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Neutrinos and the Standard Model
Standard Model of Elementary Particles

three generations of matter
(fermions)

I II III

interactions / force carriers
(bosons)

mass

charge

spin

Q
U

A
R

K
S

u
≃2.2 MeV/c²

⅔

½

up

d
≃4.7 MeV/c²

−⅓

½

down

c
≃1.28 GeV/c²

⅔

½

charm

s
≃96 MeV/c²

−⅓

½

strange

t
≃173.1 GeV/c²

⅔

½

top

b
≃4.18 GeV/c²

−⅓

½

bottom

LE
PT

O
N

S

e
≃0.511 MeV/c²

−1

½

electron

νe
<1.0 eV/c²

0

½

electron
neutrino

µ
≃105.66 MeV/c²

−1

½

muon

νµ
<0.17 MeV/c²

0

½

muon
neutrino

τ
≃1.7768 GeV/c²

−1

½

tau

ντ
<18.2 MeV/c²

0

½

tau
neutrino G

A
U

G
E 

B
O

SO
N

S
VE

C
TO

R
 B

O
SO

N
S

g
0

0

1

gluon

γ
0

0

1

photon

Z
≃91.19 GeV/c²

0

1

Z boson

W
≃80.39 GeV/c²

±1

1

W boson

SC
A

LA
R

 B
O

SO
N

S

H
≃124.97 GeV/c²

0

0

higgs

The Nobel Prize in Physics 2015

Takaaki Kajita 
Super-Kamiokande Collaboration 
University of Tokyo, Kashiwa, Japan

Arthur B. McDonald 
Sudbury Neutrino Observatory Collaboration 
Queen’s University, Kingston, Canada

“for the discovery of neutrino oscillations,  
which shows that neutrinos have mass”

• Neutrinos in the standard model 
are massless 

• Neutrino Oscillations 
- establish neutrinos have mass 
- physics beyond the standard model
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What do we know already?

Oscillations arise from transitions from one 
neutrino "avor eigenstate to another.

να
lα

W

Source lβ

W

Observa�on

νβ“Baseline” L

Transitions between the known neutrino flavors !  
at distance (“baseline”) !  and neutrino energy !

νe, νμ, ντ
L Eν
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Unitary PMNS matrix: 
• Parameterizes mixing between 

flavor eigenstates !  and  

mass eigenstates !  

• 3 mixing angles !  

• CP violating phase !  

νe, νμ, ντ

ν1, ν2, ν3
θ12, θ13, θ23

δCP

Current strongest constraints: 
• !  from solar exp. 
• !  from reactor exp. 
• ! , !  from long baseline (LBL) 

accelerator exp.

θ12
θ13
θ23 δCP

!P(να → νβ) = ∑
j

U*βj exp [−i
m2

j L

2Eν ] Uαj
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Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3
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Oscillation probability also 
depend on mass eigenstate 
differences !Δm2

ij = m2
i − m2

j

!  
• Strongest constraints from reactor exp. 
 

!  

• Strongest constraints from reactor and 
accelerator LBL exp.

Δm2
21 ≃ 8 × 10−5 eV2

Δm2
31 ≈ Δm2

32 ≈ 2 × 10−3 eV2

!P(να → νβ) = ∑
j

U*βj exp [−i
m2

j L

2Eν ] Uαj

2
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PoS(ICHEP2012)033

New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.
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ν

ν
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μ

τ

CKM                             PMNS

Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a

2

Quark vs. Neutrino Mixing

• Neutrino mixing stronger than quark mixing 
• Jarlskog invariant could be !  larger for neutrinos 

than quarks:
𝒪(103)

!JPMNS
CP ≲ 0.03!JCKM

CP ≃ 3 × 10−5

PoS(ICHEP2012)033 

Area of squares 
represents square  
of matrix element 
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Questions
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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

1) Is the neutrino mass hierarchy 
“Normal” or “Inverted”? 

• Symmetry governing order 
of neutrino and charged 
lepton masses?
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Questions
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mixing into the 2nd and 3rd mass states?
i.e.: is θ

23
 “maximal” = 45º?

Most poorly known parameters:
θ

23
 (~5%), δ

CP
 (weak constraints)

2) Maximal mixing of !  with ! ? 

• !  ? 

• !  symmetry?

νμ, ντ ν2, ν3

θ23 = π/4
νμ − ντ

3) Do neutrinos violate CP? 
• !  non-integral? 
• May help explain matter-

antimatter asymmetry in 
universe

δCP /π

!7

Open Questions
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LBL neutrino oscillations
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(“ν
μ
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s show up?

(“ν
e
 appearance”)

High-intensity !  or !  
beam at !  ~ 1 to 10 GeV 

Measure 
• !  and !  disappearance 
• !  and !  appearance 
over baseline of 100s of km 

Count charged current (CC) 
interactions (mostly ! ) 
• !  flavor determined from 

final state !  
• !  measured from final 

state particles 
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!  Disappearanceνμ

NOvA

!  Appearanceνe

!8

Long Baseline Accelerator !  Experimentsν
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!  Disappearanceνμ and νμ

!     Δm2
32

!sin2(2θ23) Oscillation “dip” in !  !  
spectrum at far detector: 

• Depth: !  
• Position: 
!  and !  (fixed)

(−)ν μ Eν

sin2(2θ23)

Δm2
32 L

!P ((−)ν μ → (−)ν μ) ≈ 1 − sin2(2θ23)sin2 ( 1.27Δm2
32L

Eν )

!9
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!  Appearanceνe and νe
!  

•  Leading dependence on 
!  

•  Sub-leading dependence on 
!  and mass hierarchy !

P(νμ → νe) and P(νμ → νe)

sin2 θ23, sin2 θ13, |Δm2
32 |

δCP (±Δm2
32)
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!  Appearance: Mass Hierarchyνe and νe

MSW (“Matter”) Effect: 
• !  forward scattering in matter  

changes effective masses of neutrinos 
• Normal Hierarchy: !  app. 

• Inverted Hierarchy: !  app. 
• Size of effect is 

• ~10% for T2K (!  = 296 km) 
• ~30% for Nova (!  = 810 km)

νe, νe

⇑ νe, ⇓ νe

⇓ νe, ⇑ νe

L
L

!  
•  Leading dependence on 
!  

•  Sub-leading dependence on 
!  and mass hierarchy !

P(νμ → νe) and P(νμ → νe)

sin2 θ23, sin2 θ13, |Δm2
32 |

δCP (±Δm2
32)
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!  Appearance: !  Octantνe and νe θ23

For non-maximal mixing: 
• Lower Octant: !  

• Upper Octant: !

θ23 < π/4
θ23 > π/4

!  
•  Leading dependence on 
!  

•  Sub-leading dependence on 
!  and mass hierarchy !

P(νμ → νe) and P(νμ → νe)

sin2 θ23, sin2 θ13, |Δm2
32 |

δCP (±Δm2
32)
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!  can give an asymmetry 
between !  appearance: 
• ! : !  app. 

• ! : !  app. 

• !  : CP conserved

δCP
νe and νe

δCP = π/2 ⇓ νe, ⇑ νe

δCP = 3π/2 ⇑ νe, ⇓ νe

δCP = 0, π

!  Appearance: !νe and νe δCP
!  

•  Leading dependence on 
!  

•  Sub-leading dependence on 
!  and mass hierarchy !

P(νμ → νe) and P(νμ → νe)

sin2 θ23, sin2 θ13, |Δm2
32 |

δCP (±Δm2
32)
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T2K Experiment

• !  beam generated at J-PARC 
• Far detector (Super Kamiokande) 

at L = 295 km 
• Narrow-band neutrino beam (red) 

peaked at !  = 0.6 GeV near  
oscillation maxima at L = 295 km

νμ (νμ)

Eν

!14
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T2K Near Detector: ND280

ND280 
• CH and water targets (2000 kg) 
• Magnetized tracker to measure 

momentum and charge 
• Constrains neutrino interaction 

and flux models

!15
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T2K Far Detector: Super Kamiokande
• 50 kt water-Cherenkov 

detector 
• Inner detector 

• 11k 20” PMTs 
• 40% photo coverage 

• Outer detector 
• 2k 8” PMTs 
• Cosmic veto and 

exiting particles 
• Particle ID by Cherenkov 

ring pattern: 
• !  sharp rings 
• !  blurred rings due  

to showering

μ±

e±

!16
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T2K Oscillation Analysis
• Analysis strategy is to define a model and 

constrain with external and T2K data 
• Perform different analyses to extract 

oscillation parameters and cross-check: 
• Sequential ND-FD vs. simultaneous fit 
• Frequentist vs. Bayesian statistics

Near Detector: ND280
Far Detector: 

 Super Kamiokande
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T2K !  Dataνμ, νμ

Reconstructed neutrino energy [GeV]
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)

Patrick Dunne (p.dunne12@imperial.ac.uk) 21

ν-mode μ-ring %ν-mode μ-ring
318 events 137 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

SK event samples

• Two samples (1 ! -mode and 1-!  mode) with ! -like rings 
• Systematic uncertainty (red band) on best-fit is 3.0% (4.0%)  

in ! -mode (! -mode)

ν ν μ

ν ν

!18
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SK event samples

Patrick Dunne (p.dunne12@imperial.ac.uk) 22

• Three samples with e-like rings
• Two with e-ring only in ν-mode and $ν-mode targeting CC0# events
• One with Michel electron from # decay targeting CC1# events

• Uncertainty on rate is 4.7-5.9% in CC0# samples and 14.3% for CC1#

ν-mode e-ring %ν-mode e-ring ν-mode 
e-ring and
e from 
pion decay

94 events 16 events 14 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

T2K !  Data νe, νe

Three samples with electron-like Cherenkov rings 
• Two (1 ! -mode and 1 ! -mode) with e-ring only targeting 0!  events 
• One in ! -mode with e-ring and e from !  decay targeting 1!  events 

Systematic uncertainty (red band) on best-fit is 4.7-5.9% for 0!  samples 
and 14.3% for 1!  sample

ν ν π
ν π π

π
π

!19
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T2K Results: !  Appearance νe, νe
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~45% difference in electron-like event rate 
between !δCP = ± π/2
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Preference for hierarchy-octant-!  
combination giving enhanced !  appearance 
• Normal hierarchy, upper octant 
• !  near !
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T2K Results: !  Appearance νe, νe
~45% difference in electron-like event rate 
between !δCP = ± π/2
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• 35% of !  values excluded at 3!  marginalized over hierarchies 
• CP conserving values (! ) excluded at >90%

δCP σ
δCP = 0, π

!23
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Long-baseline neutrino 
oscillation experiment in 
the NuMI neutrino beam 
at Fermilab

NOvA Experiment

!24

Near Detector 
(Fermilab)

Far Detector 
(Ash River, MN)



A. Mislivec / University of Minnesota FPCP 2021

NOvA Neutrino Beam

0 1 2 3 4 5 6
Neutrino energy (GeV)

0

2

4

6

 P
O

T
13

 1
0

×
 / 

G
eV

 / 
5 

2
 N

eu
tri

no
s 

/ m
3

10

 Spectrumµν

 Spectrumµν

NOvA Far Detector

NOvA Simulation

! -modeν

0 1 2 3 4 5 6
Neutrino energy (GeV)

0

2

4

6

 P
O

T
13

 1
0

×
 / 

G
eV

 / 
5 

2
 N

eu
tri

no
s 

/ m
3

10

 Spectrumµν

 Spectrumµν

NOvA Far Detector

NOvA Simulation

! -modeν

!25

• NuMI beam peaks near !  = 2.0 GeV 
in the NOvA detectors 

• Oscillation maxima near !  = 2.0 GeV 
at L = 810 km

Eν

Eν
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NOvA Near and Far Detectors 
• Functionally equivalent tracking calorimeters 
• Extruded PVC cells filled with liquid scintillator 

(mineral oil + 5% pseudocumene) 
• WLS fiber collects and transports light to APD 
• Optimized for electron ID: Low-Z, 62% active

Far Detector 
• 14 kton, 344k channels 
• 810 km from source 
Near Detector 
• 0.3 kton, 20k channels 
• 1 km from source

NOvA Detectors

!26
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NOvA Event Topologies
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Events classified by a Convolutional Neural Network (CNN) 
• Computer vision technique 
• Learns topological features 
• Maps features to analysis event categories

 JINST 11 P09001
(2016)

NOvA Event Classification

!28

BNL / March 8, 2018J. Wolcott / Tufts University22

Observed spectrum: identifying neutrino events

νe

νμ

Learned varia+ons on the 
original image

[A. Aurisano and A. Radovic and D. Rocco et. al, JINST 11 P09001 (2016)]

• Use convolutional neural network (CNN) called Convolutional Visual Network, CVN:
– Treat events as images (color here ~ energy deposited in cells)

– The CNN learns features (smaller groupings of patterns)

– Successive layers in network refine and abstract previous layers' features

– Last layer in network is “conventional feed-forward NN” which maps onto desired output classes

• Trained on simulation (details later) and FD cosmic data

b
k
n
d
s

Input Image

!  
!  
NC 
Cosmic

νe
νμ
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Simulated ND spectra corrected to  
ND data and extrapolated to FD, 
accounting for 
• Energy smearing 
• Acceptance and selection efficiency 
• Beam divergence 
• Oscillations

Data-driven FD predictions of 
• !  disappearance 
• !  appearance  
• Beam backgrounds 

Uncertainties correlated between 
detectors significantly reduced: 
• e.g. Flux: 7% !  0.3%

νμ, νμ
νe, νe

→

Extrapolation
Near Detector 
!  CC-Likeνμ

Far Detector 
!  CC-Likeνμ

!29
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! -beam, !  POTν 1.25 × 1021! -beam, !  POTν 1.25 × 1021
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NOvA !  Data νe, νe

Total Observed 82 Range
Total Prediction 85.8 52-110
  Wrong Sign 1.0
  Beam Bkgd. 22.7
  Cosmic Bkgd. 3.1
Total Bkgd 26.8 26-28

Total Observed 33 Range
Total Prediction 33.2 25-45
  Wrong Sign 2.3
  Beam Bkgd. 10.2
  Cosmic Bkgd. 1.6
Total Bkgd 14.0 13-15

>4 !  evidence of !  appearanceσ νe

!31
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NOvA Results: !Δm2
32, θ23
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Best Fit: 
• Normal Hierarchy, Upper Octant 
• !  
• !  

Mild preferences for hierarchy, octant: 
• Normal hierarchy favored at 1.0!  
• Upper Octant !  favored at 1.2 !   
• Max. Mixing !  disfavored at 1.1!   

Δm2
32 = + 2.41 ± 0.07 (10−3 eV2)

sin2 θ23 = 0.57 + 0.03/ − 0.04

σ
(sin2 θ23 > 0.5) σ

(sin2 θ23 = 0.5) σ
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NOvA Results: !θ23, δCP
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• Normal Hierarchy, Upper Octant 
• !  
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Δm2
32 = + 2.41 ± 0.07 (10−3 eV2)

sin2 θ23 = 0.57 + 0.03/ − 0.04
δCP = 0.82π
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Hierarchy-Octant-!  combinations  
producing strong asymmetry disfavored 
• IH, !  excluded at >3!  

• NH, !  disfavored at ~2!

δCP

δCP = π/2 σ
δCP = 3π/2 σ
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NOvA Results: !  Appearance Asymmetry νe/νe
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• Normal hierarchy preferred at 1.0!  
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asymmetry
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• NOvA and T2K are narrowing 
allowed regions in !  

• Quantifying consistency requires 
joint analysis of NOvA and T2K data

δCP
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T2K and NOvA: MH and !δCP

• Nova and T2K each have mild 
preference for the NH 

• In the IH, NOvA and T2K each have 
preference for !  near !  

• A NOvA-T2K joint fit could converge 
on the IH [Phys. Rev. D 103, 013004]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.013004
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• NOvA and T2K have different energies, baselines, and degeneracies 
• Collaboration formed to perform joint analysis of NOvA and T2K data 
• Leverage statistics and break degeneracies 
• Aiming for initial results in 2022
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NOvA-T2K, Fermilab NOvA-T2K, J-PARC
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Summary

• Latest 3-flavor !  oscillation results from NOvA and T2K prefer 
- normal mass hierarchy 
- !  upper octant 

• T2K observes stronger !  appearance asymmetry than NOvA 

• NOvA and T2K are narrowing allowed regions in !  
• Joint analysis of NOvA and T2K data underway

ν

θ23

νe, νe

δCP

!41
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T2K Systematic Uncertainties

Before ND Fit
After ND Fit
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8

and estimated compositions of the selected samples. The482

CC candidate event samples recorded at the FD in-483

clude 211 (105) observed
(–)⌫ µ ! (–)⌫ µ events and 82 (33)484

(–)⌫ µ ! (–)⌫ e candidate events. The latter
(–)⌫ e appear-485

ance sample has an estimated background of 26.8+1.0
�1.3486

(14.0+0.8
�1.1).487

Table III shows the best-fit parameter values for each488

choice of ✓23 octant and mass hierarchy. The overall489

best fit is in the NH with ✓23 in the upper octant where490

�2 lnL = 173.55 for 175 degrees of freedom. Confidence491

intervals for the oscillation parameters are determined us-492

ing the Feldman-Cousins unified approach [77, 78]. Fig-493

ure 5 compares the 90% confidence level contours for494

�m2
32 and sin2 ✓23 with those of other experiments [79–495

82]. Allowed regions in sin2 ✓23 and �CP are shown in496

Fig. 6.497
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FIG. 5. The 90% confidence level region for �m2
32 and

sin2 ✓23, with the NOvA allowed region and best-fit point su-
perposed on contours from other experiments. [79–81, 83]

No significant asymmetry in the rate of ⌫e vs. –⌫e ap-498

pearance is observed. The best fit is obtained for the499

normal hierarchy and upper ✓23 octant (significance of500

TABLE II. Event counts at the FD, both observed and pre-
dicted at the best-fit point (see Table III).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC

–⌫µ CC
–⌫e CC

⌫µ ! ⌫µ 201.1 1.7 26.0 0.2
–⌫µ ! –⌫µ 12.6 0.0 77.2 0.2
⌫µ ! ⌫e 0.1 59.0 0.0 2.3
–⌫µ ! –⌫e 0.0 1.0 0.0 19.2
Beam ⌫e +

–⌫e 0.0 14.1 0.0 7.3
NC 2.6 6.3 0.8 2.2
Cosmic 5.0 3.1 0.9 1.6
Others 0.9 0.5 0.4 0.3

Signal 214.1+14.4
�14.0 59.0+2.5

�2.5 103.4+7.1
�7.0 19.2+0.6

�0.7

Background 8.2+1.9
�1.7 26.8+1.6

�1.7 2.1+0.7
�0.7 14.0+0.9

�1.0

Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

TABLE III. Summary of oscillation parameter best-fit results
for di↵erent choices of the mass hierarchy (NH, IH) and upper
or lower ✓23 octant (UO, LO), along with the significance (in
units of �) at which those combinations are rejected.

Parameter
NH IH

UO LO UO LO

�m2
32(10

�3 eV2) +2.41± 0.07 +2.39 �2.45 �2.44

sin2 ✓23 0.57+0.03
�0.04 0.46 0.56 0.46

�CP(⇡) 0.82+0.27
�0.87 0.07 1.52 1.41

Rejection significance - +1.08� +0.94� +1.10�
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FIG. 6. The 68% and 90% confidence level contours in sin2 ✓23
vs. �CP in the (a) normal hierarchy and (b) inverted hierar-
chy [84]. The cross denotes the NOvA best-fit point and
colored areas depict the 90% and 68% allowed regions. Over-
laid black solid-line and dashed-line contours depict allowed
regions reported by T2K [83].

1.0�) and 1.2� respectively) but other scenarios are al-501

lowed within 90% CL. The data disfavor combinations502

that lead to a strong asymmetry. The inverted hierar-503

chy with �CP = ⇡/2, is excluded at more than 3�, and504

the normal hierarchy with �CP = 3⇡/2, is excluded at505

2� confidence. Given the degeneracies, any value of �CP506

may be compatible with the data given permutations of507

hierarchy and octant. Thus, the current data do not508

Event counts at the FD, both observed and predicted at the best-fit point

NOvA FD Event Counts
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FIG. 2: The fractional systematic uncertainty on the ⌫µ
flux at SK in FHC mode (top), on the right-sign ⌫µ flux
at SK in RHC mode (middle), and on the wrong-sign ⌫µ
flux at SK in RHC mode (bottom). The solid black line

shows the current total fractional uncertainty
(NA61/SHINE 2009 Data), while the dashed black line
in the top panel shows the fractional uncertainty from
an earlier flux prediction (NA61/SHINE 2007 Data).

taneously to best match the ND280 data, as described in
Section X. This results in tuned flux and interaction mod-
els with correlated uncertainties, providing a more accu-
rate and precise prediction of the event rate at Super-
Kamiokande.

At the far detector a simultaneous fit of muon-like and

electron-like samples from both neutrino and antineu-
trino beams is used to constrain the PMNS oscillation pa-
rameters. The conventional {✓ij , �CP} parameterization
is used, enforcing unitarity, and the e↵ect of propagation
in matter is included. Data from ⌫e and ⌫e disappearance
experiments are used to constrain the parameters (✓12
and �m2

21
) [42] that T2K has little sensitivity to. Fits

are performed both with and without an external con-
straint on ✓13 [43]. Systematic uncertainties are treated
by a numerical marginalization technique: all parameter-
ized uncertainties are randomly sampled many times ac-
cording to prior constraints, including ND280 data, and
the likelihoods averaged over the ensemble. This pro-
cess is described in detail in Section XI, with the results
described in Section XIII.

VI. NEUTRINO INTERACTION MODELING

Oscillation parameter values are inferred from spec-
tra of observable quantities, herein either reconstructed
charged-lepton kinematics, (p`, ✓`), or reconstructed neu-
trino energy. The reconstructed neutrino energy is esti-
mated from final-state charged-lepton kinematics only as

ERec

QE (p`, ✓`) =
2MN,iE` �M2

` +M2

N,f �M2

N,i

2 (MN,i � E` + p` cos ✓`)
, (12)

where MN,i, MN,f , and M` are the mass of the initial-
state nucleon (an e↵ective, o↵-shell mass that includes
the ‘nucleon removal energy’ is often used), final-state
nucleon, and final-state charged lepton respectively; E`,
p`, and ✓` are the energy, three-momentum, and angle of
the final-state charged-lepton respectively. ERec

QE provides
a smeared but minimally-biased estimate of the neutrino
energy for quasi-elastic neutrino scattering o↵ bound nu-
cleons (CCQE). For other interaction channels, such as
those that produce extra hadrons, ERec

QE underestimates
the energy of the interacting neutrino.

The procedure of inferring oscillation parameter values
from observable quantities implicitly relies on an accurate
understanding of the rate of background processes and a
mapping between true energy and observable quantities,
e.g. ERec

QE (E⌫), both of which are derived from simula-
tion. As a result, accurate neutrino interaction modeling
is critical. Event selections are trained on the simulated
distribution of final-state particles and the predicted rate
of various signal and background processes. The pre-
dicted rate of a number of neutrino interaction processes,
which exhibit di↵erent true-to-observable mappings, is
constrained by near detector data and then used to inter-
pret the observed far detector data. This section briefly
describes the neutrino interaction model, accounted-for
freedom within the model, and specific studies used to
test resilience to known weaknesses of the model.

Due to Cherenkov thresholds, !  reconstructed 
from only final state lepton energy & angle 
assuming quasi-elastic kinematics

Eν

p

n

p

p
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SK 
refurb

T2K Beam Exposure

Accumulated protons on target (POT) for these results 
• ! -mode: !  POT 
• ! -mode: !  POT 

33% increase in ! -mode exposure (Run 10) for these results

ν 1.97 × 1021

ν 1.63 × 1021

ν
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NOvA Beam Exposure

Accumulated protons on target (POT) for these results (2020 analysis) 
• ! -mode: !  POT 
• ! -mode: !  POT 

54% increase in ! -mode exposure over 2019 analysis

ν 1.36 × 1021

ν 1.25 × 1021

ν
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Figure 16: Sketch (a) of the T2K beam line, showing the primary proton beam line, the target station, the decay volume, the beam dump, the
muon monitors, and the near on-axis and off-axis neutrino detectors. On (b) a single ring ]! event in the SK detector.

light. The experiment did not confirm the LSND results but
found an excess of electron-like events in the neutrino energy
range below 475MeV [140].The source of the excess remains
unexplained, although several hypotheses were put forward
[141, 142]. MiniBooNE reported on an updated search in
antineutrino mode: an excess of ]" events for energies above
475MeV was observed. The fit allowed regions for ]! → ]"
oscillations in the 0.1 to 1 eV2Δ#2 range are consistent with
the allowed region reported by LSND.

The search for sterile neutrinos is very active. The SM
already provides right-handed neutrinos, which are “sterile”
with respect to gauge bosons of the electroweak sector.
Experimental searches concern light sterile neutrinos (#] ∼1 eV), which could mix with active neutrinos and oscillate at
short baselines.

In addition to the LSND and MiniBooNE results, which
involve electron (anti)neutrino appearance in ]!, ]! beams,

other anomalies in disappearance mode were found to fit the
same sterile neutrino scenario at the eV scale. The so-called
“gallium anomaly” refers to the ]" deficit in radioactive source
calibration tests, at the gallium solar neutrino experiments
SAGEandGALLEX [143]. A reevaluation of ]" flux from reac-
tors exceeded themeasured value by∼6%(“reactor anomaly”)
[144]. A recent reanalysis stresses that uncertainties may be
larger than the anomaly [145]. When interpreted in terms of
active to sterile neutrino oscillations, both gallium and reac-
tor anomalies lead to oscillation parameters compatible with
LSND and MiniBooNE results. It should be noted that the
no-oscillation hypothesis is rejected at about 6%, even if most
of the statistical power is driven by LSND: removing LSND
from the analysis, the oscillation significance drops to about
2% [146]. Moreover it was found that the ]! disappearance
channel is compatible with no oscillations in contradiction
to what is expected, thus generating a tension with respect to
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T2K Near Detectors

ND280 
• 2.5!  off-axis (same as Super-K) 
• CH and water targets (2000 kg) 
• Magnetized tracker to measure 

momentum and charge 
• Constrains neutrino interaction 

and flux models

∘ INGRID 
• On-axis detector 
• Monitors beam 

direction and stability
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