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Neutrinos: an exciting timeline!
𝜷 decay issues

c. 1930
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Neutrino Oscillations

Source Detector

𝜈𝜇 

𝜈𝜇 

𝜈𝜇 𝜈𝜇 𝜈𝜇 

𝜈𝜇 𝜈𝜇 

𝜈𝜇 

𝜈𝝉  

𝜈e 𝜈𝜇 𝜈𝝉 

𝜈e 𝜈𝜇 

Long Distance

Start with one flavor (𝜈𝜇 ) → non-zero chance of detecting other flavors (𝜈e, 𝜈𝝉 )

flavor basis mass basis

𝜈𝜇 → 𝜈e  on NOvA
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Outstanding Questions & This Talk

❖ What is the mass ordering of neutrinos?

ht
tp

s:
//n

eu
tri

no
s.

fn
al

.g
ov

/m
ys

te
rie

s/
m

as
s/

❖ Is there CP-Violation in the Lepton sector?
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https://neutrinos.fnal.gov/mysteries/mass/
https://physics.aps.org/articles/v15/120


Chicago ~30 mi

Making neutrinos at Fermilab

★ Produce a 120 GeV proton beam

Neutrino
Beam

Antineutrino
Beam

13.6 x 1020 POT 𝛎 12.5 x 1020 POT 𝛎

Collide protons with a fixed target
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The NOvA Experiment

6666

★ 2 detector long-baseline neutrino experiment using 
accelerator neutrinos produced at Fermilab

Optimized for studies of

   𝜈𝜇 → 𝜈𝜇  (disappearance channel)

𝜈𝜇 → 𝜈e  (appearance channel)

810 km

ND: Fermilab (IL)

FD: Ash River (MN)

𝜈𝜇 

𝜈𝜇 𝜈𝜇 

𝜈𝜇 

𝜈e 

𝜈𝜇 

𝜈𝜇 𝜈𝜇 𝜈𝜇 𝜈𝜇 𝜈𝜇 

𝜈𝜇 

𝜈𝜏
𝜈𝜇 𝜈𝜇 

𝜈e 

𝜈e 

𝜈𝜏𝜈𝜏𝜈𝜇 𝜈𝜏𝜈𝜏
𝜈𝜏 

𝜈𝜇 𝜈𝜏

➢ Near Detector (ND): measures neutrino flux before oscillations

➢ Far Detector    (FD): measures oscillated neutrino flux

𝜈𝜇 

FD - 14kton

ND - 290 ton
𝜈 𝜈 𝜈

𝜈 𝜈 𝜈
𝜈

𝜈𝜈
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The NOvA Experiment

7777

Near Detector
4m x 4m x 15.6 m

underground

Far Detector
15.5m x 15.5m x 60 m

surface

Two functionally identical tracking calorimeters

550 𝜇s of data readout
color denotes time

Top 
view

Side
view

Each cell = 1 pixel of the
Event Display
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Event Topologies

8888
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𝜈𝜇 
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Top 
view

Side
view

Top 
view

Side
view

𝜈e 

e-

p

Muon neutrinos produce a characteristic long track Electron neutrinos have shorter fuzzier tracks

By identifying the charged lepton, we infer the incoming neutrino flavor (CC)



Non-Standard Interactions

https://www.particlezoo.net/

https://www.particlezoo.net/


First: Standard Matter Effect

Important for our experiment's long baseline!

νe different from νμ and ντ in matter

νe scatters coherently against
matter’s electron cloud

Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvA Experiment                BSM 2023 - Hurghada, Egypt 11/09/2023

10



11111111

Non-Standard Interactions (NSI)

11111111

● NSI are a BSM extension of the standard matter effect

● Neutrinos might coherently scatter in ways that we don’t know of yet

At the Hamiltonian level, add an interaction term

𝜀 can be seen as the strength of NSI

NSI predicted by the same landmark paper
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Non-Standard Interactions (NSI)

12121212

★ Sensitive to off-diagonal terms

★ focus on channels affecting 𝜈e neutrinos

..including effects of new phases

Not looking for final states or 
mediators

Instead measure the effective 𝜀's

If non-zero → NSI
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Non-Standard Interactions (NSI)

13131313

Expect strong impact from 
new CP-Violating Phases

Today's talk is an extension of a recent NOvA Standard Oscillation Analysis: Phys. Rev. D 106, 032004
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NSI Analysis: methodology

14141414

Data NSI Model Constraints and 
systematics

∆m2
21 (10−5eV2) = 7.54 ± 0.19

sin2θ12 = 0.304 ± 0.042 

sin2θ13 = 0.0218 ± 0.0007

ρ (g/cm3) = 2.74 ± 3.7%

Systematic Pulls𝜈𝜇 211

𝜈𝜇 105

𝜈e 82

𝜈e 33

sin2(θ23), Δm2
32 , 𝛿CP  

 | 𝜀𝛼𝛽 | , 𝛿𝛼𝛽
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Results

https://www.pixelsquid.com/png/open-chest-2059422080763434711

https://www.pixelsquid.com/png/open-chest-2059422080763434711
https://www.pixelsquid.com/png/open-chest-2059422080763434711
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Results

16161616

ꭓ2
e𝜇 =  173.3 (NO)

ꭓ2
e𝜏 =  172.9 (NO & IO) 

(loss of sensitivity to the 𝞶 Mass Ordering)

★ Consistent with Std. Osc. within 
the 1-𝜎 systematic uncertainty

Electron (anti)neutrino events Muon (anti)neutrino events
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Results: NSI space

17171717

Construct an NSI vs Effective Phase space

Rules out most of:
|𝜀e𝜇| < ~0.3 |𝜀e𝜏| < ~0.4
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Degeneracy & large NSI

18181818

Loss of sensitivity for points where Standard Oscillation prediction equals the NSI prediction;
leads to a degeneracy for large NSI
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Results: impact of NSI on PMNS parameters

19191919

★ Inclusion of NSI seem to 
greatly impact our sensitivity 
to the standard
CP-violating phase 𝛿CP   

Need to further constrain NSI for a 
precise measurement of

CP-violation in the
neutrino sector
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★ NSI consistent with Standard Oscillations within uncertainty
○ However, must constrain NSI in order to study 𝛿CP   

★ Degeneracy for large NSI in the e𝜏 sector
○ plan to perform studies to enhance sensitivity

★ Constrain most of:

○ |𝜀e𝜇| < ~0.3

○ |𝜀e𝜏| < ~0.4
Watch particles
LIVE at NOvA!

Thank you!

Study sponsored by
DOE Award DE-SC0021616

Summary
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Backup



NOvA Experiment



Neutrinos or Antineutrinos

Slide courtesy of Jeffrey Kleykamp
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Neutrinos or Antineutrinos

Matter affects neutrinos and antineutrinos differently
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Off-axis configuration

25252525

14 mrad off-axis: 

E𝜈 around 2 GeV

Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvA Experiment                BSM 2023 - Hurghada, Egypt 11/09/2023



A Neutrino Camera

● The neutrino is invisible

● Measure the outgoing charged particles

○ Infer the neutrino energy and other 
properties

Snapshot of Neutrino Interaction

Colour is proportional to
amount of energy deposited

νμ

26Slide courtesy of Jeffrey Kleykamp
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Event Topologies

27272727

𝜈𝜇 

𝜇-

p

𝜈e 

e-

p

𝜈 

𝜋0 
𝛾

𝛾

CC

CC

NC

Muon neutrinos produce a characteristic 
long track

Electron neutrinos have shorter fuzzier 
tracks

Neutral Current events produce 𝜋0 
Background for 𝜈e events!
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Recent Results from NOvA (Frequentist)

28282828

● Published August 1st, 2022
○ Phys. Rev. D 106, 032004

○ Improved measurement of neutrino oscillation
parameters by the NOvA experiment

● Slight tension with other experiments
○ 𝛿CP excluded ~ 3𝜋/2 at 90% C.L.

● Today’s results are an NSI extension
of the previous measurement

Slide courtesy of Jeffrey Kleykamp
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Recent Results from NOvA (Bayesian)

29292929
Slide courtesy of Alex Himmel
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NSI Model
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NSI Model

313131313131

Effect of 
each 

parameter
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NSI Model

323232323232

..but here for 
the 𝜈e 

appearance
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ρ uncertainty

333333333333

● Compare CRUST model to real data

● Kola bore – deepest bore

● Wyoming oil bore – geologically similar

● Also direct bores from the MINOS cave

● 3.7% uncertainty
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NOvA-T2K + NSI Motivation

343434343434

Phys. Rev. Lett. 126, 051802 (2021)
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NSI & ( δcp+ δeτ )

353535353535

● P(νμ→νe) 

~ sin δCP & cos δCP terms 

~ εeτ sin (δCP + δeτ), εeτ cos (δCP + δeτ)

● A εeτ grows, δCP + δeτ terms become
dominant effect

○ Largest terms are proportional to 
εeτ cos(δcp+δeτ)

○ Similar in εeμ

● Measure vs δcp+δeτ

Improves Sensitivity

Slide courtesy of Jeffrey Kleykamp
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NSI Degeneracy
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Degeneracy & large NSI

37373737

Neutrino Mode Antineutrino Mode

The joint neutrino-antineutrino fit breaks most of the degeneracies (Dashed blue curve of interest)
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Degeneracy & large NSI

38383838

Neutrino Mode Antineutrino Mode

For a certain combination of parameters, NSI pred. ~ Std.Osc. pred (Dashed blue curve of interest)

Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvA Experiment                BSM 2023 - Hurghada, Egypt 11/09/2023



39393939

Degeneracy & large NSI

39393939

Loss of sensitivity for points where Standard Oscillation prediction equals the
NSI prediction; leads to a degeneracy for large NSI

Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvA Experiment                BSM 2023 - Hurghada, Egypt 11/09/2023



NSI Results



41414141

NSI Results

414141414141
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NSI Results

424242424242
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NSI Results

434343434343
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NSI Results

444444444444
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NSI Results

454545454545
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Results: comparison to MINOS

464646464646
Complementary to previous measurements from the MINOS Experiment
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Future Sensitivity

474747474747

Addition of statistics is not 
enough to resolve the 
degeneracy.

Exploring improvements for the 
next NSI analysis!
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