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Lecture 1



Gauge group :

(couplings)

The spontaneous breaking of the electroweak gauge group leads to 2 massive 
gauge bosons (W± , Z) and 1 massless gauge boson (the photon γ)

Fermions :  come in three generations (family replication)

LH fermions → SU(2) doublets                      → couple to the W

RH fermions → SU(2) singlets                → do not couple to the W

Leptons from different generations are distinguished by their flavour (e, µ, τ), 
which labels the charged lepton mass eigenstates

Neutrinos in the electroweak Standard Model 
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Neutrinos are special fermions :

1) have only weak interactions ⇒ very small interaction rate (difficult to 
detecting them; cosmic messengers)

2) no electric charge ⇒ can be their own antiparticles (Majorana fermions)
                           Dirac                    lepton number is conserved
                           Majorana               lepton number is violated

3) the SM as originally defined contains no RH neutrino, since only       (or 
more precisely the left-helicity neutrino) has been observed [Goldhaber 1957]

⇒ neutrinos are massless in the SM

A fermion mass term involves both chiralities:

[way out: Majorana mass term, but cannot be generated in the SM]

4) neutrinos are actually massive, but their masses are much smaller (< 1 eV) 
than the ones of charged leptons and quarks; also their mixing angles (PMNS 
matrix) are large, while those of the quarks (CKM matrix) are small
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Neutrino interactions

Neutrinos only couple to the W and the Z bosons :
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µ (ēL�
µ⌫eL + µ̄L�

µ⌫µL + ⌧̄L�
µ⌫⌧L)

Neutrinos interactions

Only couple to the W and the Z bosons :

arks; also their mixing angles (PMNS matrix) are large, while those of the 
quarks (CKM matrix) are small

LCC =
gp
2
W�

µ

X

↵=e,µ,⌧
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Neutrinos only couple to the W and the Z bosons :

All SM interactions (including the charged lepton couplings to the photon and 
the Z, and their Yukawa couplings) preserve lepton number

(accidental global symmetry of the SM; follows from gauge and Lorentz  
invariance + renormalizability; not a fundamental symmetry)

Thus e.g.                     is allowed, but                     is forbidden

In the absence of neutrino masses, lepton flavour (i.e. the individual quantum 
numbers                  ) is also exactly conserved. Neutrino masses induce 
lepton flavour violating (LFV) transitions                    (oscillations), but also 
LFV processes like                   and                        , which however are 
extremely suppressed in the absence of new physics [GIM mechanism]
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When neutrinos are massive, possibility of flavour mixing : the neutrino to 
which a given charged lepton (e, µ or τ) couples via the W is not a mass 
eigenstate, but a coherent superpositions of mass eigenstates

As for quarks, the origin of flavour mixing is the mismatch between the basis 
of gauge (or flavour) eigenstates and of mass eigenstates. The relative rotation 
is the lepton mixing matrix, known as PMNS matrix (Pontecorvo-Maki-
Nakagawa-Sakata)

Flavour mixing – PMNS matrix

Standard case (3 flavours):

Add a sterile neutrino:

  U = 4x4 unitary matrix

Only                   couple to electroweak gauge boson, but all four mass 
eigenstate are produced in a beta decay: 
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Physical parameters in UPMNS

U is a 3x3 unitary matrix ⇒ 3 mixing angles and 6 phases (not all physical) 

(i) if neutrinos are Dirac fermions : analogous to quarks and CKM

can rephase the lepton fields                                                     and absorb 
the phases in the PMNS matrix, so that CC interactions are unaffected

⇒ removes 2x3 - 1 = 5 relative phases ⇒ a single physical phase

(i) if neutrinos are Majorana fermions : cannot rephase the neutrino fields, 
since this would affect the Majorana condition

⇒ removes only 3 phases ⇒ 3 physical phases : 1 ‟Dirac” phase
and 2 ‟Majorana” phases
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Standard parametrization of the PMNS matrix

Analogous to CKM: written as the product of three rotations with angles
θ23, θ13 and θ12, the second (complex) rotation depending on the phase δ 

P is the unit matrix in the Dirac case, and a diagonal matrix of phases 
containing 2 independent phases      in the Majorana case

               ⇒  CP violation in oscillations:

The Majorana phases play a role only in               processes like neutrinoless 
double beta decay
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Oscillations are a quantum-mechanical process due to neutrino mass and 
mixing.  An (ideal) oscillation experiment involves 3 steps:

1) production of a pure flavour state at t = 0   (e.g. a       from                     )

This flavour state is a coherent superposition of mass eigenstates determined 
by the PMNS matrix, e.g. in the 2 flavour case 

2) propagation
Each mass eigenstate, being an eigenstate of the Hamiltonian in vacuum, 
evolves with its own phase factor            ⇒ modifies the coherent 
superposition, which is no longer a pure flavour eigenstate:

3) detection via a CC interaction which identifies a specific flavour

probability amplitude :

oscillation probability :

Neutrino oscillations in vacuum and CP violation
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2-flavour oscillations in vacuum

Assuming ultra-relativistic neutrinos           ,

Amplitude of oscillations:

Oscillation length:
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The above derivation gives the correct oscillation probability, but is a bit 
oversimplified

The propagating mass eigenstates     where described as plane waves with 
well-defined (and equal) momenta 

Should instead be described by wave packets with mean momenta 

Under appropriate coherence conditions at production and detection, and 
neglecting decoherence due to separation of the wave packets, the above 
oscillation formula is recovered (without the ad hoc assumption            )

[See e.g. Akhmedov and Smirnov, arXiv: 0905.1903 for details]
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A typical exclusion curve (CHOOZ) :
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N-flavour oscillations in vacuum

                                        (fields)   ⇒                                        (states)

                         and for antineutrinos

1) production:

2) propagation:                          

3) detection:
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3-flavour oscillations

2 independent         :            (« atmospheric ») and           (« solar »)     

U contains 3 mixing angles                    and one phase δ  [+2 if Majorana]

[ the « Majorana » phases are relevant only for processes that violate lepton number, such as 
neutrinoless double beta decay, and have no effect on oscillations ]

➞ oscillation probability =     oscillating terms with different « frequencies »
                             and amplitudes (which depend on the      and δ)

For antineutrinos,  U → U* (δ → - δ) and the last term changes sign
 ⇒                                               (if             )  ➞  CP violation
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In many experiments, oscillations are dominated by a single         and can be 
described to a good approximation as 2-flavour oscillations:

     (*) matter effets dominate for high-energy solar neutrinos

Notes :   1)       is the only « small » leptonic angle

              2)

                  sign of           unknown ⇒  two types of spectra allowed

 - solar neutrinos (*), LBL reactors

 - atmospheric, LBL accelerators

 - SBL reactor experiments
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... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
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! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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The experimental evidence for neutrino oscillations

The first evidences came from the observation of a deficit in the measured 
fluxes of solar and atmospheric neutrinos

Atmospheric neutrinos (Super-Kamiokande 1998)

12!

than ten times larger than its predecessor Kamiokande in the Mozumi zinc mine. Super-
Kamiokande launched its operations in April 1996 and could, after less than two years of 
data-taking, report the first striking results: a deficit in the number of up-going high energy 
muon-neutrinos, strongly varying with the zenith angle (i.e. the angle between the neutrino 
direction and vertical).  

Atmospheric neutrinos are produced high in the atmosphere and the flux at the surface of the 
Earth is expected to be isotropic, independent of the zenith angle. This implies that the 
observed fluxes of up-going and down-going neutrinos in an underground detector like SK 
should be equal.  A water Cherenkov detector is able to distinguish the electrons and muons 
produced in the final state of νe and νµ charged current (CC) reactions but cannot distinguish 
neutrinos from anti-neutrinos. By determining the directions of the final electrons and muons, 
the directions of the incident neutrinos can be inferred.  

Figure 5: Zenith angle distributions of e-like and µ-like events in Super-Kamiokande with 
momenta above and below 1.33 GeV [52]. The boxes show the expectation assuming no 
oscillations, whereas the full drawn lines show the results of the best fit. 

Figure 5 clearly shows that whereas the flux of electron-neutrinos has almost no zenith angle 
dependence, the flux of down-going (cosθ  = 1) muon-neutrinos significantly exceeds the flux 
of up-going νµ. This can be simply interpreted in terms of oscillations: neutrinos moving 
upward through the detector are created in the atmosphere at the opposite side of the Earth 

ofand travel thousands  kilometUHV before interacting. Apparently, muon-neutrinos disappear 
on the way whereas electron-neutrinos do not. Down-going muon-neutrinos, produced in the 
atmosphere directly above the detector, only travel a few dozen kilometres and are detected at 
the level expected. Since there is no indication of an increased electron-neutrino flux, the 
missing muon-neutrinos must have oscillated into tau-neutrinos. 
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Fig. 2. Angular distributions for e-like (left) and µ-like (right) events, for sub-GeV (top) and multi-
GeV (bottom) samples. The bars show the MC no-oscillation prediction with statistical errors,
and the line shows the oscillation prediction for the best-fit parameters, sin2 2θ = 1.0 and ∆m2 =
3.5 × 10−3 eV2.
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interpretation:

deficit of upward-going
muon neutrinos

⌫µ ! ⌫⌧ oscillations

produced by the interactions of
cosmic rays in the atmosphere

|�m2
31| ' 2.5⇥ 10�3 eV2
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Solar neutrinos (SNO 2001-2002)

Deficit of      with respect to solar model predictions observed by 
Homestake (1968-2002), GALLEX/SAGE, Kamiokande and Super-Kamiokande

SNO was able to measure the flux of electron neutrinos        via the charged 
current (W exchange) as well as the total flux                   via the neutral 
current (Z exchange), confirming both the deficit and the solar models

(�e)
(�e + �µ⌧ )

10!

solar model prediction. Continued data-taking refined these results. Data-taking was 
concluded in 2006 and the final results were published in 2013 [35]. The 8B neutrino flux 
from the final fit to all reactions is 

!!!!

€

φ =φ(ν e )+φ(ν µ )+φ(ντ )=5.25±0.16(stat)−0.13+0.11 (sys)×106 cm−2s−1

in very good agreement with the theoretically expected 5.94 (1 ± 0.11) [SSM BPS08] or 5.58 
(1 ± 0.14) [SSM SHP11] (see [36] and references therein). 
 
The flux of muon- and tau-neutrinos deduced from the results shown in figure 4 is 

!!

€

φ(ν µ )+φ(ντ )=(3.26±0.25−0.35
+0.40 )×106 cm−2s−1

deviating significantly from zero. A comparison with the total 8B flux clearly demonstrates 
that about two thirds of the solar electron-neutrinos changed flavour, arriving at Earth as 
muon-neutrinos or tau-neutrinos. SNO’s ES results are consistent with the results from Super-
Kamiokande and with the SNO results above, however by themselves insufficient as evidence 
for flavour change (figure 4). 

Figure 4: Fluxes of 8B solar neutrinos from SNO and Super-Kamiokande. The SSM BS05 
[38] prediction is shown as a range between the dashed lines. C.L. stands for confidence level.
From [36] and references therein.

The SNO evidence for neutrino flavour conversion was confirmed a year later by the 
KamLAND reactor experiment. KamLAND (Kamioka Liquid scintillator AntiNeutrino 
Detector) [39] was proposed in 1994, funded in 1997 and started data-taking in January 2002. 
The first KamLAND results were published in January 2003 [40] and show clear evidence for 
disappearance of electron anti-neutrinos, consistent with the expectation from the solar 

⌫e

interpretation :
oscillations⌫e ! ⌫µ, ⌫⌧

[actually adiabatic flavour conversions
in the matter of the Sun]

�m2
21 ' 7.5⇥ 10�5 eV2

sin2 ✓12 ' 0.31
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Solar neutrinos parameters confirmed by KamLAND (2002)

Long baseline reactor neutrino experiment in Japan: detector surrounded by 
56 nuclear reactors with an average (flux-weighted) distance of 180 km

The oscillation pattern is clearly visible in KamLAND data (survival 
probability of electron antineutrinos as a function of L/E)

the threshold (1.8 MeV) to about 7 MeV, and peaks around 3-4 MeV. KamLAND is surrounded by 55
Japanese nuclear reactors at an average distance of 150 km. In 2002, it reported the first evidence for the
disappearance of ⌫̄e [5]. This measurement was very important for the interpretation of solar neutrino
data, as it showed for the first time an oscillatory behaviour as a function of L/E, and it provided an
independent and precise measurement of the oscillation parameters of interest. In an updated report in
2013 [103], they observed 2611 events, to be compared with 3564±145 expected from reactor neutrinos
in the case of no oscillation, and 364.1 ± 30.5 from background sources. The KamLAND results are
shown in Fig. 2.

 (km/MeV)
eν

/E0L
20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo  best-fit oscillationν3-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2 (b)

 constrained13θ

12θ 2tan
)2

eV
-4

 (1
0

212
m

Δ

KamLAND+Solar KamLAND

Solar

95% C.L.

99% C.L.

99.73% C.L.

best-fit

95% C.L.

99% C.L.

99.73% C.L.

best-fit

95% C.L.

99% C.L.

99.73% C.L.

best-fit

5
10
15
20

σ1
σ2

σ3

σ4

2
χ

Δ

5 10 15 20

σ
1
σ

2

σ
3

σ
4

2χΔ

Figure 2: KamLAND experiment. The left plot shows the ratio of the background- and geoneutrino-
subtracted ⌫̄e spectrum to the expectation in the case of no-oscillation, as a function of L/E. The curve
and histogram show the expectation for the best fit oscillation hypothesis. The right plot shows the
allowed region for neutrino oscillation parameters from KamLAND and solar neutrino experiments [103].
Courtesy of the KamLAND collaboration. Reprinted figures with permission from A. Gando et al., Phys.
Rev. D, 88, 033001, 2013. Copyright 2013 by the American Physical Society.

3.5 Interpretation of the measurements and discussion

The first measurement of a deficit in the solar neutrino flux left several interpretations open. While
Pontecorvo made the hypothesis of neutrino oscillations early on [13], modest changes to the Sun core
temperature could also be invoked to explain the apparent deficit. The situation changed with the new
measurements by the gallium experiments, as it was clear that the suppression factor depended on the
neutrino energy. The SNO results were the first measurement of the total solar neutrino flux, and were
also the first solid proof of flavour conversion as the explanation of the solar neutrino puzzle.

Nevertheless, several di↵erent solutions were possible in the early days in terms of masses and mixing.
The KamLAND result pinpointed one of them, the so-called Large Mixing Angle (LMA) solution which
was already favoured by SNO data. Indeed, the results of KamLAND can be understood in terms of

the simple two-flavour mixing formula (24), P (⌫̄e ! ⌫̄e) = 1 � sin2 2✓12 sin2(�m
2
21L

4E
), neglecting matter

e↵ects and e↵ects related to ✓13.
Since, as we will see later, the value of �m2

31 is much larger than �m2
21, it induces rapid oscillations

that are averaged out given the large L/E and the energy resolution of the detector. The L/E pattern
due to the �m2

21 term is prominent in the KamLAND data and beautifully confirms neutrino oscillations
as the origin of the observed deficit (Fig. 2). The measurement of KamLAND, when combined with solar
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data, as it showed for the first time an oscillatory behaviour as a function of L/E, and it provided an
independent and precise measurement of the oscillation parameters of interest. In an updated report in
2013 [103], they observed 2611 events, to be compared with 3564±145 expected from reactor neutrinos
in the case of no oscillation, and 364.1 ± 30.5 from background sources. The KamLAND results are
shown in Fig. 2.
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Figure 2: KamLAND experiment. The left plot shows the ratio of the background- and geoneutrino-
subtracted ⌫̄e spectrum to the expectation in the case of no-oscillation, as a function of L/E. The curve
and histogram show the expectation for the best fit oscillation hypothesis. The right plot shows the
allowed region for neutrino oscillation parameters from KamLAND and solar neutrino experiments [103].
Courtesy of the KamLAND collaboration. Reprinted figures with permission from A. Gando et al., Phys.
Rev. D, 88, 033001, 2013. Copyright 2013 by the American Physical Society.

3.5 Interpretation of the measurements and discussion

The first measurement of a deficit in the solar neutrino flux left several interpretations open. While
Pontecorvo made the hypothesis of neutrino oscillations early on [13], modest changes to the Sun core
temperature could also be invoked to explain the apparent deficit. The situation changed with the new
measurements by the gallium experiments, as it was clear that the suppression factor depended on the
neutrino energy. The SNO results were the first measurement of the total solar neutrino flux, and were
also the first solid proof of flavour conversion as the explanation of the solar neutrino puzzle.

Nevertheless, several di↵erent solutions were possible in the early days in terms of masses and mixing.
The KamLAND result pinpointed one of them, the so-called Large Mixing Angle (LMA) solution which
was already favoured by SNO data. Indeed, the results of KamLAND can be understood in terms of

the simple two-flavour mixing formula (24), P (⌫̄e ! ⌫̄e) = 1 � sin2 2✓12 sin2(�m
2
21L

4E
), neglecting matter

e↵ects and e↵ects related to ✓13.
Since, as we will see later, the value of �m2

31 is much larger than �m2
21, it induces rapid oscillations

that are averaged out given the large L/E and the energy resolution of the detector. The L/E pattern
due to the �m2

21 term is prominent in the KamLAND data and beautifully confirms neutrino oscillations
as the origin of the observed deficit (Fig. 2). The measurement of KamLAND, when combined with solar
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[KamLAND collaboration, Phys. Rev. D88 (2013) 033001]



Measurement of the third mixing angle (2011-2012)

Short baseline reactor neutrino experiments (Double Chooz, Day Bay, 
RENO) have observed a deficit of electron antineutrinos in their far 
detector (L around 1 km)
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Figure 16: Left plot: the reconstructed positron energy spectrum observed by Daya Bay in the far
site (black points), compared with the expectation derived from the near sites without (blue line) or
with (red line) oscillations. The lower plot shows the ratio of the spectra to the no-oscillation case
and the shaded area includes the systematic and statistical uncertainties [190]. Right plot: Daya Bay
electron antineutrino survival probability versus e↵ective propagation distance L divided by the average
antineutrino energy E [190]. Courtesy of the Daya Bay collaboration. Reprinted figure with permission
from F. P. An et al., Phys. Rev. Lett., 115, 111802, 2015. Copyright 2015 by the American Physical
Society.

6 Three-flavour e↵ects

6.1 Electron neutrino appearance in long-baseline experiments

As discussed in Section 2.3, the measurement of nonzero values for all three mixing angles ✓12, ✓23 and
✓13 establishes a necessary condition for CP violation driven by the parameter �CP . This would be
a genuine three-flavour e↵ect. In the following, we will explain how these e↵ects can be probed in a
long-baseline neutrino experiment.

The probability of electron neutrino appearance in a beam of muon neutrinos is given by Eq. (68):

P (⌫µ ! ⌫e) = sin2 ✓23
sin2 2✓13

(A � 1)2
sin2[(A � 1)�31]

+ ↵2 cos2 ✓23
sin2 2✓12

A2
sin2(A�31)

� ↵
sin 2✓12 sin 2✓13 sin 2✓23 cos ✓13 sin �CP

A((1 � A)
sin �31 sin(A�31) sin[(1 � A)�31]

+ ↵
sin 2✓12 sin 2✓13 sin 2✓23 cos ✓13 cos �CP

A((1 � A)
cos �31 sin(A�31) sin[(1 � A)�31] (102)

where ↵ = �m2
21/�m2

31, �ji = �m2
ji
L/4E and A = 2

p
2GF neE/�m2

31. The corresponding formula for
P (⌫µ ! ⌫e) can be obtained by reversing the signs of �CP and A. The di↵erent terms contributing to
P (⌫µ ! ⌫e), which are described below, are plotted in Fig. 17 together with the total contribution from
matter e↵ects, assuming a baseline of 295 km.

The first term in Eq. (102) (labelled “leading” in Fig. 17) is the leading order term and corresponds
to the 1-3 sector oscillations driven by the squared-mass di↵erence �m2

31. It should be noticed that
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Daya Bay

interpretation :
⌫̄e ! ⌫̄e
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[Daya Bay collaboration, Phys. Rev. Lett. 115 (2015) 111802]



CP violation in oscillations

                                                             at leading order in           :

Jarlskog invariant

→ condition for CP violation : 

→ for CP violation to be observable, sub-dominant oscillations governed by
          must develop ⇒ long baseline oscillation experiments (> 100 km), also 
sensitive to matter effects (which can mimic a CP asymmetry)

CP violation is only possible in appearance experiments
e.g. electron (anti-)neutrino appearance in a muon (anti-)neutrino beam                              

Disappearance experminents, e.g. at reactors, have no sensitivity to 

�P↵� = ±8 J
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3-flavour effects in oscillations

With growing experimental precision, neutrino oscillations become sensitive 
to 3-flavour effects (CP violation, sub-leading oscillations, interferences)

Long baseline appearance experiments (T2K, NOvA, DUNE, HK) :

- first term: leading          -driven term, proportional to               and sensitive 
to the octant of

- the third and fourth terms involve both           and           and are CP-even 
and CP-odd (changes sign for              oscillations), respectively 

- due to the long baseline, matter effects must be included (less important for 
T2K than for NOvA and DUNE)
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First hints of CP violation at T2K

Long baseline accelerator experiment in Japan (295 km)

Observes more events in the neutrino mode                 and less events in 
the antineutrino mode                 than expected ⇒ suggests CP violation 
(CP conservation excluded at more than 90% C.L.) 
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Figure 3: The constraints on the \23, �<2
32 and X⇠% PMNS parameters following the latest T2K oscillation

analysis. The left plot shows the �j2 distribution in X⇠% following the fit to data where the shaded areas
indicate confidence regions of di�ering strengths. The results are shown for both the normal and inverted
neutrino mass ordering hypotheses. The right plot shows the 90% confidence limit obtained by T2K for \23

and �<2
32 in the case of the normal mass ordering compared to those of other experiments [11–13]. (T2K

Preliminary).

2. Upcoming improvements

Scheduled upgrades will increase the JPARC beam power, add Gadolinium (Gd) to the FD
water and significantly upgrade ND280. The JPARC upgrades will increase the beam power from
its current maximum of 515 kW to beyond 1.3 MW, and will permit the focusing horns to run
at a current of 320 kA [14], thereby allowing T2K to further accelerate in its data taking rate.
Meanwhile, Gd loading of the FD water for the SK-Gd project [15] will allow the tagging of
neutrons from neutrino interactions. Sk-Gd is likely to benefit T2K oscillation analyses by allowing
a better separation of neutrino and anti-neutrinos and of di�erent neutrino interaction modes in the
FD selections, thereby reducing systematic uncertainties. The ND280 upgrade is detailed below.

2.1 The ND280 Upgrade project

The new components of ND280 added in the upgrade are shown in Fig. 4, consisting of
two horizontal “high angle” gaseous Argon TPCs (HA-TPC), a new “Super-FGD” (SFGD) and
surrounding Time-of-Flight (TOF) planes [16]. The HA-TPCs [17] and TOF [18] planes will
significantly extend the detector’s angular acceptance whilst also improving particle identification
and momentum reconstruction. The SFGD is a new fully active target for neutrino interactions made
of more than 2 million 1 cm3 optically isolated scintillating cubes connected with readout fibres in
three orthogonal directions [19]. This new design allows excellent hadron momentum reconstruction
with low thresholds in addition to neutron detection possibilities [20]. These upgrades to ND280
are expected to be installed in 2022/23.

An overview of the expected improvement in detector performance with respect to the current
ND280 are shown in Fig. 5. Overall the improved detector capabilities will allow a much more
complete and robust characterisation of neutrino interactions and the incoming neutrino flux for
future T2K oscillation analyses. The expected improvements in constraints on key systematic
uncertainties have recently been detailed in Ref [21].
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subtle interference between the oscillations
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on top of the leading          -driven oscillations
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the term with the largest
amplitude (P31) oscillates faster 

the term with the smallest
amplitude (P32) oscillates faster 


