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Neutrino Oscillations. Why?
Lot of physics around
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The Standard Model of Particle Physics

Such a successful theory and yet, so many 
questions yet to be answered

“For the discovery of neutrino oscillations, 
which shows that neutrinos have mass”
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The Standard Model of Particle Physics

Such a successful theory and yet, so many 
questions yet to be answered

Questions addressed from the study of 
neutrino oscillations:

• Neutrino flavor mixing: predictable?
• Neutrino mass distribution: regular? 

similar to other fermions?
• Neutrinos vs. antineutrinos: the same 

oscillation pattern?
• Number of neutrinos: are there “only” 

three?
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!!

ℓ! ℓ!

!!
The neutrino of flavor 𝛼
is the one created in W 
boson decay together 

with the charged lepton 
of flavor 𝛼.

And creates a charged 
lepton of flavor 𝛼when 
it undergoes a charged-

current interaction.

[D. Schmitz, CTEQ Summer School 2011]
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!!

ℓ! ℓ!

!!

[D. Schmitz, CTEQ Summer School 2011]

Flavor may change…

!!

ℓ! ℓ"

!"
… if neutrinos have mass and mix
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• Neutrinos have mass and mix

<latexit sha1_base64="qLX784OZdsh+OicFWJkAFlP2coY="></latexit>

Interactions (creation and detection)

Propagation
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• Neutrinos have mass and mix
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• Neutrinos have mass and mix
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• Neutrinos have mass and mix
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• Neutrinos have mass and mix
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• From Global fits…

[I. Esteban et al.,  JHEP178 (2020)]
[NuFIT 5.0 (2020), http://www.nu-fit.org/]



Neutrino oscillations

ICN-UNAM, Octubre 2020 M.A. Acero Ortega

• And the open questions…
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• And the open questions…
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Maximal mixing?

FNAL JETP Seminar / Sept. 18, 2020 J. Wolcott / Tufts University

16

Questions

[ cos(θ12) sin (θ12) 0

−sin(θ12) cos(θ12) 0

0 0 1 ][ cos(θ13) 0 sin(θ13)e
−iδ

0 1 0

−sin(θ13)e
iδ
0 cos(θ13)

][1 0 0

0 cos(θ23) sin(θ23)
0 −sin(θ23) cos(θ23)]

U =

=

ν
e

ν
μ

ν
τ

ν
3
= ?

②
Is there a symmetry governing the ν

μ
/ν

τ
 

mixing into the 2nd and 3rd mass states?
i.e.: is θ

23
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θ

23
 (~5%), δ

CP
 (weak constraints)

CP Violation?

FNAL JETP Seminar / Sept. 18, 2020 J. Wolcott / Tufts University
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Most poorly known parameters:
θ

23
 (~5%), δ
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Is δ
CP

/π non-integral?

If it is, neutrinos — and thus leptons —
violate CP symmetry.

Related to wider matter/antimatter 
asymmetry in universe???

③
[J. Wolcott (2020), 

Fermilab W&C]
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• And the open questions…
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Maximal mixing? CP Violation?
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Is there a symmetry governing
the ordering of the lepton mass states?

Is the most electron-like state the lightest one, 
like with the charged leptons?

①
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• And the open questions…
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• Absolute neutrino mass?
• ?

No answer from 
neutrino oscillations
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The Neutrino Beam
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competitor. Though some NO�A physicists 

say they feel like the neglected stepchildren 

of the U.S. particle physics community, 

others say the lack of attention has made it 

easier to get their work done. “We’re flying 

a little under the radar,” says Patricia Vahle, 

a NO�A team member from the College of 

William & Mary in Williamsburg, Virginia. 

“I think once we start taking data, things 

will change pretty quickly.”

 

STUDIED FOR NEARLY 60 YEARS, neutri-

nos remain shrouded in mystery. “We don’t 

even know their masses,” says Mark Messier, 

a physicist at Indiana University, Blooming-

ton, and co-spokesman for the NO�A team. 

Physicists do know that neutrinos emerge 

from particle interactions that involve 

the weak nuclear force and come in three 

types—electron, muon, and tau. Neutrinos 

also undergo a bizarre metamorphosis as 

they zip along at near light speed. One type 

morphs into another, as physicists found in 

1998 by studying muon neutrinos generated 

when cosmic rays strike the atmosphere 

and in 2001 by studying electron neutrinos 

emanating from the sun.

Since then, physicists around the world  

have raced to probe such “neutrino oscil-

lations.” Scientists once thought that 

neutrinos were massless, but the morphing 

means that they can’t be. According to 

relativity, a massless particle must travel 

at light speed, in which case time stands 

still for it, and change is impossible. 

Through various experiments, physicists 

have shown that neutrino oscillations can 

be described, at least roughly, by just five 

parameters. The differences in mass among 

the three neutrinos provide two of these 

and determine the rates of the oscillations, 

faster or slower. Three more numbers 

known as mixing angles determine the 

probability that one particular type of 

neutrino morphs into another. 

Neutrino oscillations could help answer 

a major question about the universe. 

Neutrinos and their antimatter counterparts, 

antineutrinos, might oscillate slightly 

differently. That asymmetry would be an 

example of a phenomenon called charge-

parity (CP) violation, which could help 

theorists explain how the infant universe 

produced so much matter and so little 

antimatter. Quarks, which make up protons 

and neutrons, also exhibit CP violation, but 

not enough to explain the matter-antimatter 

imbalance, so theorists have pinned their 

hopes on neutrino measurements. 

When NO�A was proposed in 2005, a 

key goal was to measure the one neutrino 

oscillation parameter that remained 

unknown—a mixing angle called �
13
. To 

succeed, NO�A would have to improve 

on an earlier Fermilab experiment called 

MINOS that in 2005 began firing muon 

neutrinos to another location in Minnesota, 

the old Soudan mine. (Fermilab generates 

the particles in the Neutrinos at the Main 

Injector, or NuMI, beamline, which blasts 

protons into a target to make particles called 

pions. A pion in turn decays into a particle 

called a muon and a muon neutrino.) MINOS 

measured a different mixing angle, called 

�
23

, by simply counting muon neutrinos and 

seeing how many disappeared along the way 

from Fermilab as they morphed into electron 

and tau neutrinos. To measure �
13
, NO�A 

would also have to count the much rarer 

electron neutrinos that appeared in the beam 

as it traversed the earth.

But NO�A had competition. Physicists in 

Japan were already working on T2K, which 

shoots muon neutrinos from the Japan 

Proton Accelerator Research Complex in 

Tokai to the gargantuan underground Super-

Kamiokande neutrino detector in a mine 

295 kilometers to the west. Meanwhile, other 

teams in France, South Korea, and China 

were all hoping to measure �
13
 in a different 

way, by means of the disappearance of 

electron antineutrinos produced by nuclear 

reactors.

In the end, NO�A never had a chance to 

win that race. On 17 December 2007, just as 

researchers were hoping to get the go-ahead 

to start construction, Congress zeroed out 

2008 funding for the project as part of a last-

minute budget bill. “A lot of the [Fermilab] 

scientists went away and did other things,” 

Vahle says. They “had to be moved into other 

programs that paid.”

One of the reactor teams went on to clinch 

the �
13 

measurement. Researchers with the 

Daya Bay Reactor Neutrino Experiment, 

70 kilometers north of Hong Kong, leap-

frogged the competition and released the 

first definitive measurement of the key para-

meter in March 2012 (Science, 16 March 2012, 

p. 1287). T2K weighed in with a measurement 

the following year. Tantalizingly, the results 

proved that CP violation is possible among 

neutrinos, as it requires that none of the 

three mixing angles equal zero. 

  

BY THAT TIME, NO�A had risen from the 

dead, saved in part by the global financial 

crisis of 2008. Responding to the crisis, the 

federal government pumped $831 billion 

into the U.S. economy to stimulate it, partly 

by investing in public projects. “We were, in 

the parlance of the time, shovel ready,” says 

John Cooper, a physicist at Fermilab. “We 

had a design in hand and were ready to go on 

that building at Ash River.” Fermilab received 

$55 million to start building NO�A.

But haven’t Daya Bay and T2K rendered 

NO�A superfluous? Not quite. Measuring 

�
13
 had always been one of a number of 

targets. NO�A physicists now hope to sort 

the neutrinos from lightest to heaviest. 

They know the mass differences: Two types 

of neutrinos have nearly the same mass 

and one is different. But they don’t know 

if two neutrinos are light and one heavy 

or vice versa. Roughly speaking, the first 

arrangement would make the electron 

neutrino the lightest, mirroring the mass 

ranking of the electron and its particle 

cousins, the muon and the tau. So it’s called 

the normal mass hierarchy. In the second 

arrangement—the inverted hierarchy—

the electron neutrino is one of the two 

heavier neutrinos. 

The hierarchy has broader implications. 

Theorists suspect that, rather bizarrely, the 

neutrino may act in a certain sense as its own 

antiparticle. That would make the neutrino 

unique among matter particles and would 

mean it gets its mass in a way that’s different 

from other fundamental particles—which 

get their masses by interacting with Higgs 

bosons lurking in the vacuum of empty space. 

Physicists could prove that was the case if 

they could observe a hypothesized form of 

radioactive decay called neutrinoless double 

beta decay that depends on that oneness of 

neutrino and antineutrino. But the rate of 

that decay depends on the electron neutrino’s 

mass, and the decay may be observable only 

if the hierarchy is inverted.

To determine the hierarchy, NO�A 

researchers will alternately fire muon 

neutrinos and muon antineutrinos from 

Fermilab and compare the numbers of elec-

tron neutrinos and electron antineutrinos 
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competitor. Though some NO�A physicists 

say they feel like the neglected stepchildren 

of the U.S. particle physics community, 

others say the lack of attention has made it 

easier to get their work done. “We’re flying 

a little under the radar,” says Patricia Vahle, 

a NO�A team member from the College of 

William & Mary in Williamsburg, Virginia. 

“I think once we start taking data, things 

will change pretty quickly.”

 

STUDIED FOR NEARLY 60 YEARS, neutri-

nos remain shrouded in mystery. “We don’t 

even know their masses,” says Mark Messier, 

a physicist at Indiana University, Blooming-

ton, and co-spokesman for the NO�A team. 

Physicists do know that neutrinos emerge 

from particle interactions that involve 

the weak nuclear force and come in three 

types—electron, muon, and tau. Neutrinos 

also undergo a bizarre metamorphosis as 

they zip along at near light speed. One type 

morphs into another, as physicists found in 

1998 by studying muon neutrinos generated 

when cosmic rays strike the atmosphere 

and in 2001 by studying electron neutrinos 

emanating from the sun.

Since then, physicists around the world  

have raced to probe such “neutrino oscil-

lations.” Scientists once thought that 

neutrinos were massless, but the morphing 

means that they can’t be. According to 

relativity, a massless particle must travel 

at light speed, in which case time stands 

still for it, and change is impossible. 

Through various experiments, physicists 

have shown that neutrino oscillations can 

be described, at least roughly, by just five 

parameters. The differences in mass among 

the three neutrinos provide two of these 

and determine the rates of the oscillations, 

faster or slower. Three more numbers 

known as mixing angles determine the 

probability that one particular type of 

neutrino morphs into another. 

Neutrino oscillations could help answer 

a major question about the universe. 

Neutrinos and their antimatter counterparts, 

antineutrinos, might oscillate slightly 

differently. That asymmetry would be an 

example of a phenomenon called charge-

parity (CP) violation, which could help 

theorists explain how the infant universe 

produced so much matter and so little 

antimatter. Quarks, which make up protons 

and neutrons, also exhibit CP violation, but 

not enough to explain the matter-antimatter 

imbalance, so theorists have pinned their 

hopes on neutrino measurements. 

When NO�A was proposed in 2005, a 

key goal was to measure the one neutrino 

oscillation parameter that remained 

unknown—a mixing angle called �
13
. To 

succeed, NO�A would have to improve 

on an earlier Fermilab experiment called 

MINOS that in 2005 began firing muon 

neutrinos to another location in Minnesota, 

the old Soudan mine. (Fermilab generates 

the particles in the Neutrinos at the Main 

Injector, or NuMI, beamline, which blasts 

protons into a target to make particles called 

pions. A pion in turn decays into a particle 

called a muon and a muon neutrino.) MINOS 

measured a different mixing angle, called 

�
23

, by simply counting muon neutrinos and 

seeing how many disappeared along the way 

from Fermilab as they morphed into electron 

and tau neutrinos. To measure �
13
, NO�A 

would also have to count the much rarer 

electron neutrinos that appeared in the beam 

as it traversed the earth.

But NO�A had competition. Physicists in 

Japan were already working on T2K, which 

shoots muon neutrinos from the Japan 

Proton Accelerator Research Complex in 

Tokai to the gargantuan underground Super-

Kamiokande neutrino detector in a mine 

295 kilometers to the west. Meanwhile, other 

teams in France, South Korea, and China 

were all hoping to measure �
13
 in a different 

way, by means of the disappearance of 

electron antineutrinos produced by nuclear 

reactors.

In the end, NO�A never had a chance to 

win that race. On 17 December 2007, just as 

researchers were hoping to get the go-ahead 

to start construction, Congress zeroed out 

2008 funding for the project as part of a last-

minute budget bill. “A lot of the [Fermilab] 

scientists went away and did other things,” 

Vahle says. They “had to be moved into other 

programs that paid.”

One of the reactor teams went on to clinch 

the �
13 

measurement. Researchers with the 

Daya Bay Reactor Neutrino Experiment, 

70 kilometers north of Hong Kong, leap-

frogged the competition and released the 

first definitive measurement of the key para-

meter in March 2012 (Science, 16 March 2012, 

p. 1287). T2K weighed in with a measurement 

the following year. Tantalizingly, the results 

proved that CP violation is possible among 

neutrinos, as it requires that none of the 

three mixing angles equal zero. 

  

BY THAT TIME, NO�A had risen from the 

dead, saved in part by the global financial 

crisis of 2008. Responding to the crisis, the 

federal government pumped $831 billion 

into the U.S. economy to stimulate it, partly 

by investing in public projects. “We were, in 

the parlance of the time, shovel ready,” says 

John Cooper, a physicist at Fermilab. “We 

had a design in hand and were ready to go on 

that building at Ash River.” Fermilab received 

$55 million to start building NO�A.

But haven’t Daya Bay and T2K rendered 

NO�A superfluous? Not quite. Measuring 

�
13
 had always been one of a number of 

targets. NO�A physicists now hope to sort 

the neutrinos from lightest to heaviest. 

They know the mass differences: Two types 

of neutrinos have nearly the same mass 

and one is different. But they don’t know 

if two neutrinos are light and one heavy 

or vice versa. Roughly speaking, the first 

arrangement would make the electron 

neutrino the lightest, mirroring the mass 

ranking of the electron and its particle 

cousins, the muon and the tau. So it’s called 

the normal mass hierarchy. In the second 

arrangement—the inverted hierarchy—

the electron neutrino is one of the two 

heavier neutrinos. 

The hierarchy has broader implications. 

Theorists suspect that, rather bizarrely, the 

neutrino may act in a certain sense as its own 

antiparticle. That would make the neutrino 

unique among matter particles and would 

mean it gets its mass in a way that’s different 

from other fundamental particles—which 

get their masses by interacting with Higgs 

bosons lurking in the vacuum of empty space. 

Physicists could prove that was the case if 

they could observe a hypothesized form of 

radioactive decay called neutrinoless double 

beta decay that depends on that oneness of 

neutrino and antineutrino. But the rate of 

that decay depends on the electron neutrino’s 

mass, and the decay may be observable only 

if the hierarchy is inverted.

To determine the hierarchy, NO�A 

researchers will alternately fire muon 

neutrinos and muon antineutrinos from 

Fermilab and compare the numbers of elec-

tron neutrinos and electron antineutrinos 
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competitor. Though some NO�A physicists 

say they feel like the neglected stepchildren 

of the U.S. particle physics community, 

others say the lack of attention has made it 

easier to get their work done. “We’re flying 

a little under the radar,” says Patricia Vahle, 

a NO�A team member from the College of 

William & Mary in Williamsburg, Virginia. 

“I think once we start taking data, things 

will change pretty quickly.”

 

STUDIED FOR NEARLY 60 YEARS, neutri-

nos remain shrouded in mystery. “We don’t 

even know their masses,” says Mark Messier, 

a physicist at Indiana University, Blooming-

ton, and co-spokesman for the NO�A team. 

Physicists do know that neutrinos emerge 

from particle interactions that involve 

the weak nuclear force and come in three 

types—electron, muon, and tau. Neutrinos 

also undergo a bizarre metamorphosis as 

they zip along at near light speed. One type 

morphs into another, as physicists found in 

1998 by studying muon neutrinos generated 

when cosmic rays strike the atmosphere 

and in 2001 by studying electron neutrinos 

emanating from the sun.

Since then, physicists around the world  

have raced to probe such “neutrino oscil-

lations.” Scientists once thought that 

neutrinos were massless, but the morphing 

means that they can’t be. According to 

relativity, a massless particle must travel 

at light speed, in which case time stands 

still for it, and change is impossible. 

Through various experiments, physicists 

have shown that neutrino oscillations can 

be described, at least roughly, by just five 

parameters. The differences in mass among 

the three neutrinos provide two of these 

and determine the rates of the oscillations, 

faster or slower. Three more numbers 

known as mixing angles determine the 

probability that one particular type of 

neutrino morphs into another. 

Neutrino oscillations could help answer 

a major question about the universe. 

Neutrinos and their antimatter counterparts, 

antineutrinos, might oscillate slightly 

differently. That asymmetry would be an 

example of a phenomenon called charge-

parity (CP) violation, which could help 

theorists explain how the infant universe 

produced so much matter and so little 

antimatter. Quarks, which make up protons 

and neutrons, also exhibit CP violation, but 

not enough to explain the matter-antimatter 

imbalance, so theorists have pinned their 

hopes on neutrino measurements. 

When NO�A was proposed in 2005, a 

key goal was to measure the one neutrino 

oscillation parameter that remained 

unknown—a mixing angle called �
13
. To 

succeed, NO�A would have to improve 

on an earlier Fermilab experiment called 

MINOS that in 2005 began firing muon 

neutrinos to another location in Minnesota, 

the old Soudan mine. (Fermilab generates 

the particles in the Neutrinos at the Main 

Injector, or NuMI, beamline, which blasts 

protons into a target to make particles called 

pions. A pion in turn decays into a particle 

called a muon and a muon neutrino.) MINOS 

measured a different mixing angle, called 

�
23

, by simply counting muon neutrinos and 

seeing how many disappeared along the way 

from Fermilab as they morphed into electron 

and tau neutrinos. To measure �
13
, NO�A 

would also have to count the much rarer 

electron neutrinos that appeared in the beam 

as it traversed the earth.

But NO�A had competition. Physicists in 

Japan were already working on T2K, which 

shoots muon neutrinos from the Japan 

Proton Accelerator Research Complex in 

Tokai to the gargantuan underground Super-

Kamiokande neutrino detector in a mine 

295 kilometers to the west. Meanwhile, other 

teams in France, South Korea, and China 

were all hoping to measure �
13
 in a different 

way, by means of the disappearance of 

electron antineutrinos produced by nuclear 

reactors.

In the end, NO�A never had a chance to 

win that race. On 17 December 2007, just as 

researchers were hoping to get the go-ahead 

to start construction, Congress zeroed out 

2008 funding for the project as part of a last-

minute budget bill. “A lot of the [Fermilab] 

scientists went away and did other things,” 

Vahle says. They “had to be moved into other 

programs that paid.”

One of the reactor teams went on to clinch 

the �
13 

measurement. Researchers with the 

Daya Bay Reactor Neutrino Experiment, 

70 kilometers north of Hong Kong, leap-

frogged the competition and released the 

first definitive measurement of the key para-

meter in March 2012 (Science, 16 March 2012, 

p. 1287). T2K weighed in with a measurement 

the following year. Tantalizingly, the results 

proved that CP violation is possible among 

neutrinos, as it requires that none of the 

three mixing angles equal zero. 

  

BY THAT TIME, NO�A had risen from the 

dead, saved in part by the global financial 

crisis of 2008. Responding to the crisis, the 

federal government pumped $831 billion 

into the U.S. economy to stimulate it, partly 

by investing in public projects. “We were, in 

the parlance of the time, shovel ready,” says 

John Cooper, a physicist at Fermilab. “We 

had a design in hand and were ready to go on 

that building at Ash River.” Fermilab received 

$55 million to start building NO�A.

But haven’t Daya Bay and T2K rendered 

NO�A superfluous? Not quite. Measuring 

�
13
 had always been one of a number of 

targets. NO�A physicists now hope to sort 

the neutrinos from lightest to heaviest. 

They know the mass differences: Two types 

of neutrinos have nearly the same mass 

and one is different. But they don’t know 

if two neutrinos are light and one heavy 

or vice versa. Roughly speaking, the first 

arrangement would make the electron 

neutrino the lightest, mirroring the mass 

ranking of the electron and its particle 

cousins, the muon and the tau. So it’s called 

the normal mass hierarchy. In the second 

arrangement—the inverted hierarchy—

the electron neutrino is one of the two 

heavier neutrinos. 

The hierarchy has broader implications. 

Theorists suspect that, rather bizarrely, the 

neutrino may act in a certain sense as its own 

antiparticle. That would make the neutrino 

unique among matter particles and would 

mean it gets its mass in a way that’s different 

from other fundamental particles—which 

get their masses by interacting with Higgs 

bosons lurking in the vacuum of empty space. 

Physicists could prove that was the case if 

they could observe a hypothesized form of 

radioactive decay called neutrinoless double 

beta decay that depends on that oneness of 

neutrino and antineutrino. But the rate of 

that decay depends on the electron neutrino’s 

mass, and the decay may be observable only 

if the hierarchy is inverted.

To determine the hierarchy, NO�A 

researchers will alternately fire muon 

neutrinos and muon antineutrinos from 

Fermilab and compare the numbers of elec-

tron neutrinos and electron antineutrinos 
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Neutrinos change type in flight.
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[A. Cho, Science 345, 6204 (2014)]
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The NOvA Experiment



Near Detector
100 m underground, 20K channels

Far Detector
On the surface, 344K channels
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The NOvA Experiment
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The detectors are functionally identical
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The NOvA Experiment
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Event topology
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Near Detector Event Topologies

NOvA uses computer
vision and deep learning
techniques for event
selection

Convolutional Visual 
Networks (CVN)

[A. Aurisiano et al., JINST11 (2016), 
arXiv:1604.01444]



The Data
And its interpretation
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[Nevado de Toluca]
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The Data

Data are well described by a 3-flavor model
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The Data

Events: 211
Bkgd: 8.2

Events: 105
Bkgd: 2.1

Events: 82
Bkgd: 23.8

Events: 33
Bkgd: 14.1
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The Data
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Oscillations results

Best Fit
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Oscillations results

Best Fit

Lower octant disfavored at 1.2𝜎
Maximal mixing disfavored at 1.1𝜎

Max. 
mixing
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Oscillations results

Best Fit

Lower octant disfavored at 1.2𝜎
Inverted Hierarchy disfavored at 1𝜎
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Oscillations results
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Oscillations results

• Hie-oct-δCP combinations that produce asymmetric
𝜈! − �̅�! appearance are disfavored

• Combinations that include some “cancellation” are 
preferred
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Oscillations results

• No strong preference for hierarchy or octant
• Disfavor 
• Exclude  
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Other oscillations results

• Agreement with other atmospheric parameters measurements
• Apparent tension in allowed values of 𝛿CP between NOvA and T2K

NB: not yet updated after NEUTRINO 2020 results from all experiments
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Other oscillations results

Attempts to “resolve” or explain this tension
• IH as the favored solution 

[K. Kelly et al., arXiv:2007.08526]

• New Physics: Non-Standard Interactions 
[P. Denton et al., arXiv:2008.01110; 
S. Chatterjee & A. Palazzo, arXiv:2008.04161]

NOvA & T2K are working together on a fully self-consistent joint fit



The Future
Looking ahead…
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[Museo Soumaya]



ICN-UNAM, Octubre 2020 M.A. Acero Ortega

The Future

Currently beam is off…
• Will resume in neutrino mode shortly
• Plan to get 50:50 𝜈: �̅�
• NOvA is expected to run until 2025

Sensitivity expectations…
• Potential 3-5𝜎 sensitivity to Hierarchy

for favorable parameters
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The Future

Currently beam is off…
• Will resume in neutrino mode shortly
• Plan to get 50:50 𝜈: �̅�
• NOvA is expected to run until 2025

Sensitivity expectations…
• Potential 3-5𝜎 sensitivity to Hierarchy
• Even 4-5𝜎 for  𝛿CP = 3𝝅/2
• ≥3𝜎 for 30-50% of 𝛿CP values

depending on the mixing and hierarchy
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The Future

Currently beam is off…
• Will resume in neutrino mode shortly
• Plan to get 50:50 𝜈: �̅�
• NOvA is expected to run until 2025

Sensitivity expectations…
• Potential 3-5𝜎 sensitivity to Hierarchy
• Even 4-5𝜎 for  𝛿CP = 3𝝅/2
• ≥3𝜎 for 30-50% of 𝛿CP values
• Possible >2𝜎 to CP violation

All depends on true values in Nature

Improvements to come…
• Beam intensity
• Test Beam program (detector response)



Conclusions

ICN-UNAM, Octubre 2020 M.A. Acero Ortega

[Jacarandas]



Conclusions
With an exposure of                                                                POT, we got:
Ø Atmospheric parameters

Ø Constraints on strongly asymmetric                  appearance PNMS 
solutions
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[Ángel de la Independencia]



Conclusions
With an exposure of                                                                POT, we got:
Ø Atmospheric parameters

Ø Constraints on strongly asymmetric                  appearance PNMS 
solutions

Ø More to come!
§ sensitivity to mass hierarchy determination for some values of
§ Potential sensitivity to up to 2𝜎
§ Input from NOvA Test Beam program and neutrino interactions community to further

improve robustness to systematics
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[Ángel de la Independencia]



¡Gracias!
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Additional information
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Supplement

Ranges for the oscillation
parameters under different
Mass Hierarchy and Octant
constraints
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Supplement
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NOvA Simulation
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Key Comparison: Neutrino and Antinutrino events

ü Mass Ordering/Hierarchy?
ü Maximal mixing?

Upper Octant (larger oscillation probability)
Lowe Octant (smaller oscillation probability)
𝜈𝜇 - 𝜈𝜏 Symmetry

ü CP violation?
Different effects for neutrinos and antineutrinos
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Key Procedure: event selection
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           event selection with CVN⌫e/⌫µ
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

⌫e CC
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✴ We use convolution neural network called CVN (Convolutional Visual Network). 
✴  Particle identification technique based on ideas from GoogLeNet (computer vision and 

deep learning). 
✴ Multi-label classifier – the same network used in multiple analyses: 

can classify                          ,  NC and cosmic.

A. Aurisano et. al,  JINST 11, P09001 (2016)

⌫µ CC
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

input image feature maps

muon e/m shower hadrons

⌫e, ⌫µ, ⌫⌧
<latexit sha1_base64="A7VNjanBJxrZf+t/+Un3MTlbmyI=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFcCElqYLiquDGZQV7gSaEyXTSDp1MwlyEErpx46u4caGIW9/BnW/jpA2irT8MfPznHM6cP0wZlcpxvqzS0vLK6lp5vbKxubW9Y+/utWWiBSYtnLBEdEMkCaOctBRVjHRTQVAcMtIJR9d5vXNPhKQJv1PjlPgxGnAaUYyUsQL70OM6IKfQgzl4sf5BhXRgV52aMxVcBLeAKijUDOxPr59gHROuMENS9lwnVX6GhKKYkUnF05KkCI/QgPQMchQT6WfTKybw2Dh9GCXCPK7g1P09kaFYynEcms4YqaGcr+Xmf7WeVtGln1GeakU4ni2KNIMqgXkksE8FwYqNDSAsqPkrxEMkEFYmuIoJwZ0/eRHa9Zp7VqvfnlcbV0UcZXAAjsAJcMEFaIAb0AQtgMEDeAIv4NV6tJ6tN+t91lqyipl98EfWxzfDSJdy</latexit>
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Key Procedure: event selection

CVN
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•More physics results from NOvA
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