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Neutrino oscillations
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• At production and detection, neutrinos are associated with a charged 
lepton ⇒ well defined flavour    ( ) 

• Propagation occurs in a mass eigenstate  ( ) which can be 
different from the flavour eigenstates . 

-  and  are related via a unitary matrix        
 
 
 
 
 
 
⇒ if  is produced, it may be detected as  ( ) 

να α = e, μ, τ

νi i = 1, 2, 3
να

νi να U (U†U = 1)

να νβ β ≠ α
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Neutrino mass and flavour eigenstates
Neutrino Oscillation ✦

At production and detection neutrinos are emitted or absorbed together with a
charged lepton ⇒ neutrinos have then a definite flavour α = e , µ , τ .
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source

Propagation implies mass eigenstates νi ( i = 1 , 2 , 3) which can be different
from flavour eigenstates να. Need a unitary matrix U to connect them.

Flavour might be not conserved during propagation.

να is produced but νβ ̸=α might be detected !
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• A neutrino flavour state  is a superposition of mass eigenstates  
 
 

- flavour-α fraction of  :    

• Consider the two-flavour oscillations , for which  is a 2×2 rotation 
matrix: 
 
 

• A neutrino produced as  at  will evolve to a superposition of a  and 
 at time  (and a phase difference will develop due to the mass difference) 

 
 

|να⟩ |νi⟩

|νi⟩ |⟨να |νi⟩ |2 = |Uαi |
2

(νe, νμ) U

νe t = 0 νe

νμ t
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Neutrino propagation state
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• To evaluate the probability of oscillation  , project the state
 onto  

 
 
 

• The probability for oscillation from  to  is therefore 

-  is the characteristic oscillation length 
 

νe → νμ

|ν(t)⟩ |νμ⟩

νe νμ

E/(1.27Δm2)
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Neutrino oscillation probability
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• Two fundamental properties 
-  : magnitude of the oscillation 

-  : the difference between the 
squares of the neutrino masses 

• Sensitivity depends on 
-  : distance from source to detector 
-  : neutrino energy 

• Small  : neutrinos need time to 
develop the slow oscillation 

• Large  : rapid oscillations average out 
 
⇒ choose  to select sensitivity to 

sin2 2θ
Δm2 = m2

1 − m2
2

L
E

Δm2

Δm2

L /E Δm2
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Neutrino Oscillations ✦ ✦ ✦

Posc = sin2 2θ sin2

(
1.27 ∆m2 L

E

)

We want to extract 2 fundamental quantities:

✦ sin2 2θ , the magnitude of the oscillation,
✦ ∆m2 = m2

1 − m2
2 , the difference of the

squares of the masses in eV 2.

Sensitivity depends upon 2 experimental param-
eters:
✦ L, distance from source to detector (in km),
✦ E, neutrino energy (in GeV).

• Small ∆m2

Have to have sufficient time to develop the
slow oscillation

• Large ∆m2 Rapid oscillations
Oscillations average out !

Choose L/E to select sensitivity
to a particular range of ∆m2.
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• Display the experimental results in the 
( ) plane 

• If no oscillation is observed, determine the 
limits according to the experimental 
sensitivity 
- take into account the fact that in a real 

experiment,  and  have some spread 
⇒ convolution of  with a gaussian function 

of mean  and width  
 
 

- Large      →  

- Small      → 

sin2 2θ , Δm2

E L
Posc

b0 = 1.27 L /E σb

Δm2 sin22θ = 2 ⟨Posc⟩

Δm2 Δm2 = 1
σb

(⟨Posc⟩/sin2 2θ)
1/2
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Exploration of the (sin2 2θ , ∆m2) plane

P = sin2 2θ sin2(1.27∆m2
ij L/E)

2 experimental parameters to search for :
sin2 2θ and ∆m2

ij

Report the result on the (sin2 2θ , ∆m2)
plane.

If no oscillation is observed, determine lim-
its according to experimental sensitivity.

In real experiment, E and L have some spread⇒
convolution of P with some gaussian distribution
around central value b0 of b = 1.27L/E with
known standard deviation σb :

⟨P ⟩ =
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⇒ sin2 2θ = 2 ⟨P ⟩
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• Consider only two flavours  and  (can be generalised to 3 flavours) 

• In vacuum, the propagation eigenstates are the mass eigenstates 
 
 

• In ( ) basis, H is not diagonal : 
 
where 

• Diagonalise  to determine the propagation (=mass) eigenstates 

- one can subtract  from diagonal without modifying the eigenstates → 

νe νμ

νe , νμ

Hν

E H′ ν
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Oscillations in vacuum
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• Look for the eigenstates of  

• In matter, must add coherent ν scattering, characterised by an 
additional potential diagonal in ( ) basis 

- all neutrinos have  exchange 
 
→                    same for both flavours 
                       ⇒ can be ignored (diagonal) 

- only  have  exchange 
 
→                     only for   
 

- the matrix becomes: 

νe , νμ

Z0

νe W±

νe
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✓
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Oscillations in matter ✦ ✦

Look for eigenstates of

Hv =
1

2E

(

M2
ee M2

eµ

M2
eµ M2

µµ

)

M2
ee =

1

2

(

µ2 − ∆m2 cos 2θv

)

M2
eµ =

1

2
∆m2 sin 2θv M2

µµ =
1

2

(

µ2 + ∆m2 cos 2θv

)

In matter in addition to propagation must include coherent ν scattering :

✦ all ν’s have Z exchange

✦ only νe’s have W exchange

Additional potential diagonal in the νe νµ basis :

✦ VZ

(

1 0
0 1

)

same for all ν’s → ignore

✦ VW

(

1 0
0 0

)

only for νe’s

VW =
√

2 GF Ne = 7.63× 10−14 Z
A ρ [eV]

Mass matrix then becomes
(

M2
ee + 2 E VW M2

eµ

M2
eµ M2

µµ

)

Z W

e- νe

e-νe
ν
α

ν
α

W

e-e-

νe νe

a) b) c)

X X

a) : neutral current of να , α = e, µ, τ

X = p, n, Nucleus, e−

b) : charged current of νe

c) : charged current of νe.
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LPHE / IPEP / SB / EPFL

✓
M2

ee + 2EVW M2
µe

M2
eµ M2

µµ

◆

M2
ee =

1

2
(µ2 +�m2 cos 2✓)

M2
eµ = �1

2
�m2 sin 2✓

M2
µµ =

1

2
(µ2 ��m2 cos 2✓)

H
0
⌫ =

1

2E

✓
M

2
ee M

2
µe

M
2
eµ M

2
µµ

◆



F. Blanc, Spring 2025

• Consider a constant density medium 
• Diagonalise the mass matrix and set   

- two mass eigenvalues 

- mixing angle in matter 

• Maximal mixing (i.e. resonance) occurs when 

• Then: 

B = 2EVW

84

Neutrino states in matter
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Oscillations in matter, the MSW effect in the Sun

The Sun density varies from 150 g · cm−3

(∼ 6× 1025 e−/cm3) in core to ∼ 0 at surface.

Consider :

ADIABATIC case where density varies
little over an oscillation length. Then
can consider that density is constant.
✦ νe produced in high density region

ρ >> ρres ⇒ B (B ∝ ρ) very large
⇒ tan 2θm → 0

✦ θm → π/2 : νe is in ν2 state
✦ ν2 travels outwards through resonance

region; density varies slowly relative to
oscillation length. ν remain in SAME
mass eigenstate ν2

✦ emerges as ν2 in vacuum where θm =
θv

✦ ν2 is now a mixture of νe and νµ

This is the MIKHEYEV - SMIRNOV -
WOLFENSTEIN (MSW) effect.

ν
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ν
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ν
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• The Sun density varies from   
( ) in the center to  at the surface 

• Consider adiabatic transition where the density 
varies little over an oscillation length 
⇒ density is approximately constant 

-  produced in the center:  ⇒  is large ⇒  

⇒  (large angle solution) ⇒  is in a pure  state 

-  travels outwards through the resonance region 
⇒ the neutrino remains in the same  state 

- the neutrino emerges as  in vacuum where  

-  is now a mixture of  and   

• This is the Mikheyev-Smirnov-Wolfenstein (MSW) effect 
 

150 g/cm3

≈ 6 × 1025 e−/cm3 ≈ 0

νe ρ ≫ ρres B tan 2θ → 0
θm → π /2 νe ν2

ν2
ν2

ν2 θm = θ

ν2 νe νμ

85

MSW effect in the Sun
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• Write flavour mixing matrix for three neutrino families 

• Express the unitary matrix U as product of 3 rotations 

-  and   

-  characteristic of solar oscillations 

-  characteristic of atmospheric neutrinos 

-  is the CP phase; no CP violation if 

sij = sin θij cij = cos θij

θ12
θ23
δ θ13 = 0

86

Three-family mixing
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The preferred solution ✦ ✦ ✦
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Is the solar pair of ν at the bottom (normal hierarchy) or at the top (inverted
hierarchy) of the spectrum ? Depends on sign of ∆m2

13 ∼ ∆m2
23 ∼ ∆m2

atm
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Experimental results on neutrino 
oscillations
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• Solar neutrinos  →   
• Atmospheric neutrinos 
• Reactor experiments 
• Accelerator experiments 

• Sensitivity of possible oscillation experiments:

θ12

89

Measurements of neutrino oscillations

13. Neutrino mixing 11

Table 13.1: Sensitivity of different oscillation experiments.

Source Type of ν E[MeV] L[km] min(∆m2)[eV2]

Reactor νe ∼ 1 1 ∼ 10−3

Reactor νe ∼ 1 100 ∼ 10−5

Accelerator νµ, νµ ∼ 103 1 ∼ 1
Accelerator νµ, νµ ∼ 103 1000 ∼ 10−3

Atmospheric ν’s νµ,e, νµ,e ∼ 103 104 ∼ 10−4

Sun νe ∼ 1 1.5 × 108 ∼ 10−11

and P (ν̄µ(e) → ν̄e(µ)) = P (νµ(e) → νe(µ)). Here P 2ν
(

|Ue3|2, m2
31

)

is the probability of

the 2-neutrino transition νe → (s23νµ + c23ντ ) due to ∆m2
31 and a mixing with angle θ13,

where

sin2 θ13 = |Ue3|2, s2
23 ≡ sin2 θ23 =

|Uµ3|2

1 − |Ue3|2
,

c223 ≡ cos2 θ23 =
|Uτ3|2

1 − |Ue3|2
. (13.24)

Eq. (13.22) describes with a relatively high precision the oscillations of reactor ν̄e on
a distance L ∼ 1 km in the case of 3-neutrino mixing. It was used in the analysis
of the data of the Chooz [58], Double Chooz [59], Daya Bay [31] and RENO [32]
experiments. Eq. (13.20) with n = 3 and l = l′ = µ describes with a relatively good
precision the effects of “disappearance” due to oscillations of the accelerator νµ, seen in
the K2K [19] MINOS [20,21] and T2K [22,23] experiments. The νµ → ντ transitions due
to the oscillations, which the OPERA experiment [60,61] is observing, can be described
by Eq. (13.20) with n = 3 and l = µ, l′ = τ . Finally, the probability Eq. (13.23) describes
with a good precision the νµ → νe and ν̄µ → ν̄e oscillations under the conditions of the
K2K experiment.

In certain cases the dimensions of the neutrino source, ∆L, are not negligible in
comparison with the oscillation length. Similarly, when analyzing neutrino oscillation
data one has to include the energy resolution of the detector, ∆E, etc. in the analysis.
As can be shown [39], if 2π∆L/Lv

jk ≫ 1, and/or 2π(L/Lv
jk)(∆E/E) ≫ 1, the oscillating

terms in the neutrino oscillation probabilities will be strongly suppressed. In this case (as
well as in the case of sufficiently large separation of the νj and νk wave packets at the
detection point) the interference terms in P (νl → νl′) and P (ν̄l′ → ν̄l) will be negligibly
small and the neutrino flavour conversion will be determined by the average probabilities:

P̄ (νl → νl′) = P̄ (ν̄l → ν̄l′)
∼=

∑

j

|Ul′j |
2 |Ulj |2 . (13.25)

Suppose next that in the case of 3-neutrino mixing, |∆m2
21|L/(2p) ∼ 1, while at

the same time |∆m2
31(32)|L/(2p) ≫ 1, and the oscillations due to ∆m2

31 and ∆m2
32
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• We have already discussed the  deficit in Chlorine, Gallium, and 
water Cherenkov experiments 

• The SNO experiment showed that the deficit 
was only seen in charged current processes, 
but not in neutral current processes 
⇒ consistent with  oscillations 

• Flux of  as function of flux of  for 
neutrinos above 5 MeV (8B) 
 
 
 
                                       Global fit for solar 
                                         mixing parameters:

νe

νe → νμ , ντ

νμ + ντ νe

90

Solar neutrino mixing parameters
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Figure 13.3: Fluxes of 8B solar neutrinos, φ(νe), and φ(νµ or τ ), deduced from
the SNO’s CC, ES, and NC results of the salt phase measurement [116]. The
Super-Kamiokande ES flux is from Ref. 126. The BS05(OP) standard solar model
prediction [102] is also shown. The bands represent the 1σ error. The contours
show the 68%, 95%, and 99% joint probability for φ(νe) and φ(νµ or τ ). The figure
is from Ref. 116.

where the first errors are statistical and the second errors are systematic. In the case
of νe → νµ,τ transitions, Eq. (13.72) is a mixing-independent result and therefore tests
solar models. It shows good agreement with the 8B solar-neutrino flux predicted by the
solar model [102]. Fig. 13.3 shows the salt phase result of φ(νµ or τ ) versus the flux of
electron neutrinos φ(νe) with the 68%, 95%, and 99% joint probability contours. The flux
of non-νe active neutrinos, φ(νµ or τ ), can be deduced from these results. It is

φ(νµ or τ ) =
(

3.26 ± 0.25+0.40
−0.35

)

× 106cm−2s−1. (13.73)

The non-zero φ(νµ or τ ) is strong evidence for neutrino flavor conversion. These results
are consistent with those expected from the LMA (large mixing angle) solution of solar
neutrino oscillation in matter [26,27] with ∆m2

⊙ ∼ 7.5 × 10−5 eV2 and tan2θ⊙ ∼ 0.45.
However, with the SNO data alone, the possibility of other solutions cannot be excluded
with sufficient statistical significance.

January 6, 2014 16:26
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•Goal: search for  disappearance from reactors at ≈180km 

• anti-neutrinos emitted with energy <8MeV 

• 1-kton ultra-pure liquid 
scintillator, at Kamiokande (Japan) 

•Detection threshold: 2.6MeV 

•Detect delayed coincidence of 
positron and 2.2MeV  from 
neutron capture 

•Observes clear evidence for νe  
disappearance (assuming CPT) 
 
⇒ confirmation of solar neutrino oscillations ( )

ν̄e

γ

νe → ν(μ or τ)

91

KamLAND (νe disappearance)

⌫̄e + p ! e+ + n

13. Neutrino mixing 33
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Figure 13.4: The ratio of the background and geoneutrino-subtracted ν̄e
spectrum, observed in the KamLAND experiment, to the predicted one without
oscillations (survival probability) as a function of L0/E, where L0=180 km. The
histograms show the expected distributions based on the best-fit parameter values
from the two- and three-flavor neutrino oscillation analyses. The figure is from
Ref. 129.

13.4.3. KamLAND experiment :

KamLAND is a 1-kton ultra-pure liquid scintillator detector located at the old
Kamiokande’s site in Japan. The primary goal of the KamLAND experiment was a
long-baseline (flux-weighted average distance of ∼ 180 km) neutrino oscillation studies
using ν̄e’s emitted from nuclear power reactors. The reaction ν̄e + p → e+ + n is used
to detect reactor ν̄e’s and a delayed coincidence of the positron with a 2.2 MeV γ-ray
from neutron capture on a proton is used to reduce the backgrounds. With the reactor
ν̄e’s energy spectrum (< 8 MeV) and a prompt-energy analysis threshold of 2.6 MeV,
this experiment has a sensitive ∆m2 range down to ∼ 10−5 eV2. Therefore, if the LMA
solution is the real solution of the solar neutrino problem, KamLAND should observe
reactor ν̄e disappearance, assuming CPT invariance.

The first KamLAND results [15] with 162 ton·yr exposure were reported in December
2002. The ratio of observed to expected (assuming no ν̄e oscillations) number of events
was

Nobs − NBG

NNoOsc
= 0.611 ± 0.085 ± 0.041 (13.74)

with obvious notation. This result showed clear evidence of an event deficit expected

January 6, 2014 16:26
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Mixing parameters from KamLAND

Allowed region for oscillation 
parameters. Data from KamLAND 
and solar experiments

Ratio of the background-subtracted electron 
anti-neutrino spectrum to the expectation for 
no-oscillation as a function of .  is the 
effective baseline taken as a flux-weighted 
average ( )

L0 /E L0

L0 = 180 km

tan2 ✓12 = 0.436+0.029
�0.025

�m2
12 = (7.53± 0.18)⇥ 10�5 eV2

sin2 ✓13 = 0.023± 0.002

Global fit

dynamic processes such as mantle convection. Indeed,
precisely how the mantle convects is still not fully under-
stood, and controversy remains as to whether two-layer
convection or whole-volume convection provides a more

accurate description. In this work, we carry out a compari-
son of existing Earth models using the KamLAND geo !!e

data on the basis of simple but appropriate assumptions.
The crustal contribution to the flux at KamLAND can be

estimated from compositional data through rock sampling
[18]. Since current Earth models predict that the lithophiles
U and Th are absent in the core, for a first approximation of
the radiogenic heat, we attribute any excess above the
crustal contribution to U and Th uniformly distributed
throughout the mantle. Under these generic assumptions,
the measured KamLAND geo !!e flux translates to a total
radiogenic heat production of 11:2þ7:9

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
above the 0.9 MeV energy threshold (vertical dashed line) for
each data-taking period. The background, reactor and geo !!e

contributions are the best-fit values from a KamLAND-only
analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
finer binning. The top panel shows the energy-dependent
selection-efficiency curves for each period.

TABLE III. Summary of the fit values for "m2
21, tan

2"12 and
sin 2"13 from three-flavor neutrino oscillation analyses with
various combinations of experimental data.

Data combination "m2
21 tan 2"12 sin 2"13

KamLAND 7:54þ0:19
"0:18 0:481þ0:092

"0:080 0:010þ0:033
"0:034

KamLANDþ solar 7:53þ0:19
"0:18 0:437þ0:029

"0:026 0:023þ0:015
"0:015

KamLANDþ solarþ "13 7:53þ0:18
"0:18 0:436þ0:029

"0:025 0:023þ0:002
"0:002
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This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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• Isotropy of  cosmic 
rays and assuming no  
absorption ⇒ expect equal 
upward and downward fluxes 
- downward  :  
- upward  :  

• Observe  upward flux 
relative to downward

≥ 2 GeV
νμ

ν L ≃ 15 km
ν L ≃ 12′ 500 km
∼ 1/2
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Atmospheric neutrinos
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• Super Kamiokande 

• Consistent with  oscillation 
                     ⇒  and  

• To be confirmed with accelerator-generated  (Opera, K2K)

νμ → ντ

Δm2 = 2.2 × 10−3 eV2 sin2 2θ = 1.0
νμ

94

Evidence for atmospheric ν oscillations
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Figure 14.4: The zenith angle distributions of Super-Kamiokande atmospheric neutrino events.
A data set corresponding to 328 kton-years of exposure is used. Fully contained 1-ring e-like and
µ-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV (multi-GeV), as well as
upward stopping and upward through going µ samples are shown. Partially contained (PC) events
are combined with multi-GeV µ-like events. The blue histograms show the non-oscillated Monte
Carlo events, and the red histograms show the best-fit expectations for neutrino oscillations. (This
figure is provided by the Super-Kamiokande Collaboration)

while alternative models were strongly disfavored.
As an experimental proof of ‹µ-‹· oscillation, an appearance signal of ‹· was searched for in the

atmospheric neutrino data. Because of the high energy threshold (> 3.5 GeV) of ‹· CC interaction
and the short lifetime of · lepton (0.3 ps), identifying the appearance of ‹· experimentally is
challenging. Super-Kamiokande reported evidence of tau neutrino appearance using atmospheric
neutrino data with 4.6‡ significance [95]. The definitive observation of ‹· appearance was made
by the long-baseline experiment, OPERA (See Sec.14.6.3.3), and recently IceCube also reported
the ‹· appearance analysis [96] using atmospheric neutrinos.
14.6.2.3 Neutrino oscillation measurements using atmospheric neutrinos

Figure 14.4 shows the zenith angle distributions of atmospheric neutrino data from Super-
Kamiokande. For a wide range of neutrino energy and path length, the observed distributions
are consistent with the expectation from neutrino oscillation. Atmospheric neutrinos in the en-
ergy region of a few to ≥10 GeV provide information for the determination of the neutrino mass
ordering [97].

The neutrino telescopes primarily built for high-energy neutrino astronomy such as ANTARES
and IceCube can also measure neutrino oscillations with atmospheric neutrinos. ANTARES consists
of a sparse array of PMTs deployed under the Mediterranean Sea at a depth of about 2.5 km to
instrument a 105 m3 volume. IceCube is a detector deployed in ice in Antarctica at the South

11th August, 2022

Sub-GeV ⇔ Evis < 1.33 GeV

Multi-GeV ⇔ Evis > 1.33 GeV

no os
cilla

tion
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Atmospheric  oscillation resultsν

Experiment sin2◊23 |�m2
32| [10≠3eV2]

Antares [244] 0.50+0.2
≠0.19 2.0+0.4

≠0.3
IceCube [245] 0.51+0.07

≠0.09 2.31+0.11
≠0.13

Super-Kamiokande (Super-K) [246] 0.588+0.031
≠0.064 2.50+0.13

≠0.20

Table 5: Summary of atmospheric neutrino mixing measurements from atmospheric neutrino ex-
periments.
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Figure 15: Neutrino mixing parameter measurements from both atmospheric (Super-
Kamiokande [246] and IceCube [245]) and accelerator (T2K [247], NOvA [248], and MINOS [32])
neutrino experiments.

atmospheric data are consistent with accelerator neutrino measurements which nowadays
provide better precision. A summary of oscillation parameter measurements from atmo-
spheric neutrinos is shown in Tab. 5.

Two important points should be noted. First, atmospheric neutrino oscillations have
been observed at the neutrino telescopes Antares and IceCube. Not only does this provide
additional constraints on mixing with a higher energy threshold than Super-K and beam ex-
periments, but it also serves as a proof-of-concept for oscillation studies proposed at upgrades
of these facilities. Second, due to enhanced oscillation e�ects for neutrinos traversing the
Earth, atmospheric neutrino measurements bring additional sensitivity to the ◊23 octant. At
present all measurements are consistent with maximal mixing, though Super-K has a weak
(¥ 1‡) preference for the second octant.
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• ∼17GeV  beam from CERN SPS to Gran Sasso (Italy) 

-  

• With  protons on target, OPERA observes  appearance 

-  during its flight 
from CERN 

-  lepton created in 
charged current interaction 

• Observe 10  candidates, 
with  expected 
background ⇒  significance 

• Compatible with 
  

and full mixing ( )

νμ

L = 732 km
18 × 1019 ντ

νμ → ντ

τ±

ντ

2.0 ± 0.4
6.1σ

|Δm2
23 | = 2.5 × 10−3 eV2

sin2(2θ23) = 1

96

 at OPERAνμ → ντ
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Figure 1: Display of the τ− candidate event. Top left: view transverse to the neutrino
direction. Top right: same view zoomed on the vertices. Bottom: longitudinal view.
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Phys. Lett. B691 (2010) 138 
arXiv:1006.1623

τ+ lepton

Phys. Rev. Lett. 129 (2018) 211801 
arXiv:1804.04912

https://arxiv.org/abs/1804.04912
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Parametrisation of the mixing matrix
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• Fraction of  in   is small ⇒ neglect 

• Fraction of  in   
• Fraction of  in   
• 50%  and 50%  in  ( ) 

•  and  in  and  in equal ratios

νe ν3 = |U13 |2 = sin2 θ13

νe ν2 = Psolar(νe → νe) = sin2 θ12 = |⟨νe |ν2⟩ |2 ≃ 1/3
νe ν1 = 1 − 1/3

νμ ντ ν3 0.5 = c2
23 = s2

23

νμ ντ ν1 ν2

98

The “preferred” solution (approximated)

The preferred solution ✦ ✦ ✦

ν

ν
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ν
3

2∆msol
2

∆matm
2

ν
τ

νµνe

Upper limit 
from Chooz

From max. mixing
of atmospheric ν

mν
2

P        (ν        ν  ) = 

fraction of ν   in ν

solar e

e

e

2

From max. mixing
of atmospheric ν
equal prop of ν   
and ν  in ν   and ν

µ

τ

:

1 2

sin θ2
13

cos        sin22
θ23θ

13

cos        cos22
θ23θ

13

Is the solar pair of ν at the bottom (normal hierarchy) or at the top (inverted
hierarchy) of the spectrum ? Depends on sign of ∆m2

13 ∼ ∆m2
23 ∼ ∆m2

atm

March 13, 2013 (35)

http://lphe.epfl.ch/∼mtran/seminaires/
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• Based on solar and atmospheric neutrino oscillation results 

• Global fit to solar and atmospheric data only 
⇒ determine mixing matrix parameters  and  

• Remarks: 

- mixing of atmospheric 
neutrinos is maximal 

-  small 
⇒ solar and 
atmospheric neutrinos 
almost decoupled

θij Δm2
ij

sin2 θ13

99

The “preferred” solution
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14. Neutrino masses, mixing, and oscillations 9

Table 14.1: The best-fit values and 3σ allowed ranges of the 3-neutrino oscillation
parameters, derived from a global fit of the current neutrino oscillation data
(from [58]) . For the Dirac phase δ we give the best fit value and the 2σ
allowed range. The values (values in brackets) correspond to m1 < m2 < m3
(m3 < m1 < m2). The definition of ∆m2, which is determined in the global analysis
in [58] is: ∆m2 = m2

3 − (m2
2 + m2

1)/2. Thus, ∆m2 = ∆m2
31 − ∆m2

21/2 > 0, if
m1 < m2 < m3, and ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for m3 < m1 < m2. We give the

values of ∆m2
31 > 0 for m1 < m2 < m3, and of ∆m2

23 for m3 < m1 < m2, obtained
from those for ∆m2 quoted in [58].

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.96

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2.45 − 2.69 (2.42 − 2.66)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2
31(32) > 0 0.425 0.381 − 0.615

sin2 θ23, ∆m2
32(31) < 0 0.589 0.384 − 0.636

sin2 θ13, ∆m2
31(32) > 0 0.0215 0.0190 − 0.0240

sin2 θ13, ∆m2
32(31) < 0 0.0216 0.0190 − 0.0242

δ/π 1.38 (1.31) 2σ: (1.0 - 1.9)

(2σ: (0.92-1.88))

With θ13
∼= 0.15 ̸= 0, the Dirac phase δ can generate CP violating effects in neutrino

oscillations [54,61,62], i.e., a difference between the probabilities of the νl → νl′ and
ν̄l → ν̄l′ oscillations, l ̸= l′ = e, µ, τ . The magnitude of CP violation in νl → νl′ and
ν̄l → ν̄l′ oscillations, l ̸= l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac CPV phase in the
CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), JCP has the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2) =
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been determined
experimentally with a relatively good precision, the size of CP violation effects in
neutrino oscillations depends essentially only on the magnitude of the currently not well

December 11, 2017 13:44
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Oscillation parameters from all 
neutrino experiments 

(source: PDG)
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Figure 14.16: The regions of squared-mass splitting and mixing angle favored or
excluded by various neutrino oscillation experiments. The figure was contributed by
H. Murayama (University of California, Berkeley, and Kavli IPMU, University of
Tokyo). References to the data used in the figure and the description of how the
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Tokyo). References to the data used in the figure and the description of how the
figure was obtained can be found at http://hitoshi.berkeley.edu/neutrino.

December 11, 2017 13:44



F. Blanc, Spring 2025

• The model describes well the solar and atmospheric neutrino data 
• But cross-mixing parameters ( ) is not measured directly 
• Need to determine: 

-   

- CP phase  
- mass ordering 
- absolute scale   → absolute mass measurements (e.g. in  decay)

θ13

θ13

δ

β

101

What needs to be measured next?
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• CP violation and our ability to determine the sign of  depends on 
 ⇒ high experimental priority! 

• How can we measure ? 

• Approximation:  
 

• Consequences: 
-  : 

 
 
⇒  is not sensitive to   

-  : 
 
 
⇒  is very sensitive to  

Δm2

sin θ13

sin θ13

Δm2
12 ≈ 0

⇒ Δm2
13 = Δm2

23 ≡ Δm2

νμ → ντ

c13 θ13

νμ → νe

s13 θ13
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How to measure ?θ13What next ? Determination of θ13 ✦

CP violation and our ability to determine the sign of ∆m
depend on sinθ13 ⇒ measure it a.s.a.p.

ν

ν

1

ν
3

2∆msol
2

∆m
atm

2mν
2

sin θ2
13

✦ sinθ13 is the small νe piece of ν3.
✦ ν3 is at one end of ∆m2

atm.

TEMPORARY approximation

∆m2
12 = m2

2 −m2
1 is small and ≈ 0

⇒ ∆m2
23 = ∆m2

13 = ∆m2

νµ → ντ

Pµτ = 4(s23c23c
2
13)

2 sin2

(
1.27L ∆m2

E

)

cos θ13 ≈ 1 ⇒ νµ → ντ does not
have much sensitivity to θ13

νµ → νe

Pµe = 4(s23c13s13)
2 sin2

(
1.27L ∆m2

E

)

sin θ13 very sensitive to θ13 !

Need an experiment with

✦ L/E sensitive to ∆m2
atm, ✦ involvement of νe.

March 13, 2013 (40)

http://lphe.epfl.ch/∼mtran/seminaires/

TRAN Minh-Tâm

LPHE / IPEP / SB / EPFL

⇒ Need an experiment with: 
•  sensitive to    
• involvement of  and  

L /E Δm2
atm

νμ νe

Posc = 4(s23c23c
2
13)

2 sin2
✓
1.27�m2L

E

◆

Posc = 4(s23c13s13)
2 sin2

✓
1.27�m2L

E

◆
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• Select  to be at the maximum of 
⇒  

• Two possibilities : 

A. Reactor experiments : 

-  disappearance;  ; use far and near detectors to reduce systematics 
uncertainties to <1% 

- Proposed experiments: Kashiwazaki (24.3 GW); Double-CHOOZ (8.5 GW); 
Daya Bay (6 × 2.9 GW) 

B. Accelerator experiments : 

-  appearance in a  beam;  

- use low energy “narrow band” beam 

- advantages: no charged current from  ; reduced neutral currents because 
running at low energy 

- detectors optimised for  detection

L /E
L /E ≈ 400 − 500 km/GeV

ν̄e L ≃ 1.5 km

νe νμ L > several 100 km

νμ

νe

103

Determination of θ13
sin2

✓
1.27�m2

23L

E

◆
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• 6 nuclear power plants of 2.9 GW 
in Guang Dong province, near Hong Kong 

• 4 near detectors and 4 far detectors 
- grouped in 3 locations (2 near, 1 far) 

• Far detector placed close 
to oscillation maximum 

• Detection in Gd doped 
liquid scintillator

104

Daya Bay experiment  [ ]θ13

Detector placed at 
maximum of first 

oscillation

Achim Stahl, 18.Aug.‘15 23

Daya Bay far detector during construction

far detector 
during construction

B. Roskovec - IPNP, Charles University SUSY2016 - Melbourne

EntranceEntrance

Daya Bay CoresDaya Bay Cores

Ling Ao I CoresLing Ao I Cores

Ling Ao II CoresLing Ao II Cores

T
unnels

T
unnels

Shenzhen 45 kmShenzhen 45 km

Ho
ng
ko
ng

55
km

Ho
ng
ko
ng

55
km 3 Underground

Experimental Halls
3 Underground
Experimental Halls

Daya Bay Near Hall

363m from Daya Bay

98 m overburden

Daya Bay Near Hall

363m from Daya Bay

98 m overburden

Ling Ao Near Hall

481m from Ling Ao I

526m from Ling Ao II

112 m overburden

Ling Ao Near Hall

481m from Ling Ao I

526m from Ling Ao II

112 m overburden

Far Hall

1615m from Ling Ao I

1985m from Daya Bay

350 m overburden

Far Hall

1615m from Ling Ao I

1985m from Daya Bay

350 m overburden

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

4

Daya Bay Layout
Far Hall
1540 m from Ling Ao I 
1910 m from Daya Bay 
324 m overburden

Ling Ao Near Hall
470 m from Ling Ao I 
558 m from Ling Ao II 
100 m overburden

Daya Bay Near Hall
363 m from Daya Bay 
93 m overburden

16

Experimental Setup

EH2

EH1

EH3

• 8 identically designed detectors positioned beside the Daya Bay 
Power Plant in China

• Main Principle: 

(i) sample the reactor 
antineutrino flux in 
the near and far 
locations, and 

(ii)  look for evidence 
of disappearance 
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νe disappearance
Electron Antineutrino Disappearance

11

• The disappearance of electron antineutrinos is given by: 

Pve→ve
≈1− sin2 2θ13 sin

2 Δm32
2 L
4E

+ cos4θ13 sin2θ12 sin
2 Δm21

2 L
4E

This channel gives 
access to most 
neutrino oscillation 
parameters (θ12, θ13, 
Δm221 and Δm232). 

(disclaimer: only including a subset of reactor experiments in this graph) 

Physics goals drive 
choice of baseline KamLAND

Daya Bay 
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Pν̄e→ν̄e
≈ 1 − sin2 2θ13 sin2 ( Δm2

23L
4E ) − cos4 θ13 sin2 2θ12 sin2 ( Δm2

12L
4E )
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Daya Bay results on θ13

⇒ sin2 2θ13 = 0.0856 ± 0.0029 Phys. Rev. Lett. 121 (2018) 241805

arXiv:1809.02261

The reconstructed prompt energy spectrum observed in
the far site is shown in Fig. 3, as well as the best-fit
predictions. The 68.3%, 95.5%, and 99.7% C.L. allowed
regions in the Δm2

ee − sin2 2θ13 plane are shown in Fig. 4.

In summary, new measurements of sin2 2θ13 and Δm2
ee

are obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2θ13, and the precision of Δm2

32 is comparable to that
of the accelerator-based experiments [19–21].

Daya Bay is supported in part by the Ministry of Science
and Technology of China, the U.S. Department of Energy,
the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural
Science Foundation of China, the Guangdong provincial
government, the Shenzhen municipal government, the
China General Nuclear Power Group, Key Laboratory of
Particle and Radiation Imaging (Tsinghua University), the
Ministry of Education, Key Laboratory of Particle Physics
and Particle Irradiation (Shandong University), the
Ministry of Education, Shanghai Laboratory for Particle
Physics and Cosmology, the Research Grants Council of
the Hong Kong Special Administrative Region of China,
the University Development Fund of The University of
Hong Kong, the MOE program for Research of Excellence
at National Taiwan University, National Chiao-Tung
University, and NSC fund support from Taiwan, the
U.S. National Science Foundation, the Alfred P. Sloan
Foundation, the Ministry of Education, Youth, and Sports
of the Czech Republic, the Charles University Research
Centre UNCE, the Joint Institute of Nuclear Research in
Dubna, Russia, the CNFC-RFBR joint research program,
the National Commission of Scientific and Technological
Research of Chile, and the Tsinghua University Initiative
Scientific Research Program. We acknowledge Yellow
River Engineering Consulting Co., Ltd., and China
Railway 15th Bureau Group Co., Ltd., for building the
underground laboratory. We are grateful for the ongoing
cooperation from the China General Nuclear Power Group
and China Light and Power Company.

*Present address: Department of Chemistry and Chemical
Technology, Bronx Community College, Bronx, New York
10453.
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The reconstructed prompt energy spectrum observed in

the far site is shown in Fig. 3, as well as the best-fit
predictions. The 68.3%, 95.5%, and 99.7% C.L. allowed
regions in the Δm2

ee − sin2 2θ13 plane are shown in Fig. 4.

In summary, new measurements of sin2 2θ13 and Δm2
ee

are obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2θ13, and the precision of Δm2

32 is comparable to that
of the accelerator-based experiments [19–21].
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• J-PARK to SuperKamiokande (T2K) 
- hadron facility at Tokai 
- 0.77MW source of 50GeV protons 

-  line to Kamioka (295km), 
with energy <1GeV (  off axis) 

- low  contamination (<0.5%) 

• NuMi Off axis (NOνA) 
- surface detector at Ash River (MN, USA) 
- off axis neutrinos from Fermilab (810km, 12km off axis) 

- narrow band  of a few GeV 

- low  contamination (<0.5%) 

- pulsed beam ⇒ use timing to reject background

νμ

2.5∘

νe

νμ

νe

107

Accelerator experiments [ ]θ13What next ? Determination of θ13 in accelerator experiments ✦

➣ OFF-AXIS SUPER BEAMS

⟨Eν⟩ L L/E
[GeV] [km] [km/GeV]

T2K 0.7 295 421
NOνA 2.0 810 405

J-PARK to SK (T2K) :
new hadron facilty at Tokai,
0.77 MW source of 50 GeV protons.
νµ beam line to Kamioka (295 km).
ν’s energy < 1 GeV (2o off axis).
νe contamination of < 0.5%.
Expect to start data taking in 2009.
Sensitivity to θ13 10 times past CHOOZ
limits in 5 years.

NuMi Off axis (NOνA) : earth surface
detector at Ash River (Minnesota); use
“OFF AXIS” ν’s from FermiLab (∼ 810
km baseline, ∼ 12 km off axis).
Narrow band νµ’s of a few GeV,
low (0.5%) νe contamination,
pulsed beam ⇒ timing to reject back-
ground.
Factor x10 more sensitivity in νµ → νe

than MINOS
Construction completed in January 2014

March 13, 2013 (43)

http://lphe.epfl.ch/∼mtran/seminaires/

TRAN Minh-Tâm

LPHE / IPEP / SB / EPFL
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• Neutrinos are produced in  decays 

• On-axis  energy is proportional to the pion energy 
• Off-axis  energy is almost independent of   
⇒ know at which energy to expect  CC from oscillations 

• Low  contamination (<1%)

π → μνμ

ν
ν Eπ

νe

νe

108

Why off-axis experiments?Backup : Why do we favour an off-axis experiment ?

ν’s are produced from π → µ ν decays Eν =
0.43Eπ

1 + γπ θ2

0 10 20 30 40
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  0 E     (GeV)π

E
  

  
 (

G
e

V
)

ν
0 mrad
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10 mrad

15 mrad

20 mrad

✦ On axis ν’s energy is proportionnal to pion energy

✦ Off axis ν’s energy is almost INDEPENDENT of Eπ

⇒ know at which energy to expect νe CC from νµ → νe oscillations.

✦ Low (< 1%) νe contamination.

March 13, 2013 (72)

http://lphe.epfl.ch/∼mtran/seminaires/

TRAN Minh-Tâm

LPHE / IPEP / SB / EPFL

E⌫ =
0.43E⇡

1 + �2
⇡✓

2

1∘ = 17.4 mrad
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• Goal: observe  appearance in  beam, to measure   

-  @90% CL (CHOOZ and MINOS) 

• Opens the possibility to measure CP violation in the lepton sector:         
 

• T2K design principle :

νe νμ θ13

sin2 θ13 < 0.15

Pμe ∝ s12s13 sin δ

109

T2K experiment

Posc = 4(s23c13s13)
2 sin2

✓
1.27�m2L

E

◆

The T2K experiment ✦

Aim : discovery of νµ → νe in an “appearance” experiment

✦ Determine θ13, last unknown mixing angle

Pµe ≈ 4(s23c13s13)
2 sin2

(
1.27L ∆m2

E

)

sin2 2θ13 < 0.15 at 90 % C.L. (Chooz and MINOS)

✦ Open a possibility to measure CP violation in lepton sector.
CPV term in Pµe ∝ s12s13s23sin δ

• T2K design principle :

• Super-Kamiokande (SK) as far neutrino detector

March 13, 2013 (45)

http://lphe.epfl.ch/∼mtran/seminaires/

TRAN Minh-Tâm

LPHE / IPEP / SB / EPFL
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• Super-Kamiokande (SK) used as 
far detector 

• Use off-axis  beam to reduce 
high-energy tail 

• Excellent performance for 
single-particle event 
-  signal from  

(CCQE = charged current quasi-elastic) 
- this process dominates at 

sub-GeV energies

ν

νe νe + n → e− + p

110

T2K experiment



F. Blanc, Spring 2025

• First observation of  appearance [Phys. Rev. Lett. 112 (2014) 061802] 
- observe 28 single-ring electron-like events at SK 

- expect  events if  

- probability for background fluctuation 
corresponds to 7.3σ significance

νe

4.92 ± 0.55 sin2 2θ13 = 0

111

T2K results:  appearanceνe

Some 
sensitivity 

to !δCP

value of 7.3σ. These significances were calculated using a
test statistic having fixed values for θ23 and δCP. For any
values for these parameters, consistent with their present
uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the

uncertainty from other oscillation parameters becomes
increasingly important. The uncertainties on θ23 and
Δm2

32 are taken into account in the fit by adding a Lconst
term and marginalizing the likelihood over θ23 and Δm2

32.
The Lconst term is the likelihood as a function of sin2θ23 and
Δm2

32, obtained from the T2K νμ disappearance measure-
ment [30]. The value of δCP and the hierarchy are held
fixed in the fit. Performing the fit for all values of δCP,
the allowed 68% and 90% C.L. regions for sin22θ13 are
obtained as shown in Fig. 5. For δCP ¼ 0 and normal
(inverted) hierarchy case, the best-fit value with a 68% C.L.
is sin22θ13 ¼ 0.136þ0.044

−0.033 (0.166þ0.051
−0.042). With the current

statistics, the correlation between the νμ disappearance and
νe appearance measurements in T2K is negligibly small.
Constraints on δCP are obtained by combining our results

with the θ13 value measured by reactor experiments. The
additional likelihood constraint term on sin22θ13 is defined
as expf−ðsin22θ13 − 0.098Þ2=½2ð0.0132Þ&g, where 0.098
and 0.013 are the averaged value and the error of sin22θ13
from PDG2012 [9]. The −2Δ ln L curve as a function of
δCP is shown in Fig. 6, where the likelihood is marginalized
over sin22θ13, sin2θ23, and Δm2

32. The combined T2K and
reactor measurements prefer δCP ¼ −π=2. The 90% C.L.
limits shown in Fig. 6 are evaluated by using the Feldman-
Cousins method [31] in order to extract the excluded
region. The data exclude δCP between 0.19π and 0.80π
(−π and−0.97π, and−0.04π and π) with normal (inverted)
hierarchy at 90% C.L.
The maximum value of −2Δ ln L is 3.38 (5.76) at

δCP ¼ π=2 for the normal (inverted) hierarchy case. This
value is compared with a large number of toy MC experi-
ments, generated assuming δCP ¼ −π=2, sin22θ13 ¼ 0.1,

sin2θ23 ¼ 0.5, and Δm2
32 ¼ 2.4 × 10−3 eV2. The MC aver-

aged value of −2Δ ln L at δCP ¼ π=2 is 2.20 (4.10) for the
normal (inverted) hierarchy case, and the probability of
obtaining a value greater or equal to the observed value is
34.1% (33.4%). With the same MC settings, the expected
90% C.L. exclusion region is evaluated to be between
0.35π and 0.63π (0.09π and 0.90π) radians for the normal
(inverted) hierarchy case.
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FIG. 5 (color online). The 68% and 90% C.L. allowed
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have been used as an additional constraint. The one-dimensional confidence interval at 90% for
�CP spans the range (�3.13, �0.39) for normal mass ordering. The CP conservation hypothesis
(�CP = 0,⇡) is excluded at 90% C.L.

PACS numbers: 14.60.Pq,14.60.Lm,11.30.Er,95.55.Vj

Introduction — A new source of CP violation beyond
the CKM quark mixing matrix is necessary to explain
observations of baryon asymmetry in the Universe. In the
lepton sector the PMNS framework [1, 2] allows for CP
violation. The first indication of non-zero ✓13[3] followed
by its discovery [4–6] and then the discovery of ⌫µ ! ⌫e
oscillation by T2K [7] have opened the possibility to look
for CP violation in neutrino oscillation.

In this Letter we present the first joint fit of neutrino
and antineutrino

( )

⌫µ ! ( )

⌫e and
( )

⌫µ ! ( )

⌫µ oscillation at
T2K. The mixing of neutrinos in the three-flavour frame-
work is represented by the unitary PMNS matrix, param-
eterized by three mixing angles, ✓12, ✓13, and ✓23, and a
CP-violating phase �CP [8]. The probability for

( )

⌫µ ! ( )

⌫e
oscillation, as a function of neutrino propagation distance
L and energy E, can be written:

P (
( )

⌫µ ! ( )

⌫e) ' sin2 ✓23 sin
2 2✓13 sin

2 �m2
31L

4E
(+)

� sin 2✓12 sin 2✓23
2 sin ✓13

sin
�m2

21L

4E

⇥ sin2 2✓13 sin
2 �m2

31L

4E
sin �CP

+ (CP-even, solar, matter e↵ect terms) (1)

where �m2
ij = m2

i � m2
j represents the neutrino mass-

squared di↵erence between mass eigenstates i and j. The
( )

⌫µ ! ( )

⌫µ survival probability is dominated by the pa-
rameters sin2 ✓23 and �m2

32, as given in [9]. Comparing
electron neutrino and antineutrino appearance probabili-
ties allows a direct measurement of CP violation at T2K.
The asymmetry variable (ACP = P (⌫µ ! ⌫e)� P (⌫̄µ !
⌫̄e))/(P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e)) and the ⌫µ (⌫̄µ) com-
ponent of the expected T2K flux without oscillations are
shown in Fig. 1. At the flux peak energy, ACP can be as
large as 0.4, including a contribution of around 0.1 due
to matter e↵ects.
The T2K Experiment — The T2K experiment [10] uses a
30 GeV proton beam from the J-PARC accelerator facil-
ity to produce a muon (anti)neutrino beam. The proton
beam strikes a graphite target to produce charged pions
and kaons, which are focused by three magnetic horns.
Depending on the polarity of the horn current, either
positively- or negatively-charged mesons are focused, re-
sulting in a beam largely composed of muon neutrinos
or antineutrinos. A 96-m decay volume lies downstream
of the magnetic horns, followed by the beam dump and
muon monitor [11]. The neutrino beam is measured by
detectors placed on axis and o↵ axis at 2.5� relative to the
beam direction. The o↵-axis neutrino energy spectrum
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FIG. 1. The leptonic CP asymmetry, ACP = [P (⌫µ ! ⌫e) �
P (⌫̄µ ! ⌫̄e)]/[P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e)], as a function of
energy for maximal CP-violation hypotheses (top) and the
⌫µ (⌫̄µ) component of the unoscillated (anti)neutrino flux in
neutrino and antineutrino modes (bottom).

peaks at 0.6 GeV, and has a reduced
( )

⌫e contamination
and smaller backgrounds from higher energy neutrinos
than the on-axis spectrum. Two detectors located 280 m
from the target are used to measure the beam direction,
spectrum, and composition, as well as the event rate:
INGRID (on axis) [12], and ND280 (o↵ axis), which is
housed inside a 0.2 T magnet. The Super-Kamiokande
(Super-K) 50-kt water Cherenkov detector [13], located
o↵ axis and 295 km from the neutrino production point,
is used to detect oscillated neutrinos.
Data Sets — The results presented here are based on
data collected in two periods: one in which the beam
operated solely in neutrino mode, January 2010 — May
2013, and one in which the beam operated mostly in
antineutrino mode, May 2014 — May 2016. This corre-
sponds to a neutrino beam exposure of 7.482⇥ 1020 pro-
tons on target (POT) in neutrino mode and 7.471⇥ 1020

POT in antineutrino mode for the far detector analysis,
and an exposure of 5.82 ⇥ 1020 POT in neutrino mode
and 2.84 ⇥ 1020 POT in antineutrino mode for the near
detector analysis.
Analysis Strategy — The analysis strategy is similar to
that of previous T2K results [7, 9, 14, 15]: oscillation pa-
rameters are estimated by comparing predictions and ob-
servations at the far detector. A tuned prediction of the

6

cosmic-ray muon events. A sample of hybrid data-MC
events is also used to evaluate uncertainties regarding ⇡0

rejection. Correlations between the uncertainties for the
four samples are considered.

TABLE I. Number of ⌫e and ⌫e events expected for various
values of �CP and both mass orderings compared to the ob-
served numbers.

Normal �CP = �⇡/2 �CP = 0 �CP = ⇡/2 �CP = ⇡ Observed

⌫e 28.7 24.2 19.6 24.1 32

⌫e 6.0 6.9 7.7 6.8 4

Inverted �CP = �⇡/2 �CP = 0 �CP = ⇡/2 �CP = ⇡ Observed

⌫e 25.4 21.3 17.1 21.3 32

⌫e 6.5 7.4 8.4 7.4 4

The fractional variation of the number of expected
events for the four samples owing to the various sources
of systematic uncertainty are shown in Table II. A more
in-depth description of the sources of systematic uncer-
tainty in the fit is given in [14], although this reference
does not cover the updates discussed in previous sections.

TABLE II. Systematic uncertainty on the predicted event
rate at the far detector.

Source [%] ⌫µ ⌫e ⌫µ ⌫e

ND280-unconstrained cross section 0.7 3.0 0.8 3.3

Flux and ND280-constrained cross section 2.8 2.9 3.3 3.2

SK detector systematics 3.9 2.4 3.3 3.1

Final or secondary hadron interactions 1.5 2.5 2.1 2.5

Total 5.0 5.4 5.2 6.2

Oscillation Analysis — The oscillation parameters
sin2 ✓23, �m2

32, sin
2 ✓13 and �CP are estimated by per-

forming a joint maximum-likelihood fit of the four far
detector samples. The oscillation probabilities are calcu-
lated using the full three-flavor oscillation formulae [40].
Matter e↵ects are included with an Earth density of
⇢ = 2.6 g/cm3 [41].

As described previously, the priors for the beam flux
and neutrino interaction cross-section parameters are ob-
tained from the fit with the near detector data. The
priors [8] for the solar neutrino oscillation parameters
– whose impact is almost negligible – are sin2 2✓12 =
0.846± 0.021, �m2

21 = (7.53± 0.18)⇥ 10�5 eV2/c4, and
in some fits we use sin2 2✓13 = 0.085±0.005 [8], called the
“reactor measurement”. Flat priors are used for sin2 ✓23,
�m2

32, and �CP .
We use a procedure analogous to [15]: after integrat-

ing over the prior distributions of the nuisance param-
eters a marginal likelihood, that depends only on the
relevant oscillation parameters, is obtained. We define
�2� lnL = �2 ln[L(o)/Lmax] as the ratio between the
marginal likelihood at the point o of the relevant oscilla-
tion parameter space and the maximum marginal likeli-

hood.
We have conducted three analyses using di↵erent far

detector event quantities and di↵erent statistical ap-
proaches. All of them use the neutrino energy recon-
structed in the CCQE hypothesis (Erec) for the

( )

⌫µ sam-
ples. The first analysis uses Erec and the reconstructed
angle between the lepton and the neutrino beam direc-
tion, ✓lep, of the

( )

⌫e candidate samples and provides con-
fidence intervals using a hybrid Bayesian-frequentist ap-
proach [42]. These results are shown in the following
figures. The second analysis is fully Bayesian and uses
the lepton momentum, plep, and ✓lep for the

( )

⌫e samples
to compute credible intervals using the posterior proba-
bility. The third analysis uses only Erec spectra for the

( )

⌫e
samples and a Markov Chain Monte Carlo method [43]
to provide Bayesian credible intervals. This analysis per-
forms a simultaneous fit of both the near and far detector
data, providing a validation of the extrapolation of the
flux, cross section and detector systematic parameters
from the near to far detector. All three methods are in
good agreement.
An indication of the sensitivity to �CP and the mass

ordering can be obtained from Table I. If CP violation
is maximal (�CP = ±⇡/2), the predicted variation of the
total number of events with respect to the CP conserva-
tion hypothesis (�CP = 0,⇡) is about 20%. The di↵erent
mass orderings induce a variation of the number of ex-
pected events of about 10%.
A series of fits are performed where one or two os-

cillation parameters are determined and the others are
marginalised. Confidence regions are set using the con-
stant �2� lnL method [8]. In the first fit confidence
regions in the sin2 ✓23 � |�m2

32| plane (Fig. 4) were
computed using the reactor measurement of sin2 ✓13.
The best-fit values are sin2 ✓23 = 0.532 and |�m2

32| =
2.545 ⇥ 10�3 eV2/c4 (sin2 ✓23 = 0.534 and |�m2

32| =
2.510 ⇥ 10�3 eV2/c4) for the normal (inverted) order-
ing. The result is consistent with maximal disappear-
ance. The T2K data weakly prefer the second octant
(sin2 ✓23 > 0.5) with a posterior probability of 61%.
Confidence regions in the sin2 ✓13 � �CP plane are com-

puted independently for both mass ordering hypotheses
(Fig. 5) without using the reactor measurement. The ad-
dition of antineutrino samples at Super-K gives the first
sensitivity to �CP from T2K data alone. There is good
agreement between the T2K result and the reactor mea-
surement for sin2 ✓13. For both mass-ordering hypothe-
ses, the best-fit value of �CP is close to �⇡/2.
Confidence intervals for �CP are obtained using the

Feldman-Cousins method [48]. The parameter sin2 ✓13
is marginalised using the reactor measurement. The
best-fit value is obtained for the normal ordering and
�CP = �1.791, close to maximal CP violation (Fig. 6).
For inverted ordering the best-fit value of �CP is �1.414.
The hypothesis of CP conservation (�CP = 0,⇡) is ex-
cluded at 90% C.L. and �CP = 0 is excluded at more
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�CP for di↵erent values of sin2 ✓23 and both mass orderings,
compared to T2K data. The dashed line distinguishes the two
solutions for the octant of ✓23.

B(NH/IH) = 2.28; the Bayes factor for the upper octant
is B(sin2 ✓23 > 0.5/ sin2 ✓23 < 0.5) = 1.32. Neither can
be considered decisive.

2. Results with reactor constraints

This section presents the results obtained with the
MCMC analysis when adding a Gaussian prior on sin2 ✓13
with the value given in Tab. XVIII. The posterior mode
marginalized over the nuisance parameters is given in
Tab. XXIX. Including the reactor prior on sin2 ✓13, the
best-fit is closer to that obtained by the reactor experi-
ments compared to the T2K-only results. The �CP best-
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FIG. 45. One-dimensional marginal ��2 surfaces for oscil-
lation parameters �CP and sin2 ✓13 using T2K data with the
reactor constraint. The contour is produced by marginalizing
the likelihood with respect to all parameters other than the
parameter of interest. The red line shows the critical ��2

values obtained with the Feldman-Cousins method, used to
evaluate the 90% confidence level with the proper coverage.
The green line show the ��2 obtained with the fit to the T2K
data.

TABLE XXVIII. Posterior probabilities for the mass order-
ings and sin2 ✓23 when fitting T2K data only with an MCMC
method.

sin2 ✓23 < 0.5 sin2 ✓23 > 0.5 Line Total
Inverted ordering 0.137 0.168 0.305
Normal ordering 0.294 0.401 0.695
Column total 0.431 0.569 1

fit is closer to the maximum violating value of �⇡/2 due
to the correlations with sin2 ✓13 shown in Fig. 46.
The MCMC algorithm uses a flat prior on �CP , but

its dependence on this choice of prior has been tested
by computing the credible intervals with a flat prior on
sin �CP . The two sets of intervals are in reasonable agree-
ment as shown in Fig. 47.
The Bayes factor for the mass ordering and the ✓23

octant can be computed with the method described in

Phys. Rev. D96 (2017) 092006
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is shown by a star for each mass ordering hypothesis. The
68% confidence region from reactor experiments on sin2 ✓13 is
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than 2�. The �CP confidence intervals at 90% C.L. are
(�3.13, �0.39) for normal ordering and (�2.09,�0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalising over the mass ordering, is (�3.13,�0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.

Sensitivity studies show that, if the true value of �CP

is �⇡/2 and the mass ordering is normal, the fraction of
pseudo-experiments where CP conservation (�CP = 0,⇡)
is excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions — T2K has performed the first search for
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FIG. 6. �2� lnL as a function of �CP for the normal (black)
and inverted (red) mass ordering. The vertical lines show the
corresponding allowed 90% confidence intervals, calculated
using the Feldman-Cousins method. sin2 ✓13 is marginalised
using the reactor measurement as prior probability.

CP violation in neutrino oscillations using ⌫µ ! ⌫e ap-
pearance and ⌫µ ! ⌫µ disappearance channels in neu-
trino and antineutrino mode. The one-dimensional con-
fidence interval at 90% for �CP spans the range (�3.13,
�0.39) in the normal mass ordering. The CP conserva-
tion hypothesis (�CP = 0,⇡) is excluded at 90% C.L. The
data related to the measurements and results presented
in this Letter can be found in Reference[49].
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tion shows a less extreme fluctuation than at least 5%
of the toys MC for all the values of �CP and mass or-
dering, i.e. if the experiment is repeated many times
and the true value is �CP = �⇡/2 with normal ordering,
more than 5% of the experiments are expected to show
a more extreme statistical fluctuation than the current
T2K dataset over the whole range of �CP and mass or-
dering. From Fig. 45, the fraction of experiments that
would exclude �CP = 0,⇡ at 90% or 2� confidence level
can be estimated. Assuming a true value of �CP of -⇡/2
and normal ordering, 24.3% (21.3%) of toy MC experi-
ments exclude �CP = 0 (⇡) at 90% CL. The same can be
repeated for di↵erent values of �CP and mass ordering as
shown in Tab. XXVI.

TABLE XXVI. The fraction of toy experiments for which
�CP = 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�CP and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �CP = �⇡/2 — normal ordering
�CP Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �CP = 0 — normal ordering
�CP Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �CP = �⇡/2 — inverted ordering
�CP Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

B. Bayesian analysis

1. Results without reactor constraints

This section describes the results obtained by the
Bayesian analysis when using only T2K data to estimate
the parameters sin2 ✓23, �m2

32
, sin2 ✓13 and �CP with

the MCMC method described in Sec. VIII B. In contrast
with the frequentist analysis presented in Sec. XIA, the
Markov chain walks in a parameter space where the sign
of �m2

32
can flip, and results are presented for both mass

orderings. The best-fit point and ±1� credible interval
for each parameter, obtained with the KDE method, are
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• Normal ordering: 
-  and  small 
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• Inverted ordering: 
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• Degenerate: 
- all masses approximately the same 
⇒ no difference between normal and inverted

m3 > m1,2 Ue3

⟨mee⟩

m1,2 > m3 Ue1 Ue2

⟨mee⟩

114

Mass ordering0 1 2 3 4 5 6
|mee | in meV

0

2

4

6

8

10

12

14

!
"
2

Normal hierarchy

90 %CL

99 %CL

0 10 20 30 40 50 60 70
|mee | in meV

0

2

4

6

8

10

12

14

!
"
2

Inverted hierarchy

90 %CL

99 %CL

0 0.5 1 1.5 2
m#e / h in eV

0

2

4

6

8

10

12

14

!
"
2

Degenerate neutrinos

90 %CL

99 %CL

Cu
ori
cin
o

HM

IG
EX

10-4 10-3 10-2 10-1 1
lightest neutrino mass in eV

10-4

10-3

10-2

10-1

1

|m
ee
| i
n
eV

99% CL (1 dof)

!m23
2  > 0

disfavoured by 0#2$

disfavoured
by
cosm

ology

!m23
2  < 0

Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.

15

Limits on Neutrinoless double-β decay

Rate(2β0ν) = Phase space factor × (Matrix element)2 × ⟨mee⟩2

Recall :
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⎠

⟨mee⟩ = |Ue1|
2 m1 + |Ue2|

2 m2 + |Ue3|
2 m3

✦ Normal hierarchy : m3 > m1,2

but Ue,3 is small, so large mass multi-
plied by very small U ⇒ small mee

✦ Inverted hierarchy : m1,2 > m3

larger Uei multiplied by large m1,2

⇒ large mee

✦ Degenerated : all 3 masses are ap-
prox. the same ⇒ No difference be-
tween normal and inverted

March 13, 2013 (66)
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• Oscillation measurements 
→  ⇒ mass difference up to a sign 
→ hierarchy known if sign of   
is determined 

• Absolute mass scale from direct 
mass measurements 
- end-point tritium  decay (KATRIN) 
- from SN-1987A

Δm2

Δm2
13

β
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Δm2 and absolute mass scale
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.
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Next generation 
ββ-0ν experiments

K
ATRIN

neutrino mass states ν1, ν2, and ν3 with (real and positive) masses m1, m2, and m3 [3],

⎛

⎜⎝
νe
νµ
ντ

⎞

⎟⎠ =

⎛

⎜⎝
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

⎞

⎟⎠

⎛

⎜⎝
ν1
ν2
ν3

⎞

⎟⎠ . (1.1)

According to quantum mechanics it is not necessary that the Standard Model states νe, νµ,

ντ be identified in a one-one way with the mass eigenstates ν1, ν2, and ν3, and the matrix

elements of U give the quantum amplitude that a particular Standard Model state contains

an admixture of a particular mass eigenstate. The probability that a particular neutrino

mass state contains a particular SM state may be represented by colours as in Fig. 1. Note

that neutrino oscillations are only sensitive to the differences between the squares of the

neutrino masses ∆m2
ij ≡ m2

i −m2
j , and gives no information about the absolute value of

the neutrino mass squared eigenvalues m2
i . There are basically two patterns of neutrino

mass squared orderings consistent with the atmospheric and solar data as shown in Fig. 1.

m2

0

solar~7×10−5eV2

atmospheric
~2×10−3eV2

atmospheric
~2×10−3eV2

m12
m22

m32

m2

0

m22

m12

m32

νe
νµ
ντ

? ?

solar~7×10−5eV2

Figure 1: The probability that a particular neutrino mass state contains a particular SM state
may be represented by colours as shown in the key. Note that neutrino oscillation experiments
only determine the difference between the squared values of the masses. Also, while m2

2 > m2
1, it is

presently unknown whether m2
3 is heavier or lighter than the other two, corresponding to the left

and right panels of the figure, referred to as normal or inverted mass squared ordering, respectively.
Finally the value of the lightest neutrino mass (sometimes referred to as the neutrino mass scale)
is presently unknown and is represented by a question mark in each case.

– 4 –
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• 3 types of neutrinos (  from LEP data) 
• Neutrinos oscillate ⇒ they have a non-zero mass 

- mixing angles: 
-  from solar and reactor (KamLAND) data 

-  from atmospheric neutrinos 

-  from reactor data (Daya Bay) and accelerator experiments (T2K) 

- direct mass measurements ⇒   

•  CP phase and mass ordering still to be determined 
- first sensitivity on  from the T2K experiment 

• Other main questions about the nature of neutrinos: 
- are neutrino Majorana or Dirac particles? →  experiments 

- what is the mass generation mechanism?  → seesaw?

2.984 ± 0.008

θ12

θ23

θ13

m < 0.8 eV/c2

δ
δCP

0ν2β
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Summary on neutrino physics
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Addendum on the velocity of 
neutrinos
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• Fermilab (1979) 
-                              ⇒  

- [Phys. Rev. Lett. 43 (1979) 1361] 

• Supernova SN1987A 
- ,              ⇒  

- [Phys. Lett. B 201 (1988) 353] 

• Minos experiment (2007) 
- ,               ⇒  

- [Phys. Rev. D 76 (2007) 072005] 

• Opera (2011) 
- ,             ⇒ 

Eν > 30 GeV |v − c | /c < 4 × 10−5

Eν ≈ 10 MeV D = 50 kpc |v − c | /c < 2 × 10−9

Eν ≈ 3 GeV D = 730 km |v − c | /c = (5.1 ± 2.1) × 10−5 (1.8σ)

Eν ≈ 17 GeV D = 730 km |v − c | /c = (2.4 ± 0.5) × 10−5 (6.2σ)

118

Neutrino velocity measurements
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• neutrino beam from CERN SPS 
-  neutrinos 
-  baseline 

 

• Opera detector at Gran Sasso Lab 
- 150000 emulsion “bricks” (→ ) 

- Scintillator tracker (→ timing) 

- Goal: measure  oscillations

≈ 17 GeV
732 km

ντ

νμ → ντ

119

Opera experiment

CERN Gran Sasso

11 

OPERA 

The LNGS underground physics laboratory 

CERN 

LNGS 

1400 m 

G. Brunetti - AEC - 07/12/2011 11 

G. Brunetti - EPFL 28.11.2011 11

11 

OPERA 

The LNGS underground physics laboratory 

CERN 

LNGS 

1400 m 

G. Brunetti - AEC - 07/12/2011 11 

G. Brunetti - EPFL 28.11.2011 11
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• record  interactions in 
emulsion layers 

• record time of event with 
electronics tracker 

• compute location of event, 
recover brick at location, 
and develop the emulsion

ντ

120

Opera detector: principle

G. Brunetti - AEC - 07/12/2011 6 

THE DESIGN OF THE OPERA EXPERIMENT 
ECC BRICKS + ELECTRONIC DETECTORS FOR    OSCILLATION STUDIES 

Pb 

emulsion layers 





1 mm 

interface films (CS) 

ECC brick 

electronics
trackers 

  beam 

G. Brunetti - EPFL 28.11.2011 6

THE IMPLEMENTATION OF THE PRINCIPLE 

Target area Muon spectrometer  

SM1 SM2 SM1 SM2 

7 G. Brunetti - AEC - 07/12/2011 

G. Brunetti - EPFL 28.11.2011 7
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Opera events

10 

“INTERNAL”  and  “EXTERNAL”  OPERA  EVENTS 

G. Brunetti - AEC - 07/12/2011 10 

 CC 

NC 

 from external interaction 

G. Brunetti - EPFL 28.11.2011 10

Charged current interaction

Neutral current interaction
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•  appearance event 
• confirms expected 

 oscillations 

• Main objective of 
the experiment... 
 
...but many more 
neutrino physics 
measurements can 
be done! 
 

 e.g. neutrino velocity

ντ

νμ → ντ

→

122

Opera  eventντ

τ+ lepton
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•  production at CERN SPS:   proton (400GeV)   
 
 
 
 
 

•  extractions ⇒ proton which produced 
the measured neutrino is unknown! ⇒ nature 
of the measurement is statistical ⇒ precision 
much better than  ! 

• Propagation time calculated as   

-  at the time SPS proton hits the target 

-  at time the muon is detected in Opera detector 

- time synchronisation accuracy:   (⇔3m at speed of light) 

νμ → π /K → μ + νμ

10.5 μs

10.5 μs
Δt = t1 − t0

t0
t1

< 10 ns
123

Neutrino velocity measurement: ΔtTHE CNGS neutrino beam 

• SPS protons: 400 GeV/c 
• Cycle length: 6 s 
• Two 10.5 s extractions (by kicker magnet) separated by 50 ms 
• Beam intensity:  2.4x1013 proton/extraction 
• ~ pure muon neutrino beam (<E> = 17 GeV) travelling through 

the  Earth’s  crust 

G. Brunetti - AEC - 07/12/2011 12 

G. Brunetti - EPFL 28.11.2011 12

 6 

 

 
Fig. 3: Schematic of the CERN SPS/CNGS timing system. Green boxes indicate detector time-response. Orange 
boxes refer to elements of the CNGS-OPERA synchronisation system. Details on the various elements are given in 
section 6. 

 

 
Fig. 4: Example of a specially selected proton extraction waveform measured with the BCT detector BFCTI400344, 
to show the five-peak structure reflecting the proton losses in the PS Continuous Transfer extraction mechanism. 
This structure is more pronounced than for the majority of the waveforms. A blow-up of the waveform (right plot) 
shows that the 200 MHz SPS radiofrequency is resolved.  
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• Geodesic baseline measured with 20cm accuracy : 
 
   731278.0 ± 0.2 m   ⇒ 2.7×10–7 relative precision

124

Principle of the ν velocity measurement

 7 

 
3. Principle of the neutrino time of flight measurement 

 
A schematic description of the principle of the time of flight measurement is shown in 

Fig. 5. The time of flight of CNGS neutrinos (TOFν) cannot be precisely measured at the single 
interaction level since any proton in the 10.5 µs extraction time may produce the neutrino 
detected by OPERA. However, by measuring the time distributions of protons for each extraction 
for which neutrino interactions are observed in the detector, and summing them together, after 
proper normalisation one obtains the probability density function (PDF) of the time of emission 
of the neutrinos within the duration of extraction. Each proton waveform is UTC time-stamped as 
well as the events detected by OPERA. The two time-stamps are related by TOFc, the expected 
time of flight assuming the speed of light [13]. It is worth stressing that this measurement does 
not rely on the difference between a start and a stop signal but on the comparison of two event 
time distributions. 

 
Fig. 5: Schematic of the time of flight measurement. 

 
The PDF distribution can then be compared with the time distribution of the interactions 

detected in OPERA, in order to measure TOFν. The deviation δt = TOFc - TOFν is obtained by a 
maximum likelihood analysis of the time tags of the OPERA events with respect to the PDF, as a 
function of δt. The individual measurement of the waveforms reflecting the time structure of the 
extraction reduces systematic effects related to time variations of the beam compared to the case 



F. Blanc, Spring 2025

 20 

data. The analysis yielded a result accounting for the statistical fluctuations of the sample that are 
reflected in the different central values and their uncertainties.  The average of the central values 
from this ensemble of simulated OPERA experiments reproduces well the time shift applied to 
the simulation (at the 0.3 ns level). The average statistical error extracted from the likelihood 
analysis also reproduces within 1 ns the RMS distribution of the mean values with respect to the 
true values.  

 
Fig. 13: Comparison of the measured neutrino interaction time distributions (data points) and the proton PDF (red 
line) for the two SPS extractions before (top) and after (bottom) correcting for δt (blind) resulting from the maximum 
likelihood analysis. 
  
  

• 15233 selected events (7235 internal + 7988 external) 
• Blind analysis ⇒ unkown (=secret) constant offset is applied to the result 

• Fit the measured arrival time distribution to the measured proton extraction 
distributions ⇒ maximise the likelihood: 
 
 
[where  is the time PDF of proton extractions,  is the 
time of the measured neutrino in Opera, and  is the 
parameter to measure] 
 
 
 
 

•  gives the deviation between the time of flight of a particle traveling at the 
speed of light and that of the neutrino

𝒫 tj
δt

δt

125

Data analysis

L =
NY

i

P(tj � �t)

 18 

difference between the two calculations is (16.4 ± 15.8) ns providing no indication for a 
systematic effect. In addition, with the presently available statistics we do not have indications of 
variations in the daily-24 hour observations. A similar result was obtained for a summer vs 
(spring plus autumn) dependence, possibly induced by thermal effects in the setup, which yielded 
(15.6 ± 15.0) ns. An analysis was also conducted by grouping events in two bins, corresponding 
to low- and high-intensity extractions (below and above 1.97×1013 protons on target, 
respectively). The absolute difference between the two bins is (6.8 ± 16.6) ns. 

 

 

 
Fig. 10: Log-likelihood distributions for both extractions as a function of δt, shown close to the maximum and fitted 
with a parabolic shape for the determination of the central value and of its uncertainty. 
 

 

Likelihood
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• Unblinding ⇒ apply correction of –985.6ns 

- baseline effects (+Earth rotation effect: 2.2ns) 
- CERN SPS and Opera time delays 
- GPS synchronisation 

• Results : 
 
 

- significance of the result = 6.2σ 

• First crosschecks could not invalidate this rather surprising result!

126

Results

 25 

systematic uncertainty is asymmetric. For external events, the position of the neutrino interaction 
in the rock is unknown and, in particular, its transverse position with respect to the detector. The 
distribution of the uncertainty on this position is flat. This systematically leads to an apparent 
increase of the neutrino time of flight TOFν and thus to a systematic decrease of δt. 
  
 The final result of the measurement is then: 

  
δt = TOFc -TOFν = (57.8 ± 7.8 (stat.)  (sys.)) ns. 

 
We cannot explain the observed effect in terms of presently known systematic 

uncertainties. Therefore, the measurement indicates an early arrival time of CNGS muon 
neutrinos with respect to the one computed assuming the speed of light in vacuum.  The relative 
difference of the muon neutrino velocity with respect to the speed of light is:  

 
(v-c)/c = δt /(TOF’c - δt) = (2.37 ± 0.32 (stat.)  (sys.)) ×10-5. 

 
 If we combine statistical and systematic errors with the numerical method described 
above, one obtains a total uncertainty of (-9.4, +11.8) ns and a significance of 6.2 σ for rejecting 
the null hypothesis (δt = 0). In performing this last calculation a baseline of 730.085 km was 
used, and TOF’c corresponds to this effective neutrino baseline starting from the average decay 
point in the CNGS tunnel as determined by simulations. Actually, the δt value is measured over 
the distance from the BCT to the OPERA reference frame, and it is only determined by neutrinos 
and not by protons and pions, which introduce negligible delays.  

 
 The alternative analysis in which the likelihood function is built by associating each 
neutrino interaction to its waveform instead of using the global PDF leads to a compatible value 
of δt = (54.5 ± 5.0 (stat.)  (sys.)) ns. The systematic uncertainty includes the additional 
contribution of 4.4 ns resulting from more complex noise filtering and baseline treatment of the 
waveforms.  
  
 A possible neutrino energy dependence of δt was studied in order to investigate the 
physics origin of the early arrival time of CNGS neutrinos. For this analysis the data set was 
limited to νµ CC interactions occurring in the OPERA target (5199 events), for which the neutrino 
energy can be measured by adding the muon momentum to the hadronic energy. Details on the 
energy reconstruction in the OPERA detector are available in [15]. A first measurement was 
performed by using all νµ CC internal events. We obtained δt = (61.1 ± 13.2 (stat.)  (sys.)) ns, 
for an average neutrino energy of 28.2 GeV. Data were then split into two bins of nearly equal 
statistics, including events of energy lower or higher than 20 GeV. The mean energies of the two 
samples are 13.8 and 40.7 GeV. The result for the low- and high-energy data sets are, 
respectively, δt = (54.7 ± 18.4 (stat.)  (sys.)) ns and (68.1 ± 19.1 (stat.)  (sys.)) ns. The 
above result was checked against a full Monte Carlo simulation of the OPERA events. The same 
procedure used for real data was applied to νµ CC simulated interactions in the OPERA target. 
The comparison between the two data sets indicates no energy dependence. The simulation does 
not indicate any instrumental effects on δt possibly caused by an energy dependent time response 
of the detector. Therefore, the systematic uncertainties of the two measurements cancel out in  25 

systematic uncertainty is asymmetric. For external events, the position of the neutrino interaction 
in the rock is unknown and, in particular, its transverse position with respect to the detector. The 
distribution of the uncertainty on this position is flat. This systematically leads to an apparent 
increase of the neutrino time of flight TOFν and thus to a systematic decrease of δt. 
  
 The final result of the measurement is then: 

  
δt = TOFc -TOFν = (57.8 ± 7.8 (stat.)  (sys.)) ns. 

 
We cannot explain the observed effect in terms of presently known systematic 

uncertainties. Therefore, the measurement indicates an early arrival time of CNGS muon 
neutrinos with respect to the one computed assuming the speed of light in vacuum.  The relative 
difference of the muon neutrino velocity with respect to the speed of light is:  

 
(v-c)/c = δt /(TOF’c - δt) = (2.37 ± 0.32 (stat.)  (sys.)) ×10-5. 

 
 If we combine statistical and systematic errors with the numerical method described 
above, one obtains a total uncertainty of (-9.4, +11.8) ns and a significance of 6.2 σ for rejecting 
the null hypothesis (δt = 0). In performing this last calculation a baseline of 730.085 km was 
used, and TOF’c corresponds to this effective neutrino baseline starting from the average decay 
point in the CNGS tunnel as determined by simulations. Actually, the δt value is measured over 
the distance from the BCT to the OPERA reference frame, and it is only determined by neutrinos 
and not by protons and pions, which introduce negligible delays.  

 
 The alternative analysis in which the likelihood function is built by associating each 
neutrino interaction to its waveform instead of using the global PDF leads to a compatible value 
of δt = (54.5 ± 5.0 (stat.)  (sys.)) ns. The systematic uncertainty includes the additional 
contribution of 4.4 ns resulting from more complex noise filtering and baseline treatment of the 
waveforms.  
  
 A possible neutrino energy dependence of δt was studied in order to investigate the 
physics origin of the early arrival time of CNGS neutrinos. For this analysis the data set was 
limited to νµ CC interactions occurring in the OPERA target (5199 events), for which the neutrino 
energy can be measured by adding the muon momentum to the hadronic energy. Details on the 
energy reconstruction in the OPERA detector are available in [15]. A first measurement was 
performed by using all νµ CC internal events. We obtained δt = (61.1 ± 13.2 (stat.)  (sys.)) ns, 
for an average neutrino energy of 28.2 GeV. Data were then split into two bins of nearly equal 
statistics, including events of energy lower or higher than 20 GeV. The mean energies of the two 
samples are 13.8 and 40.7 GeV. The result for the low- and high-energy data sets are, 
respectively, δt = (54.7 ± 18.4 (stat.)  (sys.)) ns and (68.1 ± 19.1 (stat.)  (sys.)) ns. The 
above result was checked against a full Monte Carlo simulation of the OPERA events. The same 
procedure used for real data was applied to νµ CC simulated interactions in the OPERA target. 
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• September 2011 
- the result was presented to the community (and to the press) 

• January-February 2012 
- identification of a faulty optical fibre connection between external GPS 

signal and the Opera master clock 

- this faulty connection induced an artificial delay of about 50ns... 
⇒ after correction, the  velocity is compatible with   

- statement from Opera Collaboration on 28 February 2012

ν c

! 7!

intensity!neutrino!beam,!in!which!the!neutrinos!where!emitted!only!at!specific!well!defined!times!
as!shown!in!Fig.!14a.!In!this!case!it!was!possible!to!make!a!precise!measurement!between!the!time!
of!the!proton!bunch!in!the!SPS!and!the!corresponding!arrival!time!of!one!neutrino!in!OPERA.!
The!measurements!made!with!the!first!method!and!with!high!statistics,!gave!an!incredible!result:!

the!neutrinos!were!faster!than!the!speed!of!light!!Naturally!this!!result!was!very!embarassing!for!all!
physicists,! who! immediately! suggested! a! number! of! checks:! remeasure! the! length! of! all! cables,!
check!the!methods!of!analysis,!etc.!(they!also!asked!that,! in!a!possible!preprint,!OPERA!would!say!
that!the!Collaboration!was!still!making!all!possible!checks).!One!of!the!most!important!check!was!to!
remeasure! the! delay! of! the! 8.3! km! cable! which! connects! the! outside! Gran! Sasso! lab! to! the!
underground! lab,! because! such! measurement! was! made! in! 2007! and! was! not! rechecked.! The!
Bologna! group! offered! to! repeat! the!measurement! and! a! date!was! fixed! at! the! end! of! november!
2011!for!the!check.!But!on!that!date!the!measurement!could!not!be!made!because!of!the!opposition!
of!the!data!acquisition!leader,!first,!and!then!of!the!spokesman!of!the!experiment!(because!few!days!
later! there!would! have! been! from!CERN! a! first! test! of! the! low! intensity! short! bunched! neutrino!
beam).! The! measurement! of! the! cable! was! performed! on! the! 6Z8! december! 2011;! it! was!
immediately! found! that! the! 8.3! km! cable! was! not! properly! connected! to! the! OPERA! input;! this!
produced!a!delay!of!about!73!ns,!see!Fig.!12.!It!is!obvious!that!there!were!discussions!and!tensions!
in!the!Collaboration;!here!we!shall!limit!the!discussion!only!to!few!main!points!studied!in!Bologna!
and! in! Strasbourg.! The! situation! was! discussed! in! a! meeting! of! the! Bologna! group,! one! friday!
afternoon!of!december!2011:!the!calculation!of!the!νµ!velocity!based!on!the!measured!delay!of!73!ns!
was!leading!to!a!νµ!velocity!smaller!than!that!of!light,!as!if!the!neutrinos!were!heavy!particles!!This!
was!an!incredible!unZanticipated!result!!The!calculation!was!reZchecked,!obtaining!the!same!result.!
A!strange!and!chaotic!discussion! followed,!started!by!a!phrase!of!a!young!colleague:! ”let!us!hope!
that! there! is! not! a! second! error”.! In! the! following! discussions! the! majority! of! the! colleagues!
immediately!favoured!the!presence!of!a!second!error,!even!if!it!was!difficult!to!see!where!and!how!
this!happened,!but!everybody!favoured!an!error!connected!with!the!circuit! following!the! input! in!
OPERA,!even!if!there!was!not!a!scheme!of!the!circuit.!The!situation!was!summarized!saying!that!a!
major!mistake!was!found,!but!the!problem!was!difficult!to!interpret.!!!
Few!days!later!the!Strasbourg!group!informed!us!that!by!sending!a!signal!from!a!scintillator!of!

the!Target!Tracker!to!the!data!acquisition!system!it!was!registered!at!different!times!with!respect!to!
the!used!data!acquisition!cycle.!Later!they!fitted!the!response!and!computed!an!average!correction:!
when!this!was!applied!to!the!Bologna!data!it!was!obtained!that!the!neutrinos!were!travelling!at!the!
speed!of!light!!The!second!error!existed,!was!localized!where!we!thought!it!would!be,!but!it!was!not!
clear!what!it!was!and!the!effective!cause.!
!

!
Fig.!12a).!The,8.3,km,electroKoptical,cable,arrives,to,OPERA,,from,the,External,lab.,b),Signals,in,OPERA:,upper,graph,

the,cable,is,properly,connected,,lower,graph,,the,cable,is,not,connected,properly:,the,green,signal,is,delayed,by,73,ns.!!!!!
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Announcements and solution
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• Reanalysis ⇒   

• Dedicated data taking run in 2012 
 
                  ⇒  

• What can we learn from this story? 
a.high-precision measurements are difficult 

b.mistakes are common; some are more noticeable than others... 

c. constructive scientific communication depends on the scientist’s honesty, 
and emotions must be kept aside

δt = (6.5 ± 7.4(stat) +8.3
−8.0(syst)) ns

δt = (0.6 ± 0.4(stat) ± 3.0(syst)) ns
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End of the story

http://arxiv.org/abs/1212.1276

http://arxiv.org/abs/1109.4897

A!’s we! "at ends we!

http://arxiv.org/abs/1212.1276
http://arxiv.org/abs/1109.4897

