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THE EXPERIMENTS

A 2-slides review
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NOvA
T h e  E x p e r i m e n t  i n  t h e  U S

• Long-baseline (810 km) neutrino 
oscillation experiment

• Muon Neutrinos from the NuMI 
Beam at Fermilab

• Two (functionally equivalent) detectors:
o Far Detector: 14 kton; on the surface
o Near Detector: 0.3 kton; underground

• Off-axis (14.6 mrad) position (beam 
peaks at ~2 GeV)

 14.6 mrad ~ 0.84º
~270 members, 49 Institutes, 8 countries
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T2K
T h e  E x p e r i m e n t  i n  J a p a n

C. Bronner on behalf of the T2K collaboration
June 1st, 2022

Recent results and 
future prospects from T2K

The XXX International Conference on Neutrino Physics and Astrophysics – Neutrino 2022

• Long-baseline (295 km) neutrino 
oscillation experiment

• Muon Neutrinos from the J-PARC 
acceleration complex

• Two detectors:
o Far Detector: Super-Kamiokande
o Near Detector(s): ND280; INGRID (on-axis)

• Off-axis (2.5º) position (beam 
peaks at ~0.6 GeV)

 2.5º ~ 43.6 mrad
~530 members, 76 Institutes, 14 countries
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NOvA and T2K
T h e  E x p e r i m e n t s

Physics Goals

• Muon (anti)neutrino disappearance 
and Electron (anti)neutrino 

appearance

• Measurement of the oscillation 
parameters (∆𝑚!"

" , 𝜃23, 𝛿CP)

• Mass Ordering

• Neutrino interactions (cross sections)

• Sterile and supernova neutrinos

• ‘Exotic’ physics
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STANDARD NEUTRINO 
OSCILLATIONS

A quick review
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Neutrino Oscillations
T h e  3 - n e u t r i n o  m i x i n g

The 3-neutrino model
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Reactor
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Neutrino Oscillations
T h e  3 - n e u t r i n o  m i x i n g

The neutrino evolution (in vacuum):

But neutrinos interact with matter

Effective potential
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Neutrino Oscillations
T h e  3 - n e u t r i n o  o s c i l l a t i o n s  i n  m a t t e r

Evolution in matter is governed by an effective Hamiltonian

Leading to the well-known Mikheev-Smirnov-Wolfenstein (MSW) effect
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NON-STANDARD NEUTRINO 
OSCILLATIONS

Additional neutrinos – Additional interactions

Nu Workshop – IFIRSE  11  M.A. Acero Ortega

Sterile Neutrinos
Phenomenology and Results



Sterile neutrinos
T h e  m o t i v a t i o n s  a n d  i m p l i c a t i o n s

The possible existence of a 4th sterile neutrino as an 
explanation to the event excess observed by LSND 
and MiniBooNE…

3−10 2−10 1−10 1
θ22sin

2−10

1−10

1

10

210)2
 (e

V
2

m
∆

90% CL
KARMEN2

90% CL
OPERA

LSND 90% CL

LSND 99% CL

68% CL
90% CL
95% CL
99% CL

 CLσ3
 CLσ4

Possible implications

• Modification of the neutrino 
mass states mixing

• Anomalous 𝜈e appearance

[MiniBooNE Coll., PRL121 (2018)]

[M
iniBooN

E Coll., PRL121 (2018)]
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Additional (sterile) neutrinos
T h e  e f f e c t s  o f  o n  t h e  n e u t r i n o  e v o l u t i o n

… Also leads to a modification of the Hamiltonian.

The PMNS mixing matrix becomes 4x4.

     
      Fourth neutrino does not couple to SM
      forces, but modifies the oscillations

[V H
ew

es, Ferm
ilab JETP Sem

inar (2022)]

First Dual-Baseline Search for Active to Sterile Neutrino Oscillations from NOvA – V Hewes – Fermilab JETP seminar

3+1 Flavour Neutrino Oscillations
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• Expand the 3-Flavour model by 
introducing an additional mass state ν4 
and flavour state νs. 

• LEP's measurement of the Z width means 
this state must be sterile. 

• It does not couple to the standard model 
forces, but it does modify the oscillations 
of the active neutrinos.
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.

36

[S. Shael et al., Phys. Rept 427 (2006)]
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Additional (sterile) neutrinos
T h e  e f f e c t s  o f  o n  t h e  n e u t r i n o  o s c i l l a t i o n

Fourth neutrino does not couple to SM forces, but modifies the oscillations

• 3+1 neutrino oscillations studied trough neutral 
 current disappearance

• NC are flavor independent – clean measurement
 of active → sterile disappearance

First Dual-Baseline Search for Active to Sterile Neutrino Oscillations from NOvA – V Hewes – Fermilab JETP seminar 27

3+1 oscillations at NOvA: Neutral Currents

27

0.2

0.4

0.6

0.8

1

Ev
en

ts
 (A

rb
itr

ar
y 

Sc
al

e)
2−10 1−10 1 10 210 310

L/E (km/GeV)
0

0.2

0.4

0.6

0.8

1

1.2

) sν 
→ 

µν
1 

- P
(

0.2

0.4

0.6

0.8

1

Ev
en

ts
 (A

rb
itr

ar
y 

Sc
al

e)

Neutrino Mode
3-Flavor Prob.

2 = 0.05 eV41
2m∆

2 = 0.5 eV41
2m∆

2 = 5 eV41
2m∆

ND FD
110210

Neutrino Energy (GeV)
110210

Neutrino Energy (GeV)
• Probe 3+1 sterile oscillations 

in NOvA through neutral 
current disappearance. 

• NC interactions are flavour-
independent, providing a 
clean measurement of 
active → sterile 
disappearance.

Sensitivity to 𝜃34 independent of 𝜃24
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Additional (sterile) neutrinos
T h e  e f f e c t s  o f  o n  t h e  n e u t r i n o  o s c i l l a t i o n

Fourth neutrino does not couple to SM forces, but modifies the oscillations

• 3+1 neutrino oscillations studied trough charged 
 current 𝜈𝜇 disappearance

• Extra 𝜈𝜇 disappearance → sterile (compared to 3F)

First Dual-Baseline Search for Active to Sterile Neutrino Oscillations from NOvA – V Hewes – Fermilab JETP seminar 32

3+1 oscillations at NOvA: νμ Charged Currents

32
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• Probe 3+1 sterile oscillations 

in NOvA through charged 
current νμ disappearance. 

• Sterile neutrinos manifest as 
additional νμ disappearance, 
above that expected from 
standard 3-flavour 
oscillations.

Sensitivity to 𝜃24 from both detectors
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Sterile neutrino Spectra
T h e  r e s u l t s

Consistent with no sterile 
neutrino oscillations 

(within the 3F uncertainty)

First Dual-Baseline Search for Active to Sterile Neutrino Oscillations from NOvA – V Hewes – Fermilab JETP seminar

Results

75

Consistent with 
no sterile oscillations 
at 90% confidence level.
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Sterile neutrino parameters
T h e  r e s u l t s

First Dual-Baseline Search for Active to Sterile Neutrino Oscillations from NOvA – V Hewes – Fermilab JETP seminar 78
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78

• Profile θ23, Δm322, θ34 and δ24. 

• Other 3f PMNS parameters held 
fixed at recent NuFit values. 

• θ14 fixed at zero due to constraints 
from reactor data. 

• Loose Gaussian constraint applied 
to Δm322. 

• 90% CL critical values corrected 
using Profiled Feldman Cousins 
approach (arXiv:2207.14353). 

• Competitive limits on θ24 in high 
Δm412 regime.
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• Profile θ23, Δm322, θ24 and δ24. 

• Other 3f PMNS parameters held 
fixed at recent NuFit values. 

• θ14 fixed at zero due to constraints 
from reactor data. 

• Loose Gaussian constraint applied 
to Δm322. 

• 90% CL critical values corrected 
using Profiled Feldman Cousins 
approach (arXiv:2207.14353). 

• World-leading limits in θ34 as a 
function of Δm412.

90% CL critical values 
corrected using Profiled 

Feldman Cousins 
approach

Competitive limits on 𝜃24 in the 
high ∆m41

2 regime 

World-leading limits for 𝜃34 as a 
function of ∆m41

2
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Sterile neutrino parameters
T h e  r e s u l t s

No evidence of 𝜈s mixing 
in a 3+1 model

CC 𝜈𝜇,e and NC samples were 
used

Limits on 𝜃24 for ∆m41
2< 10-3 eV2

Limits on 𝜃24 and |U𝜏4|2 for 
∆m41
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[T2K Collaboration, PRD99(R) (2019)]

[T2K Collaboration, PRD99(R) (2019)]
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NON-STANDARD NEUTRINO 
OSCILLATIONS

Additional neutrinos – Additional interactions
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Heavy Neutrinos
Phenomenology and Results



Heavy neutrinos
T h e  m o t i v a t i o n s  a n d  i m p l i c a t i o n s

As an extension of the SM to include neutrino masses: inclusion of n ≥ 2 right-handed 
neutrino fields

Possible implications         nxn Majorana matrix

• n heavy Majorana mass eigenstates, N

• Modification of the mixing pattern

               

      Active-heavy mixing matrix

Nu Workshop – IFIRSE  20  M.A. Acero Ortega

Constraints on          by searching for 

heavy neutrino decays



Heavy neutrinos
T h e  r e s u l t s

Search for heavy 
neutrinos

(decaying in the ND280)

No excess of events was 
observed

Upper limits on the mixing 
elements    

[T2K Collaboration, PRD100 (2019)]

[T2K Collaboration, PRD100 (2019)]
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NON-STANDARD NEUTRINO 
OSCILLATIONS

Additional neutrinos – Additional interactions
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Non-Standard 
Interactions

Phenomenology and Results



Non-Standard Interactions
T h e  m o t i v a t i o n s  a n d  i m p l i c a t i o n s

The possible existence of NSI implies a modification of neutrino propagation…

Possible implications [S.S Chatterjee, A. Palazzo, PRL 126 (2021)]

• Low-energy manifestation of high-energy physics 
 (new heavy states)

• Light mediators

• Modify the dynamics of neutrinos in matter

• Sizable impact on current data

• Interfere with the determination of the standard 
 parameters

[A
. Friedland, I.M

. Shoem
aker arXiv:1207.6642 (2012)]
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Non-Standard Interactions
T h e  e f f e c t s  o f  o n  t h e  n e u t r i n o  e v o l u t i o n

… Then leading to a modification of the Hamiltonian

with          .

Diagonal terms       , could be interpreted as the NSI effective mass squared differences 
(possible new resonances even if neutrinos were massless)

Off-diagonal terms  , could play a role like the mixing angles. 

Complex phases    , could be a source of  CP violation.

Nu Workshop – IFIRSE  24  M.A. Acero Ortega



Non-Standard Interactions
T h e  e f f e c t s  o f  o n  o s c i l l a t i o n  p r o b a b i l i t y

… With visible effects on the oscillation probability.

Nu Workshop – IFIRSE  25  M.A. Acero Ortega

Here, changes from 
the norm of the NSI 

parameter

And here the changes 
generated by the NSI 

phase



NSI – e𝛍 and e𝝉 Spectra
T h e  r e s u l t s

NSI not needed to explain 
NOvA spectra.

Muon (anti)neutrinos

Electron (anti)neutrinos

No evidence of NSI 
(results are consistent with 

3F within uncertainties)
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NSI – e𝛍 and e𝝉 Constraints
T h e  r e s u l t s

µeδ + CPδ
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τeδ + CPδ
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e𝝉 Result: Vs. MINOS
T h e  r e s u l t s

[M
IN

O
S, PRD

95 (2017)]
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More Physics 
Results

Other than neutrino oscillations
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Even more!
T h e  r e s u l t s

Search for Lorentz and 
CPT violations

Upper bound on the 
neutrino mass

And several cross-section 
measurements

[PRD95 111101(R) (2017)]

[PRD93 012006 (2016)]

Coincidences with 
LIGO/Vigo detections

Search for slow magnetic 
monopoles

Supernova neutrinos

Seasonal variation of 
multi-muon events

[PRD104 063024 (2021), PRD101 112006 (2020)]

[PRD103 012007 (2021)]

[PRD104 012014 (2021), PRD99 122004 (2019)]

[JCAP10 014 (2020)]
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Conclusions
• Rich physics research at and great results from 

both, NOvA and T2K, beyond standard neutrino 
oscillations.

• No signal of sterile neutrinos observed by T2K or 
NOvA.

• NOvA spectra do not need NSI.

• No signals from heavy neutrinos observed by T2K.

• Amazing potential for exploring BSM physics, too.
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THANKS!

NOvA Collaboration – June 2023 – QMUL, London (UK)
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NOvA
N e u t r i n o s  f r o m  N u M I  b e a m
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NOvA
T h e  D e t e c t o r s

2016 JINST 11 P09001

Figure 2. Schematic of the NOvA detector design. The two figures on the right show the views through the
top and side of the three-dimensional figure on the left. They show the ‘hits’ produced as charged particles
pass through and deposit energy in the scintillator-filled cells. Illustration courtesy of Fermilab.

pions which look like leptonic activity. A charged pion track can appear quite similar to a muon track,
with the exception of a spike in energy deposition at the end of the track. A neutral pion will rapidly
decay to produce a pair of photons which themselves produce electromagnetic showers, which are
di�cult to distinguish from showers produced by an electron, unless you can find the telltale gap
between the interaction vertex and the shower. By constructing an identification algorithm like
CVN, which views the entire event topology, we hope to minimize these misidentification failure
modes but they remain a challenge.

CC interactions were further divided into quasi-elastic (QE), resonant (RES), and deep-
inelastic-scattering (DIS) categories which vary in the complexity of the hadronic portion of the
event. QE events are two-bodied with the nucleon recoiling intact from the scattering lepton. In
RES events the nucleon is knocked into a baryonic resonance and decays back down to the nucleon
with associated hadrons, and in higher energy DIS events the nucleon breaks up in the process of
hadronization. Figure 3 shows example, simulated, events from these categories as they might be
recorded by the NOvA detectors. While the network shows some promise in being able to categorize
events at this detailed level, for now we have focused only on neutrino event flavor identification by
combining the outputs of these detailed subdivisions into the four categories in the list above.

The input to CVN was formed first by clustering energy deposits recorded in each scintillator
column together in space and time into slices. These slices e�ciently separate deposits due
to neutrino interactions from those due to cosmic ray interactions and remove nearly all energy
deposits due to noise. Grids 100 planes deep and 80 cells wide are chosen which contain the slice.
Two separate grids were made for the x � z and y � z detector views. These grids are windows of
the detector activity 14.52 m deep and 4.18 m wide. The upstream side of the window was chosen
to align with the first plane that contains a detector hit and the window is centered on the median hit
cell position. The size and placement of this window ensured that the majority of neutrino events,
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Events selection
S o m e  d e t a i l s

Classification
• We use Deep learning

techniques for event
selection: 
Convolutional Neural 
Network (CNN)

• Apply some cuts
(conditions)

- Contained
- Track reconstruction
- Cosmic rejection

2016 JINST 11 P09001
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For the NSI Analysis
S o m e  i m p o r t a n t  c o n s t r a i n t s

Other results matter
• We are insensitive to some

oscillation paramenters
-Use information from other
sources: PDG, NuFIT

• Combination of different
experiments. But…

[NuFIT5.1, www.nu-fit.org (2012)]

Backup
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For the NSI Analysis
S o m e  i m p o r t a n t  c o n s t r a i n t s

Other results matter
• We are insensitive to some

oscillation paramenters
-Use information from other
sources: PDG, NuFIT

• Combination of different
experiments. But…

• NSI could affect some of the
measurements
Solar + KamLAND prefer NSI at 
1.9𝜎

[A. Palazzo, PRD83 (2011)]
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SO with the e𝛍 and e𝝉 models
T h e  r e s u l t s

𝜈e disappearance affected
by NSI
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Degeneracy
T h e  r e s u l t s

Neutrinos Antineutrinos

Backup
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Dual Degeneracy
T h e  r e s u l t s

Neutrinos Antineutrinos

Backup
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Degeneracy vs. Phase
T h e  r e s u l t s

Would expect a loss in 
sensitivity in this region

Neutrino
Anti-neutrino

Backup
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Resutls from IceCube
T h i g h t  C o n s t a i n t s

[IceCube, PRD
104 (2021)]

• Thigh constraints on NSI using atmospheric neutrinos

• One NSI parameter at a time and 𝛿CP = 0.

Backup
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Resutls from IceCube
T h i g h t e r  C o n s t a i n t s  o n  𝜇 𝜏

[IceCube, PRL129 (2022)]

• Modelling NSI as 𝜀𝜇𝜏 = Re(𝜀𝜇𝜏) + i Im(𝜀𝜇𝜏)

• Using 8 years of TeV-scale atmospheric muon-neutrino data
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T2K – NOvA + NSI
C o m u n i t y  i n t e r e s t

[Chatterjee & Palazzo, PRL126 (2021)]

• Combination of NOvA and T2K

• Theorist’s analyses
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