argon scattering measurements and BSM physics 
- SBND completed the construction of the detector and starting the commissioning 
- ICARUS is collecting physics quality data with Fermilab neutrino beams and making 

the first measurements 
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• Excellent statistics to make cross section measurements for quasi-elastic and pion 
production scattering, for both electron and muon neutrinos

60

Neutrino Interactions from NuMI off axis at ICARUS

Muon Neutrino Electron Neutrino

The ICARUS detector is located on-axis from the Booster beam and 103 mrad o↵-axis from the NuMI
beam. The ICARUS detector serves as the far detector of the SBN; the main goal is to find or rule out
a fourth, so called ”sterile” neutrino, using the Booster neutrino beam. Also, ICARUS will collect a rich
data set for muon and electron neutrinos including quasi elastic, resonance, meson exchange current and
deep inelastic events from NuMI neutrino beam. Table 1 shows the expected events rates for one year
(6E20 POT) from NuMI, NuMI neutrino beam is scheduled to run for the coming three years. NuMI
has a higher electron neutrino content dominated by k+ and K0 decays. The majority of the neutrinos
reaching ICARUS are produced near the beam target.

ICARUS will make cross section measurements, including ratio ⌫e/⌫µ, inclusive and exclusive channels
(resonance (RES) and deep inelastic(DIS)), RES and DIS are the dominant processes for DUNE.

Muon neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 186400 40262 142780 77060 77060

Electron neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 8256 2000 7905 3678 61

Table 1: Expected event rates for muon and electron neutrinos. Predictions were obtained with GENIE
3 and do not make any assumptions about e�ciencies or detector acceptance

The DUNE technical design report outlines the impact of systematic uncertainties [1]. Many uncer-
tainties are constrained in the external data and DUNE near-detector data, but some uncertainties are
not reduced by the near detector. For example, the ⌫e/⌫µ ratio uncertainty is completely unconstrained
in the oscillation fits for the search for CP violation. This is shown in table 5.12 and figure 5.35 in [1].
The ⌫e/⌫µ ratio uncertainty is a leading source of the cross-section uncertainty in the DUNE far detector.
The ⌫e/⌫µ measurement from ICARUS will provide a constraint given its increased kinematic coverage
and higher electron neutrinos content.
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SBND Detector
SBND DESIGN OVERVIEW

6"#$%&&'&&()*+,-./&012&&'&&3.45.*6&!78&9:9;<

Field Cage 

TPC Cold electronics 

Wire Plane - 3 readout planes, ~11000 wires 
Photo Detection 
System: 120 PMTs, 
192 X-Arapucas 
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covered with TPB 
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Two Time Projection Chambers 
Total dimension: 4m x 4m x 5m 
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