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Mixing of three neutrinos

2

cij = cos(θij), sij = sin(θij)

Current knowledge:

 θ12 ≈ 33˚ 
 θ23 ≈ 45˚ 
 θ13 ≈ 9˚ 
 Δm221≈7.4 × 10-5 eV2  

 |Δm231|≈2.5 × 10-3 eV2

Super-K, K2K, MINOS,
OPERA, NOνA, T2K DChooz, Daya Bay, RENO

MINOS, NOνA, T2K
Super-K, SNO, KamLAND

Open questions:

 CP violation?
 Mass hierarchy (m1,2≷ m3)?
 Is θ23 = 45˚ ? If not is θ23 greater or lower than 45˚?
 More PMNS symmetries?
 Majorana/Dirac?

(PMNS Neglecting possible Majorana phases)

W

lα

να νβ
lβ

W

Neutrinos produced in weak processes (να) 
are linear combinations of mass eigenstates (νi)

|⌫↵i =
X

i

U⇤
↵i|⌫ii

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Global Fits
A. Marrone @ NuTel 2021



Neutrino oscillations at T2K
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🇯🇵

Near detector complex
at 280 m from the target

Intense high purity muon (anti)neutrino beam from J-PARC to Super-K to study:
 Muon (anti) neutrino disappearance νμ↛νμ (νμ̅↛ν̅μ)
 Electron (anti) neutrino appearance νμ→νe (νμ̅→νe̅)
 Rich program of:

 neutrino cross sections studies with near detectors
 “exotic” physics: sterile neutrinos, etc…
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one of the biggest international collaboration of 
neutrino LBL

~500 physicists, 69 institutions, 12 countries

5

Very strong European contribution including CERN
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Neutrino oscillations at T2K

 Precision measurement of θ23 and Δm231

 CPT test with anti-neutrino mode (νμ̅→νμ̅)

 θ13 dependence of the leading term

P (⌫µ ! ⌫µ) ' 1� (cos4 ✓13 sin
2 2✓23 + sin2 2✓13 sin

2 ✓23) sin
2 �m2

31
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2GFneE⌫ = 7.6⇥ 10�5⇢[g/cm2]E⌫ [GeV]

 θ23 dependence of the leading term (θ23=45˚ or θ23≷45˚?) 

 CP odd phase delta: asymmetry of probabilities P(νμ→νe) ≠ P(νμ̅→νe̅) if sinδ≠0

 Matter effect: νe (νe̅) appearance enhanced in normal (inverted) mass hierarchy 

B. Richter, SLAC-PUB-8587

Change sign 
by changing 
ν with ν̅
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Learning from νe (νe̅) appearance

 sin22θ13 and sin2θ23

 Enhance/suppress both νe and νe̅ appearance

 CP-violating phase δCP (up to ±30% effect at T2K) 

 δCP = 0, π⇒ no CP violation: P(νμ→νe) = P(νμ̅→νe̅) in vacuo

 δCP ~ -π/2: enhance νμ→νe and suppress νμ̅→νe̅

  δCP ~ +π/2: suppress νμ→νe and enhance νμ̅→νe̅

Normal hierarchy
 
 Enhance νμ→νe

 Suppress νμ̅→νe̅

Inverted hierarchy
 
 Suppress νμ→νe

 Enhance νμ̅→νe̅

±10% effect at T2K

PTEP 2015 (2015) 053C02 



T2K experimental setup



Charged Current Quasi-Elastic
 (CCQE)
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The off-axis neutrino beam

 Enhance neutrino oscillation effects
 Enhance CCQE-like interactions (signal at Super-Kamiokande)
 Reduces background from π0 interactions
 Reduces νe contamination (less than 1%) at the peak

30 GeV

E⌫ =
(1�m2

µ/m
2
⇡)E⇡

1 + �2 tan ✓2

⌫µ + n ! µ� + p
⌫̄µ + p ! µ+ + n
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Near Detectors
SMRD

ND280 (off-axis)

 Magnet: B = 0.2 T
 TPC: p measurement + particle-ID with dE/dx
 FGD: Fine-grained detectors (2 x 0.8 t) → FGD1 (C), FGD2 
(C+H2O)
 SMRD: magnetized muon range detector
 P0D: pi-zero detector (Pb/brass-H2O-scintillator)
 ECal: electromagnetic calorimeter

INGRID (on-axis)

 νμ CC rate → monitor beam profile and stability
 Fe/Scintillator tracking calorimeter (16 Fe/Scint 
modules + 1 central one made of scintillator only)

ν ν

ν

Tracker
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Neutrino cross sections at T2K energies
 At T2K energies the main kind of interactions are CCQE

 Other neutrino interactions with production of pions in 
the final state are important as well
 Discrepancies between different theoretical models
 x-sec are not completely understood at T2K energies

 Latest x-sec measurement at ND280: 
 𝜈e and 𝜈ē measurement crucial for CPV

 𝜈μ/𝜈μ̄ important for oscillation analysis
 Carbon/Oxigen Crucial for ND280 (CH, O) to SK (H2O) extrapolation

A dedicated experiment is needed in order to reduce these 
systematics → AIDA-Innova project (HPTPC with hybrid 
readout) started in Bari since April 2021
Vessel design will be done by our CAD group here in Bari 
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Far detector: Super-Kamiokande

SMRD

μ

e/γ

multi-ring

Super-K (off-axis)

 Water Cherenkov (22.5 kt fiducial volume,     
> 11k PMT, ~40 m x 40 m) 
 Excellent μ/e separation and π0 detection     
(2 e-like rings)
 ΔE/E ~10% for Quasi-Elastic (QE) events

SIGNALS
 Single μ/e like ring
 Erec by energy/direction of lepton, 2-body kinematics 

 Single e like ring
 Erec by energy/direction of lepton, 2-body kinematics with a Δ++ recoil 
 One decay electron

BACKGROUNDS

 π0→γγ: ring counting, 2-ring reconstruction
 γ misidentified as e from νe CCQE
 powerful rejection capabilities reduce this by O(102)

 Ring counting, decay electron cut to reject non-CCQE interactions

⌫l + n ! l� + p ⌫̄l + p ! l+ + n

⌫l + (n/p) ! ⌫l + (n/p) + ⇡0

SK MC

SK MC

SK MC

⌫e + p ! e� + ⇡+ + p

⌫l + (n/p) ! l� + (n/p) + ⇡



INFN-Bari’s group 
activities 
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ND280

SMRD

μ SK MC

SK MC

SK MC

TPC1 TPC2 TPC3

FGD1 FGD2

CC-1track

INFN Bari activities in T2K

 TPC design, assembling, calibration, maintenance and 
operation 
 Leading role on TPCs (Emilio Radicioni)
 Leading in 𝜈μ̄ analysis @ ND280 
 Since 2012 our group is leading the T2K activities in Italy 
and in the executive committee of the T2K experiment 
(Gabriella Catanesi)
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ND280-upgrade

 Our group is heavily involved in the new Horizontal 
TPC  fir the ND280 upgrade  
 
 COMSOL simulations:

 Good E filed uniformity up to 10-4

 Non uniformity <10 mm from the field strips

 2020-2021: CAD design and MOLD produced for the HTPC at the 
mechanical workshop here in Bari

 2022-2023: final design and construction of HTPCs, assembling, 
integration and test at CERN and J-PARC 

 Leading role in the ND280-upgrade global reconstruction
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Super-Kamiokande and Hyper-Kamiokande

 Participation to the SK refurbishment operations in Japan
 Proton decay channel analysis

 p → 𝜈 K+ → 𝜈 π+π0 
 design Multi-PMTs for H-K (INFN+Poliba) 



T2K oscillation results
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Collected data analyzed

This talk

Analysis
ongoing
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Analysis Model
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SK 𝜈e and 𝜈ē data and PMNS predictions

Neutrino mode e-like candidates
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2mΔ
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2mΔ
π = CPδ

/2π+ = CPδ
 = 0CPδ

/2π− = CPδ
68% syst err. at best-fit
Best-fit
Data (68% stat err.)

We see an excess of electron neutrinos when 
compared to CP conserving case. 

 Suggests a preference for δcp = -π/2 and Normal 
Ordered Masses
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Nature paper results (2019)

Our results show an 
indication of CP 
violation in the 
lepton sector!

First 3σ limits on 46% (65%) of 
the δcp values in Normal 
(Inverted) Ordering
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New results: T2K vs T2K + Reactor

T2K produces results with only T2K 
data and with the global reactor 
constraint on θ13.

T2K ONLY result is consistent with 
reactor constraint to 1σ.

Results from here onward are 
with REACTOR CONSTRAINT 
APPLIED.
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New results and comparison with other experiments
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 Slight tension with NOvA on δCP

 T2K has the world leading 
measurement of δCP and sin2θ23

Our data still prefer a maximal CP 
violation (δcp = -π/2) and Normal 
Ordered Masses

Preference for upper octant of θ23



Prospects
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 Agreements signed with NOvA and T2K collaborations and work on joint fits have begun 
 Very different sensitivities, may break apart degeneracies. 
 KEK now has budget for collecting 1022 POT with the second phase of T2K
 Continued rich physics program and improved oscillation sensitivity until Hyper-K 
and DUNE (expected 5σ sensitivity to δcp) 

external hierarchy input

T2K preliminary

T2K preliminary

T2K phase II with beam and ND280 upgrade (2022)



 T2K has the world leading result for δcp measurement (we exclude 35% of 
δcp values at 3σ)

 Preference for upper octant θ23 and Normal Ordering 

Slight preference for non maximal sin2θ23 mixing

Next step T2K-II (ND280 and beam upgrade),                                                 
long term Hyper-Kamiokande approved by MEXT and under construction

 The final INFN approval is expected by the end of this year

 Lots of exciting work and results to come in the next few years! 
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Conclusions
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The neutrino beam: flux predictions

 Beam alignment monitoring provides input 
to estimations of beam systematics

Proton beam Graphite target Horn

K

π

π

 Fluxes are predicted from a data-driven simulation→NA61/SHINE experiment 
measures hadron production cross sections using a thin carbon and a T2K replica target

Flux error 
reduction 

from ~25% to ~5% 
(was ~8% with thin 

carbon target)

 INGRID detector provides high-statistics monitoring 
of the beam intensity, direction, profile and stability

ν daily event rate

Flux errors ν mode

Flux errors are further constrained with the ND280 analysis of νμ (νμ̅) CC events
Higher constraint on 𝜈e component with tagged beam (ENuBET)
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SK-V with Gd

SMRD

μ SK MC

SK MC

SK MC
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Analysis strategy

NA61/SHINE
external data

INGRID & Beam 
monitor data

External           
cross-section 

data

Neutrino flux 
model

Cross-section
model

Super-K detector
model

ND280 detector
model

ND280 data

Super-K data

ND280 fit

Oscillation
 fit

Oscillation
 parameters

ND280 data 
reduce neutrino flux and 

cross-section uncertainties
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ND280 samples in 𝜈 and 𝜈 ̄beam mode (post-ND280 fit)
TPC1 TPC2 TPC3

FGD1 FGD2

CC0π CC1π+ CC-Other

CC1π+
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Samples collected at Super-Kamiokande
Thu Jun 25 09:45:19 2020
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combinations. Statistical fluctuations that yield more or less FHC e-like events respectively,706

cannot be compensated by changes in the oscillation parameters and yield a strong constraint.707

The �CP dependence in this plot is because the naive sum of FHC + RHC e-like events is708

dominated by the FHC e-like events.709

Fig. 62b shows the number of µ-like events in the region of interest for neutrino oscillations710

(Erec < 1.2GeV), separated above and below the oscillation peak (Erec = 0.6GeV) for various711

values of oscillation parameters, focusing on the �m
2
32

dependence. The tension between the712

syst. contours produced at best-fit and the observed events suggest that shape e↵ects are713

more involved than just counting the number of events above and below the oscillation peak.714

Systematic uncertainties that do not a↵ect the total event rate still a↵ect the shape, and thus715

�m
2
32
. Here we notice the syst. error contour is relatively larger in the lower energy region than716

in the higher energies, suggesting the contribution from such event-rate-preserving uncertainties.717

We first present the results in terms of��
2 distributions obtained for the di↵erent parameters718

of interest, and 2D confidence regions constructed using the “fixed ��
2” method6. We then719

present additional results following a Bayesian approach, with credible intervals for �CP and720

posterior probabilities for di↵erent hypotheses. We finally present confidence intervals for �CP721

constructed using the Feldman-Cousins unified approach [24]. For the mass splittings, the results722

are given for �m
2
32

in the normal hierarchy, and for |�m
2
31
| in the inverted hierarchy.723

Table 27: Event rate table using oscillation parameters at best-fit (Tab. 29 T2K+RC) while
varying �CP, using SKMC 19b with tuned flux 13av7.1 and with BANFF/NIWG postfit reweight
compared to the number of events in the data. Predicted and observed number of events for
1Rµ with Erec < 1.2GeV are also provided.

�CP = �⇡/2 �CP = 0 �CP = ⇡/2 �CP = ⇡ Data
FHC 1Rµ 356.48 355.76 356.44 357.27 318
RHC 1Rµ 138.34 137.98 138.34 138.73 137
FHC 1Re 97.62 82.44 67.56 82.74 94
RHC 1Re 16.69 18.96 20.90 18.63 16
FHC 1R ⌫e CC1⇡+ 9.20 8.01 6.51 7.71 14
FHC 1Rµ (Erec < 1.2GeV) 213.40 213.06 213.36 213.81 191
RHC 1Rµ (Erec < 1.2GeV) 68.53 68.34 68.53 68.74 71

6��2 and �2� lnL are used interchangeably
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Data prefer δCP inducing the largest ν-ν ̅
asymmetry: -π/2
Differences in μ-like events are 
consistent with statistical and 
systematic errors 

Error reduction with near detector fit on 
the number of expected events at SK

 𝜈μ event rate uncertainty from 11% to 3%
 𝜈e event rate uncertainty from 13% to 5%
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What is new in the current analysis

Improvement of Δm232 measurement thanks 
to improved neutrino-interaction model 
and ND280 constraints!
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δcp constraints
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35% of all values excluded at 3σ when marginalised over both 
hierarchies 
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Atmospheric parameters

 Preference for upper 
octant of θ23 and normal 
ordered neutrino masses

 Slight preference for non 
maximal sin2θ23
 World leading measurement of theta23
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Systematic uncertainties

Table 21: Uncertainty on the number of event in each SK sample broken by error source after
the BANFF fit, where “2p2h Edep”, “BGRES

A low-p⇡”, “�(⌫e), �(⌫̄e)”, “NC �”, and “NC Other”
have been square summed to give the “Xsec (ND unconstrained)” component.

1Rµ 1Re
Error source (units: %) FHC RHC FHC RHC FHC CC1⇡+ FHC/RHC

Flux 2.9 2.8 2.8 2.9 2.8 1.4
Xsec (ND constr) 3.1 3.0 3.2 3.1 4.2 1.5

Flux+Xsec (ND constr) 2.1 2.3 2.0 2.3 4.1 1.7
Xsec (ND unconstrained) 0.6 2.5 3.0 3.6 2.8 3.8
SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2

Total 3.0 4.0 4.7 5.9 14.3 4.3

Table 22: Uncertainty on the number of event in each SK sample broken by error source before
the BANFF fit.

1Rµ 1Re
Error source (units: %) FHC RHC FHC RHC FHC CC1⇡+ FHC/RHC

Flux 5.1 4.7 4.8 4.7 4.9 2.7
Cross-section (all) 10.1 10.1 11.9 10.3 12.0 10.4
SK+SI+PN 2.9 2.5 3.3 4.4 13.4 1.4

Total 11.1 11.3 13.0 12.1 18.7 10.7

Table 23: Priors used for the pre-ND-fit uncertainties.

Systematic shape parameters

2p2h norm. ⌫ gaussian 1± 1
2p2h norm. ⌫ gaussian 1± 1

2p2h low E⌫ ⌫ flat [0, 1]
2p2h high E⌫ ⌫ flat [0, 1]
2p2h low E⌫ ⌫ flat [0, 1]
2p2h high E⌫ ⌫ flat [0, 1]

CCQE Q
2 norm 0 gaussian 0.495± 0.165

CCQE Q
2 norm 1 gaussian 0.695± 0.145

CCQE Q
2 norm 2 gaussian 0.78± 0.13

CCQE Q
2 norm 3 gaussian 0.89± 0.15

CCQE Q
2 norm 4 gaussian 0.93± 0.16

CCQE Q
2 norm 5 gaussian 1.00± 0.11

CCQE Q
2 norm 6 gaussian 1.00± 0.18

CCQE Q
2 norm 7 gaussian 1.00± 0.4

BGRES

A low-p⇡ gaussian 0.738462± 1 (1.30± 1.30 in NIWG units)
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Pre ND280 constraint

Post ND280 fit
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T2K vs NOvA
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Comparison with other experiments

23θ2sin
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T2K Preliminary

 Slight tension with NOvA on δCP

 T2K has the world leading 
measurement of δCP and sin2θ23
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Theory may explain differences between T2K and NOvA on δcp

A. Palazzo @ NuTel 2021
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Theory may explain differences between T2K and NOvA on δcp

A. Palazzo @ NuTel 2021
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Theory may explain differences between T2K and NOvA on δcp

A. Palazzo @ NuTel 2021
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Hyper-Kamiokande
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Towards T2K phase II: ND280 upgrade

 Goal of the upgrade project: replace the P0D with an horizontal totally active target 
(SuperFGD) and 2 horizontal TPCs equipped with resistive MicroMegas by 2021 

 Increase the current phase-space and reduce the cross-section systematics

 Currently working on R&D and prototypes + simulations

Resistive MicroMegas

SuperFGD
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Neutrino cross sections at T2K energies
 At T2K energies the favoured interactions are CCQE

 Other neutrino interactions with production of pions in 
the final state are important as well
 Discrepancies between different theoretical models
 x-sec are not completely understood at T2K energies

 Latest x-sec measurement at ND280: 
 𝜈e and 𝜈ē measurement crucial for CPV

 𝜈μ/𝜈μ̄ important for oscillation analysis
 Carbon/Oxigen Crucial for ND280 (CH, O) to SK (H2O) extrapolation
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νμ and νμ̅ disappearance results
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0.532+0.046
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sin2θ23

|Δm232|
(×10-5 eV2/c4)

 World-leading measurement of sin2 
θ23 
 Results continue to be consistent 
with maximal mixing/oscillation 
 No significant differences between ν 
and ν̅

 CPT theorem:

P(νμ→νμ)=P(νμ̅→νμ̅)

 
if P(νμ→νμ)≠P(νμ̅→νμ̅) ⇒  
CPT theorem is violatedT2K preliminary T2K preliminaryNH IH
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Event selection at Super-Kamiokande

PID visible E Michel Electrons Recon. E π0 rejection

A well understood selection/detector

Selection cuts
ν ̅beam 
mode

ν beam 
mode
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Two flavour ν oscillation in vacuum
U =

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆
Considering two flavor να and νβ the PMNS matrix become a 2 X 2 matrix:

ν2

ν1

νβ
να

ϴ

Mass eigenstate

Flavour eigenstate

Flavour eigenstate are superposition of mass eigenstates:
|⌫↵i = |⌫1i cos (✓) + |⌫2i sin (✓), ↵ = e, µ, ⌧

The Schrödinger equation implies that massive neutrino eigenstate 
evolves in time as plane wave, so:
|⌫↵(t)i = |⌫1ie�iE1t cos (✓) + |⌫2ie�iE2t sin (✓)
in the ultrarelativistic neutrinos (E = |p|, t = L), it is possible to 
approximate:
Ek =

p
~p2 + m2

k ' E + m2
k

2E Ek � Ej '
�m2

kj

2E , �m2
kj ⌘ m2

k �m2
j

P (⌫↵ ! ⌫�) = |h⌫� |⌫↵i|2 = sin2(2✓) sin2
�
�m2 L

4E

�
Then the probability that a να becomes a νβ is given by:

Introducing the speed of light and the Plank costant:

P (⌫↵ ! ⌫�) = sin2 2✓ ⇥ sin2
�
1.27

L[km]
E[GeV ]

�m2[eV 2]
�

The maximum 
oscillation amplitude

Controlled 
parameters in 

LBNO experiment

Oscillation 
frequency

L/E << Δm2 no time for the oscillation to develop, 
L/E >> Δm2 oscillation probability averages to 1/2 sin2 2ϑ,  
L/E ≈ Δm2 best sensitivity to oscillation 


