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The neutrino mixing matrix and recent 
experimental progress

Marco Zito

•Atmospheric neutrinos
•The PMNS matrix
•Theta_13
•Measuring CP violation
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Fact 2: the atmospheric neutrino anomaly

The source: hadronic showers produced 
by cosmic rays in the atmosphere
Pion decays: two νμ per νe

R (μ/e) = 0.60 ± 0.07 (stat.) ± 
0.05(syst.)
(μ/e) Data/ (μ/e) MC: R expected to be 1
Kamiokande, Phys. Lett. B280 (1992) 146

Less ν
μ
 than ν

e
 than expected

Anomaly observed also by IMB and Soudan

R=[N(μ)obs/N(μ)MC]/ [N(e)obs/N(e)MC ]
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Evidence for atmospheric oscillation : SK

 Dependence on zenith angle (oscillation length)

Phys.Rev. D71 (2005) 112005 
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Impact of neutrino oscillation

 Neutrino oscillation implies that : 
 Neutrinos have non-zero mixing angles 
 Neutrinos have tiny but non-zero masses  
 Lepton flavor is not conserved
 The Standard Model is incomplete
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PMNS today
E. Lisi Large NI 2014
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PMNS today
E. Lisi Large NI 2014
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Current precision on neutrino parameters
E. Lisi Large NI 2014
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B. Kayser
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Leptons versus quarks: 3-1

VCKM

The neutrino mixing matrix shows 
3 large (and unexpected) angles. 
This is very different from the 
CKM matrix.

A Numerical coincidence ?
θl

12  + θq
12 ∼ π/4

12° +  34°

V PMNS=(
0.8 0.5 0.2
0.4 0.6 0.7
0.4 0.6 0.7)

V CKM=(
1 0.2 0.001

0.2 1 0.01
0.001 0.01 1 )
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G. Altarelli
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The measurement of theta_13
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Reactor neutrino experiment: schematic

P ( ν̄e→ν̄e )≈1−sin2 2θ13 sin2 Δm31
2 L

4 E

Nuclear reactor: >1020 ν/s

The detection technique is based on the Inverse Beta 
Decay reaction followed by a neutron capture on 
Gadolinium (delayed coincidence).
The reactor flux is measured by near detector(s). 
Control of the backgrounds and of the systematic 
uncertainties is crucial.

Target

Buffer Gamma catcher
ν

e
 p → e+ n
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Daya Bay ν
e
 disappearance

● Four times more statistics (621 days) than 
the previously published result

● Over 1 million antineutrinos detected 
(150k in the far detectors)

● Most precise measurement of sin2(2θ
13

) 

(6%)

● Shape distortion agrees with oscillation 
prediction

ν
e
→ν

e

RENO sin2 2θ
13

 = 0.101±0.013
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Neutrino oscillation with a beam

● Producing the neutrino beam
● Controlling the flux
● Large neutrino detectors
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Producing a neutrino beam

p
π

π+ →μ+ ν
μ

Primary proton 
beam on target

Decay volume. 
Need to stop the 
mu before they 
decay (otherwise 
nue)

Focusing the pions with 
a magnetic device 
(horn). The current 
allows to focus either pi+ 
(numu) or pi-(numubar)

I

B
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Not a novel device !

Simon van der Meer, CERN-61-07 1961
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The LBNE target/horn configuration

Row 1 Row 2 Row 3 Row 4
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T2K Beam monitoring

● Beam position on target 
within 1 mm

● Muon monitor : beam 
direction within 1 mrad, 
intensity stable (<1%)

● Neutrino beam (INGRID) 
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Controlling the neutrino flux with near 
detectors

● Two strategies: 
● 1) use a near detector (almost) identical to far 

detectors (eg reactor experiments)
● 2) use the most sophisticated near detector 

possible (T2K)





Neutrino interactions in ND280
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T2K Near detector constraint

CCQE

Flux and cross-section systematic uncertainty on N
SK 

significantly reduced to ~7%
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Neutrino detectors

● Need a large instrumented mass to overcome 
the small cross-section

● A calorimeter fulfills the requirements, 
especially if it is totally active

● Main options
– Water Cherenkov (SuperKamiokande, 

Antares, IceCube) (up to 1 Mt envisaged)

– Liquid Scintillator (Kamland, JUNO)

– Liquid Argon TPC (Icarus, LBNE, LBNO)

– Magnetised iron, scintillator (MINOS)
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J. Coelho, Fermilab Seminar 2013
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The Tokai to Kamioka (T2K) experiment

● Long-baseline (295 km) neutrino 
experiment in Japan between J-
PARC (Tokai) and Super-
Kamiokande (SK). 

● Primary proton beam: 30 GeV/c, 235 
kW (RUN4) 6.57 1020 Proton On 
Target (8% of the final design 
exposure)

● SK: 22.5 kt fiducial mass. ~100% 
livetime
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  T2K: Main Experimental Features

Pion and kaon production 
measured by the NA61 exp. at 
CERN

Off-axis beam. 
Flux has a narrow peak 
tuned for the first 
oscillation maximum

Excellent particle 
identification 
capabilities in SK (misid 
<1%)
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Super Kamiokande: electron-muon
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T2K ν
μ
 disappearance measurement

N
obs

 = 120

N
exp

 (no osc) = 446±23(syst.)
Data favor maximum disappearance.  

Phys. Rev. Lett. 112, 181801 (2014)

T
al

k 
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y 
A

. H
im

m
el

ν
μ
→ν

μ

Notice recent 
MINOS 3-flavor 
result
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M. Mezzetto
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T2K observation of ν
μ
→ν

e
 appearance

N
obs

 = 28

N
exp

 (bck. only) = 4.9±0.6(syst.)

N
exp

 (sin² 2θ
13

=0.1) = 21.6

7.3 σ evidence of non-zero θ
13

First direct observation of a new flavor appearance
Opens the way to the determination of the CP violation parameter δ 

Phys. Rev. Lett. 112, 061802 (2014)ν
μ
→ν

e

δ C
P
(π

)
δ C

P
(π

)
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T2K combined fit to appearance and 
disappearance data

Combined fit to the ν
μ
 and ν

e
 

samples

Using PDG 2013 θ
13

 T2K obtains an 

indication favoring δ = -π/2

Similar results from an independent 
analysis using Markov chain MC 
producing Bayesian credible 
intervals

If nature has chosen this happy 
spot: a) a generous help to 
experiments b) a solution that 
satisfies the leptogenesis bound 
with no additional CP violation

PRELIMINARY

∣sin θ13 sin δ∣≥0.11
Pascoli Petcov Riotto 2007

Leptogenesis bound
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Future long baseline projects
 Aim at measuring CP violation effects in the neutrino sector
 Technique is the same as the current operating long baseline accelerator 

experiments but higher beam power and larger detector mass
 Two strategies:

 Short baseline (~100-300 km), lower energy (<1 GeV), narrow beam, 
large Water Cherenkov (~500 kT). Concentrates on ν/ν̅ asymmetry, 
“counting” experiment. 

 Longer baseline (>1000 km), higher energy (>1 GeV), wide beam, Liquid 
Argon TPC. All final states accessible, E/L oscillation pattern and second 
maximum 

HK: 20 times SK: 0.5 Mt fiducial LAGUNA LBNO Lar detector
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Projected performances

 Mass hierarchy : 100 % coverage at 5 σ in a few 
years

 CPV: 71 (44) % coverage at 90% (3σ)in 10 years 
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Conclusions

 Neutrino oscillations established
 Increased precision measurement on the angles θ

13
 

and θ
23

 Next step will be the measurement of the CP 
violation (relation to leptogenesis)  
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CPT and CP in neutrino oscillations

 Prob(να->νβ)  CPT  Prob(νβ->να)

  then Prob(να->να)  CPT  Prob(να->να)

 We cannot test CP violation using the disappearance probability
 We need to have a flavor in the final state that is different from the 

initial state to probe CP violation -> search for CP violation in 
appearance probability 
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Testing CP violation in ν sector

Prob (α→ β )=δαβ−∑
i< j

4 Re( J
αβ
ij )sin2ϕij−∑

i< j

2 Im ( J
αβ
ij )sin ϕij

J
αβ
ij≡U αiU βi

¿U
αj

¿U βj ϕij≡ϕi−ϕ j=
ΔM ij

2 L

2p
ΔM ij

2=M i
2−M j

2

Changes 
sign under 
CP!

Need to take into account large “fake CP” effects due to 
propagation of the neutrinos in the matter
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