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Neutrino oscillations
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νe produced in a 
 mixture of  ν1,2,3

Different  
 mixture of  ν1,2,3  

→ μ from νμ is 
detected

ν1,2,3 travel at different 
 speed because they have 

 different masses → 
interference

Neutrino oscillation  
implies massive neutrinos

CC-QE CC-nonQE NC All νµ

Generated in FV 4,114 3,737 3,149 11,000
(1) FCFV 3,885 3,011 1,369 8,265
(2) Evis. ≥ 30MeV 3,788 2,820 945 7,553
(3) Single ring µ-like 3,620 1,089 96 4,805

Table 1.1: The expected number of neutrino events for 5 × 1021 POT for νµ disappearance analysis
without oscillation. CC-QE refers to charged current quasi-elastic events and CC-nonQE to other
charged current events, while NC refers to neutral current events.

∆m2 (eV2) CC-QE CC-nonQE NC All νµ

No oscillation 3,620 1,089 96 4,805
2.0 × 10−3 933 607 96 1,636
2.3 × 10−3 723 525 96 1,344
2.7 × 10−3 681 446 96 1,223
3.0 × 10−3 800 414 96 1,310

Table 1.2: The expected number of neutrino events for 5 × 1021 POT for νµ disappearance analysis
with neutrino oscillation for different values of ∆m2

23 with sin2 2θ23 = 1.0 and sin2 2θ13 = 0.0.
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Figure 1.5: (Left) The reconstructed neutrino energy distribution with predicted for the best-fit os-
cillation parameters (sin2 2θ23, ∆m2

23) = (1.0, 2.7 × 10−3eV2). The hatched area shows the non-QE
component. (Right) The ratio of the reconstructed neutrino energy distribution with oscillation to one
without oscillation.
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Δm2

sin22θ

First introduced by Bruno Pontecorvo in 1957 

Neutrinos are produced in flavor eigenstates νe, νμ, ντ that 
are linear combination of  mass eigenstates ν1, ν2, ν3 

Neutrinos propagate as mass eigenstates 

At the detection a flavor eigenstate is detected → it can be 
different from the one that was produced



Super-Kamiokande (1998)
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Discovery of  neutrino oscillations: The νμ vary according to the 

direction (i.e. distance from the source). The νe are constant 

 Favorite scenario: νμ→ντ

Haut

νµ deficit !νe O.K. !
Neutrino oscillations!

2015 Nobel prize!

9Super-K Atmospheric n Analysis Samples 
Fully Contained (FC)

Par,ally Contained (PC)

 In total 19 analysis samples: mul�-GeV e-like samples are 

divided into n-like and n-like subsamples  

 Dominated by n
µ
->n

t
 oscilla�ons

 Interested in subdominant contribu�ons to this picture
� Ie three-:avor e>ects, Sterile Neutrinos, LIV, etc. 

Upward-going Muons (Up-µ) 



Solar neutrinos
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n Reactions in SNO

NC
xx

nn ++fi+ npd

ES  -- +fi+ enen x x
-Low Statistics
-Mainly sensitive to ne,, some

-sensitivity to nµ  and  nt
-Strong direction sensitivity

-Gives ne energy spectrum well
-Weak direction sensitivity µ 1-1/3cos(q)
- ne only.

-Measure total 8B n flux from the sun.
- Equal cross section for all n types

CC -epd ++fi+n
e p

The Sun is a source of  electron neutrinos 

Several experiments since the sixties were sensitive to the 
Charged Current interactions 

All consistently observed a deficit with respect to the 
expected neutrino flux 

SNO (2002): also sensitive to Neutral Current (νe+νμ+ντ)



SNO results (2002)
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Charged current → only νe → 
deficit of  ~2/3

Neutral current → νe, νμ, ντ → 
expected flux
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Neutrino oscillations!
2015 Nobel prize!

Solar neutrino problem 
solved by SNO 

Observe a lower flux of  
CC only but the expected 
flux of  NC! 

νe oscillate into a mixing 
of  νe, νμ, ντ



Artificial sources of  neutrinos
Neutrino oscillations discovered with solar and atmospheric neutrinos 

Great sources of  neutrinos → they come for free, just need to build a detector 

Ideal for discoveries (span several ranges of  Δm2) 

Cannot be tuned → you take whatever it’s produced → Not the best 
sources for precision measurements 

Reactors → reactor spectrum is fixed but the distance can be tuned 
(KamLAND for θ12, DayaBay/DChooz/RENO for θ13, JUNO for Mass Ordering) 

Accelerators → can tune neutrino energy and the distance 

Well defined L/E → maximize oscillation probability (knowing Δm2) 

Sensitive to 5 oscillation parameters (θ23, θ13, Δm223, δCP and mass ordering) 

Can alternatively produce beam of  𝜈μ or �̅�μ → study CP violation
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𝜈x



Neutrino mixing ~ 2011
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 Qe  = cosT12 Q1 + sinT12 Q2 

A few years ago (2008), the good agreement of solar and KamLAND data in 2Q 
analyses was one of the main highlights … 

[figure taken from the official KamLAND site (2008)] 

… agreement obtained assuming 

But the agreement could be even 
improved by going beyond the 2Q 
approximation and allowing 3Q�mixing …   

For 3Q� 

Qe   cosT13 (cosT12 Q1 + sinT12 Q2) +e-iG sinT13 Q3  

mixing angle T13   possible CP phase GCP 

Interference (Daya Bay, T2K) 
→ θ13, δCP,  Mass Ordering

Atmospheric (SK, K2K, Minos, T2K) 
→ θ23, Δm32

3 mixing angles  

2 independent mass differences 

1 CP violation phase

7/10/2010 Claudio Giganti 3

Status of neutrino mixing and masses
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SNO + KamLAND 

q12, Dm12
2 → “solar”

Dm
12

2=(7.59±0.20)x10-5 ev2

θ
12

=(34.06+1.16

-0.84
) deg

SK, K2K, MINOS 

|Dm
23

2|=(2.35+0.11

-0.08
)x10-3 ev2

sin2(2θ
23

)>0.91 (90% C.L.)

q23, Dm32
2 → ”atmospheric”

Only upper limit on q13

No info on d

q13, Dm31
2, d

       Chooz 90%CL
       Palo Verde 90% CL
       K 2K 90%CL
       Kamiokande 90%CL
       SK 3-flavour 90%CL

|Dm
23

2|=(2.35±0.1)x10-3 ev2

sin2(2θ
23

)>0.91 (90% C.L.)



How to measure θ13
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Accelerators (T2K, Nova): 

✓ Appearance experiment: P(νμ → νe) 
✓ νμ neutrino beam  
✓ Neutrino energy ~1 GeV 
✓ Distance L >~ 300 km 

✓Signature: 𝜈e appearance in νμ beam 
✓Degeneracy of  θ13, δCP, sign of  Δm2  

Reactors (DChooz, RENO, Daya Bay)

✓ Disappearance of �̅�e P(�̅�e → �̅�e)
✓ �̅�e produced in nuclear reactors
✓Neutrino energy few MeV
✓Distance L ~ 1 km

✓ Signature: disappearance of the �̅�e 

produced in the reactor → depends on θ13
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1st order → θ13
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A depends on 

the sign of  Δm2 

✓ Appearance experiment: P(νμ → νe)
✓ νμ neutrino beam 
✓ Neutrino energy ~1 GeV
✓ Distance L >~ 300 km

✓Signature: appearance of νe in the νμ beam
✓Degeneracy of θ13 with δCP, sign of Δm2  

✓ Disappearance of anti-νe P(νe → νe)
✓ anti-νe produced in nuclear reactors
✓Neutrino energy few MeV
✓Distance L ~ 1 km

✓ Signature: disappearance of the anti-νe 

produced in the reactor → depends on θ13

Δ = Δm32
2L/4E α = |Δm32

2|/|Δm21
2| ~1/30 4
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✓ Appearance experiment: P(νμ → νe)
✓ νμ neutrino beam 
✓ Neutrino energy ~1 GeV
✓ Distance L >~ 300 km

✓Signature: appearance of νe in the νμ beam
✓Degeneracy of θ13 with δCP, sign of Δm2  

✓ Disappearance of anti-νe P(νe → νe)
✓ anti-νe produced in nuclear reactors
✓Neutrino energy few MeV
✓Distance L ~ 1 km

✓ Signature: disappearance of the anti-νe 

produced in the reactor → depends on θ13

Δ = Δm32
2L/4E α = |Δm32

2|/|Δm21
2| ~1/30



θ13 measurements

Accelerators measured θ13 through 𝜈e appearance (T2K 2013, NO𝜈A 2015) 

Most precise measurement from reactors (Daya Bay and RENO in 2012) 
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Neutrino mixing today
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 Qe  = cosT12 Q1 + sinT12 Q2 

A few years ago (2008), the good agreement of solar and KamLAND data in 2Q 
analyses was one of the main highlights … 

[figure taken from the official KamLAND site (2008)] 

… agreement obtained assuming 

But the agreement could be even 
improved by going beyond the 2Q 
approximation and allowing 3Q�mixing …   

For 3Q� 

Qe   cosT13 (cosT12 Q1 + sinT12 Q2) +e-iG sinT13 Q3  

mixing angle T13   possible CP phase GCP 

Interference (Daya Bay, T2K) 
→ θ13, δCP,  Mass Ordering

Atmospheric (SK, K2K, Minos, T2K) 
→ θ23, Δm32

3 mixing angles  

2 independent mass differences 

1 CP violation phase



Main questions
Several question in neutrinos physics still to 
be addressed 

Most of  them are accessible to accelerators 

Why mixing so large with respect to CKM? 
Is θ23 maximal? 

Which is the hierarchy of  neutrino masses? 

Is CP violated in the leptonic sector?

12



Neutrino beams

1. Accelerate protons and strike a target producing pions, 
kaons 

2. The hadrons enter a system of  magnetic horns where 
they are selected in charge and focused → mostly π+ or π- 

3. The hadrons enter a decay tunnel where they decay into 
neutrinos (π+ → μ+ + 𝜈μ) 

4. At the end of  the decay tunnel a beam dump stops all the 
particles that are not neutrinos

13



Off-axis technique

Off-axis technique allows to 
increase the intensity of  the beam 
for at the desired L/E 

Maximise the oscillation probability, 
minimising the backgrounds from 
high energy neutrinos
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On-axis: Eν proportional at Pπ 
Off-axis: different Pπ contribute to the same Eν 
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NO𝜈A (14 mrad off axis) T2K (2.5° off axis)

π+ → μ+ + 𝜈μ 



Physics case: 𝜈μ disappearance

Produce a beam of  𝜈μ → most of  the neutrinos goes into 𝜈τ 
→ undetectable at T2K or NO𝜈A energies 

But we can do a precise measurement of  𝜈μ disappearance 
that at first order depends on θ23 and Δm223 
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Physics case: 𝜈e appearance
When T2K and NO𝜈A were designed their main goal was to 
search for 𝜈e appearance  

Now that we know that θ13 is different from zero the main goals 
of  these experiments is to search for subleading effects

16
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(a) νe appearance reconstructed energy spectrum,
100% ν-mode running.
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(b) ν̄e appearance reconstructed energy spectrum,
100% ν̄-mode running.
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(c) νµ disappearance reconstructed energy spectrum,
100% ν-mode running.
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(d) ν̄µ disappearance reconstructed energy spectrum,
100% ν̄-mode running.

Figure 1: Appearance and disappearance reconstructed energy spectra in Super-K for νe, νµ, ν̄e,
and ν̄µ at 7.8× 1021 POT for the nominal oscillation parameters as given in Table 2

8

νe appearance → θ13
νe appearance →  

δCP and Mass ordering



Degeneracies
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III. PHYSICS POTENTIAL

A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment

If a finite value of ✓13 is discovered by the ongoing and near-future accelerator and/or reactor

neutrino experiments [46–50], the next crucial step in neutrino physics will be the search for CP

asymmetry in the lepton sector. A comparison of muon-type to electron-type transition probabil-

ities between neutrinos and anti-neutrinos is one of the most promising methods to observe the

lepton CP asymmetry. Recent indication of a nonzero, rather large value of ✓13 [1] makes this

exciting possibility more realistic with near-future experiments such as Hyper-Kamiokande.

In the framework of the standard three flavor mixing, the oscillation probability is written using

the parameters of the MNS matrix (see Sec. IA 1), to the first order of the matter e↵ect, as [51]:

P (⌫µ ! ⌫e) = 4C2
13S

2
13S

2
23 · sin2�31

+8C2
13S12S13S23(C12C23 cos � � S12S13S23) · cos�32 · sin�31 · sin�21
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2
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13) · cos�32 · sin�31

+8C2
13S

2
13S

2
23
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�m2
31
(1� 2S2

13) · sin2�31, (3)

where Cij , Sij , �ij are cos ✓ij , sin ✓ij , �m
2
ij
L/4E⌫ , respectively, and a[eV2] = 7.56 ⇥ 10�5 ⇥

⇢[g/cm3] ⇥ E⌫ [GeV]. The parameter � is the complex phase that violates CP symmetry. The

corresponding probability for ⌫µ ! ⌫e transition is obtained by replacing � ! �� and a ! �a.

The third term, containing sin �, is the CP violating term which flips the sign between ⌫ and ⌫̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e↵ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e↵ect is proportional to the neutrino energy at a fixed value of

L/E⌫ .

Figure 16 shows the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ✓13 and � assumed in

this section are summarized in Table VII. The value of sin2 ✓23 is set to the maximal mixing, as

Matter effects
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Leading term ➔ θ13
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(3.1)

where Cij = cos ✓ij , Sij = sin ✓ij and �ji = �m2
ji
L/4E⌫ . The terms that include a are a

consequence of the matter e↵ects with a = 2
p

2GF neE⌫ = 7.56⇥10�5[eV 2](⇢/(g/cm3)(E⌫/GeV ).
The term proportional to cos�CP is invariant for ⌫ and ⌫ whilst the term proportional to sin�CP

change if CP is violated. The equivalent term for P (⌫µ ! ⌫e) can be obtained by reversing the
signs of the terms proportional to sin�CP and to a: the combination of ⌫e and ⌫e appearance in
long baseline experiments allows to break the degeneracies and access to ✓13, �CP and the sign of
a.
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2⇡ and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than ✓13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 ✓12 0.31

sin2 ✓23 0.5

Density of the earth (⇢) 2.6 g/cm3

Figure 3.1: Oscillation probabilities as a function of neutrino energy with L=295 km, sin2(2✓13)
= 0.1, �CP =⇡/2 and normal hierarchy. The contribution of the di↵erent terms of the oscillation
probability is shown separately.

The interplay between the e↵ect due to a and the e↵ect due to �CP mainly depends on the
baseline, since the e↵ect of a is proportional to the amount of matter crossed by neutrinos before
reaching the detector. In the case of T2K the baseline is relatively short and the matter e↵ects
contribute to ⇠ 10% of the oscillation probability while the e↵ect due to �CP is larger and as we

51

T2K: δCP effect ±30% 
MH effect ~10%

NO𝜈A: δCP effect ±20% 
MH effect ~30%



Degeneracies
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T2K(HK) almost no MH —>
 ~ clean measurement of CPV 

NOVA sensitive to MH and CPV 
but with some degeneracies

DUNE breaks the degeneracy 
between MH and CPV

increasing baseline
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�8C2
13S

2
13S

2
23 ·

aL

4E⌫

(1� 2S2
13) · cos�32 · sin�31

+8C2
13S

2
13S

2
23

a

�m2
31
(1� 2S2

13) · sin2�31, (3)

where Cij , Sij , �ij are cos ✓ij , sin ✓ij , �m
2
ij
L/4E⌫ , respectively, and a[eV2] = 7.56 ⇥ 10�5 ⇥

⇢[g/cm3] ⇥ E⌫ [GeV]. The parameter � is the complex phase that violates CP symmetry. The

corresponding probability for ⌫µ ! ⌫e transition is obtained by replacing � ! �� and a ! �a.

The third term, containing sin �, is the CP violating term which flips the sign between ⌫ and ⌫̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e↵ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e↵ect is proportional to the neutrino energy at a fixed value of

L/E⌫ .

Figure 16 shows the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ✓13 and � assumed in

this section are summarized in Table VII. The value of sin2 ✓23 is set to the maximal mixing, as

Matter effects

∝distance

CPV term

Leading term ➔ θ13



T2K

L = 295 km 

E𝜈 ~ 600 MeV

19

Super-Kamiokande: 22.5 
kt fiducial volume water 

Cherenkov detector

ND280

J-PARC accelerator: 
Design power: 750 kW



NOVA

L = 810 km 

E𝜈 ~ 2 GeV

20

PCV extrusion + 
liquid scintillator: 
 Ideal for electron 

identification 



Common ingredients

Flux prediction (NA61/SHINE for T2K, MIPP for 
NOvA) 

Cross-section models 

Near Detector analyses but used in very different 
ways 

Far detector 𝜈µ and 𝜈e selections  

Joint oscillation fits

21



Flux prediction

Main uncertainty is the hadron-production 
cross-section 

This can be measured by dedicated 
experiments, such as NA61/SHINE for T2K 

Same proton energy, same target, measure 
double differential cross-section for hadrons 
production 

<10% uncertainty on neutrino fluxes, hope to 
go below 5% with more data

22



Cross-section models
T2K (700 MeV) → dominated by quasi-elastic processes (+ 2p2h) → 
look at lepton momentum and angle to reconstruct neutrino energy 

NOvA (~2 GeV) → dominated by CC interactions with pion 
production → need to measure also the hadronic part  

23
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At T2K energies neutrino 
interactions occurs through many 
different processes (CCQE, CC1π, 
NC1π, DIS) each with large model 
uncertainties (~20% or larger)

Model the parameters for each 
interaction type by selecting 
neutrino interactions at ND280

T2K

CCQE CCRES CCDIS
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At T2K energies neutrino 
interactions occurs through many 
different processes (CCQE, CC1π, 
NC1π, DIS) each with large model 
uncertainties (~20% or larger)

Model the parameters for each 
interaction type by selecting 
neutrino interactions at ND280

T2K

CCQE CCRES CCDIS
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At T2K energies neutrino 
interactions occurs through many 
different processes (CCQE, CC1π, 
NC1π, DIS) each with large model 
uncertainties (~20% or larger)

Model the parameters for each 
interaction type by selecting 
neutrino interactions at ND280

T2K

CCQE CCRES CCDIS

⌫µ⌫µ

CCQE-like CC Resonant (1π) CC Deep Inelastic 
scattering

N
O
𝜈A

T2
K

N
O
𝜈A

T2
K



T2K

Magnetized ND → distinguish 𝜈 
from �̅�  

TPC for 3D track reconstruction 
and PID of  all the charge particles 

Carbon and water target 

Mostly forward going acceptance 

24

Muon Ring

Not magnetized FD → distinguish 𝜈 from �̅�  

Cherenkov effect → most of  the time only 
the lepton is reconstructed → energy 
reconstructed assuming QE interactions 

50 kton water target 

4 π  acceptance 



NO𝜈A

Same technology near and far → but different size and so different acceptance 

Identical detector → easier to extrapolate near to far? 

Higher energy → Cannot assume QE interaction and need to reconstruct all the 
energy produced in a neutrino interaction 

Calorimetric energy reconstruction  → Difficult to disentangle cross-section from 
detector effects 

Both detectors are not magnetised → no measurements of  the wrong-sign component

25



T2K oscillation analysis

26

Flux prediction: 
✓  Proton beam 

measurement 
✓  Hadron production (NA61 

and others external data)

ND280 measurements: 
✓  νμ and �̅�μ selections to 

constrain flux and cross-
sections

Neutrino interactions: 
✓  Interaction models 
✓  External cross-section 

data

Super-Kamiokande measurements: 
✓  Select CC νμ and νe candidates after 

the oscillations

Prediction at the Far Detector: 
✓ Combine flux, cross section and ND280 

to predict the expected events at SK

Extract oscillation parameters!



ND280 selection

27

Select charged current muon neutrino interactions in the tracker (FGD) 

Use TPCs to reconstruct momentum, charge and particle ID 

Further subdivide the sample according to the number of  pions (0, 1, 
>1) 

ND280 is a magnetized detector → lepton charge reconstruction to 
distinguish 𝜈μ from �̅�μ interactions 

7 samples per FGD are used in the near detector fit (CC0π, CC1π and 
CCNπn 𝜈-mode, CC1Track and CCNTrack for μ+ and μ- in �̅�-mode)



ND280 constraints

Flux and cross-section parameters 
→ mostly concentrated to the 0π 
component of  the cross-section 

Different samples selected at ND280 

Adjust flux and cross-section 
parameters to predict spectra at SK

28

Flux parameters



Reduction of  systematics

29

Slightly increase the predicted number of  events at SK → due to the 
small excess of  events in ND280  

Errors are reduced from ~15% to ~4-7% thanks to the Near Detector fit

μ-like 
𝜈-mode

e-like 
𝜈-mode

μ-like 
�̅�-mode

e-like 
�̅�-mode

Total Systematics 
(without ND280) 13.9 % 15.9 % 11.7 % 13.7 %

Total systematics 
(with ND280) 4.3 % 7.3 % 3.8 % 7.7 %

e-like μ-like



NO𝜈A oscillation analysis

Simpler than T2K, profiting of  the two ~identical detectors 

Erec spectra at ND → Etrue spectra at ND → Far to Near 
ratio → Etrue spectra at FD → Erec spectra at FD 

But not so simple!
30



NO𝜈A event selection
NO𝜈A far detector is operated on-surface so cosmics constitutes an important 
source of  background 

Continouos development of  reconstruction algorithm to reduce the cosmic 
background and select clean samples of  μ and e

31



NO𝜈A energy reconstruction

32

Reconstructed energy combines Ehad and Eμ 

Observed ND spectrum is converted into 
true and then extrapolated to far 

It might be more difficult to distinguish 
between detector and cross-section effects 
→ if  it’s a detector effect far/near ratio is 
unchanged, if  it’s a cross-section effects 
should also affect the far/near ratio!



New NO𝜈A analysis

Do something more refined to separate detector from cross-section 
effects by separating the sample in different bins of  hadronic energy 

The far to near ratio is then propagated independently for each bin

33



Oscillation analysis

Both collaborations now do a full joint analysis 

T2K: 𝜈e, �̅�e, 𝜈μ and �̅�μ  

NO𝜈A: 𝜈e and 𝜈μ → antineutrinos samples coming soon 

In order to make the presentation clearer I’ll show first 𝜈μ 
disappearance (θ23, Δm23) and then appearance (θ13, δCP, 
Mass Ordering) results

34

N → expected events
M → observed events

o → oscillation
 parameters

p → other nuisance 
parameters



T2K Far Detector event selection

Select single-ring events at SK  

Separate them according to their PID in μ-like and e-like 

New optimisation of  the selection allowed to increase 
by ~30% the statistics 

35

MC exp New SK selection Old SK selection
Candidate

s
Purity Candidate

s
Purity

𝜈-mode e-like 69.5 81 % 56.5 81 %

𝜈-mode e-like 
+1π 

6.9 79 % 5.6 72 %

�̅�-mode e-like 7.6 62 % 6.1 64 %

𝜈-mode μ-like 261.6 80 % 268.7 68 %

�̅�-mode μ-like 62.0 80 % 65.4 71 %



T2K 𝜈μ disappearance

Results still preliminary → we are doing 
careful job to finalise the systematics 
uncertainties 

Plan to publish within the next month

36

μ-like
𝜈-mode 

μ-like
�̅�-mode 

Data

Final systematics
pending

𝜈-mode μ-like 240 267.8

�̅�-mode μ-like 68 63.1



NO𝜈A 𝜈μ disappearance
Some (mild) tension between T2K and 
NO𝜈A with NO𝜈A old analysis 

Claim to exclude maximal mixing at 2.6σ 
while T2K is compatible with maximal 
mixing

37

Also global fits prefer non-maximal θ23 

New analysis from NO𝜈A with more stat. 
and new method for Near to Far 
extrapolation show that they are now 
compatible with maximal mixing! 

Approaching T2K level of  precision.. is θ23 
maximal?



How to be sure

In T2K we developed a 
procedure to test the robustness 
of  our limits against model 
dependencies 

Change cross-section model 
and produce expected spectra 
at near and far detector 

Fit ND with our nominal model 
and propagate constraints to FD 

Check effect on oscillation 
parameters 

If  difference is large account for 
it in the systematics evaluations

38



T2K e-like selection

δCP gives ~20% asymmetry in the event rate 

𝜈-mode Signal/Background ~4.4 at δCP=-π/2

39

e-like
𝜈-mode 

e-like
�̅�-mode 

e-like + 1π
𝜈-mode 

Data
MC expected Number of events

δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

𝜈-mode e-like 74 73.5 61.5 49.9 62.0

𝜈-mode e-like+1π 15 6.9 6.0 4.9 5.8

�̅�-mode e-like 7 7.9 9.0 10.0 8.9



T2K appearance

40

Data
MC expected Number of events

δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

𝜈-mode e-like 74 73.5 61.5 49.9 62.0

𝜈-mode e-like+1π 15 6.9 6.0 4.9 5.8

�̅�-mode e-like 7 7.9 9.0 10.0 8.9

θ23 → 𝜈e and �̅�e appearance 
probabilities are affected in the 
same way 

δCP = -π/2 → maximize 𝜈e appearance, 
minimize �̅�e (~30%) 

δCP = π/2 → maximize �̅�e appearance, 
minimize 𝜈e (~30%) 

Normal hierarchy → same as δCP=-π/
2 but smaller effect in T2K (~10%)



(θ13, δCP)

41

without reactor with reactor

Final systematics
pending

Without reactor constraints: sin2θ13 compatible with the one 
measured by reactors. Prefer values of  δCP in the region 
around -π/2 

With reactor constraints: stronger preference for values of  
δCP ~ -π/2  

As expected given the observed number of  e-like events in 𝜈 
and �̅� mode



T2K δCP measurement

42

Normal hierarchy Inverted hierarchy
68% CL [-2.49, -1.23] -

90% CL [-2.80,-0.83] -

2σ [-2.98,-0.60] [-1.53,-1.19]

Our data prefer values of  δCP~-π/2 mostly driven by the large 
number of  events observed in the e-like sample in 𝜈-mode 

Feldman-Cousins method used to define confidence intervals  
for δCP → CP conserving values (0,π) excluded at 2σ

without reactors with reactors



NO𝜈A 𝜈e selection

Convolutional neural 
network (CVN) to select e-
like events 

Signal/Background of  2.3 
at δCP=-π/2 (3π/2)

43



NO𝜈A appearance results

Also NO𝜈A prefer values of  δCP ~ -π/2 (or 
3/2π) that maximise 𝜈e appearance  

Also prefer normal ordering → exclude 
inverted ordering at almost 2σ for all the 
values of  δCP 

No antineutrino data yet

44



T2K/NO𝜈A comparison

Both experiments see a large appearance of  𝜈e → Compatible with maximal CP 
violation ! 

Both are still statistically limited!  

More data will help 

NO𝜈A antineutrino data, summer 2018!
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4/c2 eV-310× = -2.4431
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 = 0CPδ

/2π = -CPδ
Data (stat. errors only)

T2K Run1-8 PreliminaryFinal systematics pending



The future
T2K and NO𝜈A are both seeing appearance rates compatible with normal ordering 
and δCP~-π/2  → This would be the luckiest combination in order to measure both! 

NO𝜈A is most sensitive to MO and will release first results with �̅� this summer! 

T2K will double its statistics in �̅� by this summer and have 3σ sensitivity to CPV if  
enough data will be collected 

The two collaborations are also working towards a combined analysis (~2021)

46



𝜈μ disappearance

More data will also allow precise measurements of  
the disappearance parameters  

Investigate if  θ23 is really maximal or not!

47



T2K and the ND280 upgrade

48

Horizontal TPC with 
resistive MicroMegas

Goal of  the upgrade project: replace the P0D with an 
horizontal totally active target and 2 horizontal TPCs by 2021 

Currently working on R&D and prototypes + simulations



Longer term future
NO𝜈A and T2K will continue to take data, leading the search for δCP 
until 2026 → more than 3 σ for both, δCP and Mass Ordering 

Then 2 next-generation LBL experiments will come online: DUNE (US) 
and Hyper-K (Japan) 

I don’t have time to discuss them today.. but they will collect thousands 
of  neutrino interactions → >5 σ for mass ordering and (if  lucky) for δCP

49

A path to the next generation experiments

• with Upgrade of J-PARC Neutrino Beam
2

Hyper-Kamiokande

J-PARC Neutrino Beam 
• Very Intense Neutrino Beam for νμ→νe study. 

• Ref.: 28 events in T2K w/ 0.66E21 POT and (6 or 11) in NOvA w/ 0.27E21 POT 

8

Table 1: Number of events expected to be observed at the far detector for 10⇥1021 POT ⌫-
+ 10⇥1021 POT ⌫̄-mode with a 50% statistical improvement. Assumed relevant oscillation
parameters are: sin2 2✓13 = 0.085, sin2 ✓23 = 0.5, �m2

32 = 2.5 ⇥ 10�3 eV2, and normal
mass hierarchy (MH).

Signal Signal Beam CC Beam CC
True �CP Total ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e ⌫e + ⌫̄e ⌫µ + ⌫̄µ NC

⌫-mode 0 454.6 346.3 3.8 72.2 1.8 30.5
⌫e sample �⇡/2 545.6 438.5 2.7 72.2 1.8 30.5

⌫̄-mode 0 129.2 16.1 71.0 28.4 0.4 13.3
⌫̄e sample �⇡/2 111.8 19.2 50.5 28.4 0.4 13.3

Beam CC Beam CC Beam CC ⌫µ ! ⌫e+
Total ⌫µ ⌫̄µ ⌫e + ⌫̄e ⌫̄µ ! ⌫̄e NC

⌫-mode ⌫µ sample 2612.2 2290.5 150.0 1.6 7.0 163.1

⌫̄-mode ⌫̄µ sample 1217.5 482.1 672.5 0.6 1.0 61.3

experiments(sin2(2✓13) = 0.085 ± 0.005) [21]. However, this uncertainty is correlated be-
tween ⌫ and ⌫̄ beam mode samples and its impact on the observation of a CP asymmetry
in T2K data is small.

As will be described in Sec. 4, the current systematic errors, if they are not improved,
will significantly reduce the sensitivity to CP violation with the T2K-II statistics. Any
improvement on the systematics would enhance physics potential. Here, we describe pro-
jected improvements.

Neutrino Flux The neutrino flux prediction [15] uncertainty is currently dominated by
uncertainties on the hadron interaction modelling in the target and surrounding materials
in the neutrino beamline and by the proton beam orbit measurement. These errors can
be represented as an absolute flux uncertainty relevant for neutrino cross section mea-
surements, and an extrapolation uncertainty which impacts oscillation measurements. At
the peak energy (⇠ 600 MeV), these are currently ⇠ 9% and ⇠ 0.3% , respectively. Fur-
ther improvement is expected with the incorporation of the T2K replica target data from
NA61/SHINE, improvements in the beam direction measurement, and improved usage of
the near detector measurements, to achieve ⇠ 6% uncertainty on the absolute flux.

Near Detector measurement Currently, detector-related systematic uncertainties of
⇠ 2% have been achieved in ⌫µ/⌫̄µ charged-current samples selected in ND280. Some
uncertainties, such as those related to reconstruction e�ciencies and backgrounds, may
be reduced by further e↵ort and development. By far the largest uncertainty, however,
arises from pion secondary interaction uncertainties, which may be reduced by external
measurements or by studying pion interactions within ND280 itself. With additional
data, we expect to reduce this uncertainty and achieve ⇠ 1% overall systematic error in
the ND280 samples.

Neutrino Interaction T2K has engaged in continuous development and improvement
of neutrino-nucleus interaction modelling [16, 17], including e↵ects arising from nucleon
correlations[18, 19] and final state interaction of hadrons within the target nucleus. These
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FIG. 111. Reconstructed neutrino energy distribution of the ⌫e candidate events. Left: neutrino beam

mode, right: anti-neutrino beam mode. Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0� is

assumed. Compositions of appearance signal, ⌫µ ! ⌫e and ⌫µ ! ⌫e, and background events originating

from (⌫µ + ⌫µ) and (⌫e + ⌫e) are shown separately.

TABLE XXIX. The expected number of ⌫e/⌫e candidate events and e�ciencies with respect to FCFV events.

Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0 are assumed. Background is categorized by the

flavor before oscillation.

signal BG
Total

⌫µ ! ⌫e ⌫µ ! ⌫e ⌫µ CC ⌫µ CC ⌫e CC ⌫e CC NC BG Total

⌫ mode
Events 2300 21 10 0 347 15 188 560 2880

E↵.(%) 63.6 47.3 0.1 0.0 24.5 12.6 1.4 1.6 —

⌫̄ mode
Events 289 1656 3 3 142 302 274 724 2669

E↵. (%) 45.0 70.8 0.03 0.02 13.5 30.8 1.6 1.6 —
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FIG. 112. Reconstructed neutrino energy distribution of the ⌫µ/⌫µ candidate events after oscillation. Left:

neutrino beam mode, right: anti-neutrino beam mode.

T2K-II Expression of Interest (10E21 POT for nu and 10E21 POT for anti-nu)

Hyper-K Design Report (7E21 POT for nu and 20E21 POT for anti-nu)

assuming δCP=0



Conclusions
Neutrino oscillations have entered the precision era 

Long-Baseline experiments are the best experiments to precise 
measure oscillation parameters, investigating sub-leading order 
effects 

T2K and NO𝜈A are currently seeing (very) first hints of  δCP~-π/2, mass 
ordering ~ normal and θ23 ~ maximal 

Fully compatible results with two very different experiments 

Still statistically limited → more data will come in the next years 

We hope to have 3σ measurements for δCP and MO with the 
currently running experiments 

Precision measurements and 5σ discovery of  δCP will need a next 
generation of  experiments → DUNE and Hyper-K
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Back-up



Neutrino cross sections
At T2K energies the dominant contributions to the cross section 
are quasi-elastic 

Other contributions with production of  pions in the final state are 
also important 

Need to take into account nuclear effects (2p-2h, FSI that might 
lead to pion absorption, …) 

New parametrisation of  the cross-section modelling
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Random Phase
Approximation → change Q2 

dependency of the x-sec 

2p2h → bias the energy reconstruction



Bayesian analysis

Dependence of  the δCP exclusion on the prior (flat in δCP or sin(δCP)) → CP conserving values 
outside 94.5% Credible Intervals 

From posterior probability weak preference for NH and second octant (as for the frequentist 
analysis)
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sin2θ23<0.5 sin2θ23>0.5 Sum

Normal hierarchy 
(Δm232>0)

0,193 0,674 0,868

Inverted hierarchy 
(Δm232>0) 0,026 0,106 0,132

Sum 0,219 0,781



Towards T2K-II
T2K was originally approved to 
collect 7.8x1021 pot 

Driven by sensitivity to θ13 

Proposal for an extended run 

T2K-II → 20x1021 pot 

SK will also be upgraded with 
Gadolinium → start preparation work 
in June 2018
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To reach such statistics (and be ready for HK) we will upgrade 
the Main Ring power supply to reach 1.3 MW operations



New SK selection
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δCP exclusion

The exclusion of  CP 
conserving values is stronger 
than the expected sensitivity 

Is it reasonable? 

We run many toys for different 
oscillation parameters with 
statistical and systematics 
variation →  NH and δCP=-π/2 

30% of  the experiments 
exclude δCP=0 at >2σ  

20% of  the experiments 
exclude δCP=π at >2σ 
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NO𝜈A systematics
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