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CONTENT OF THE LECTURE

▸ Neutrino oscillations discovery and parameter determination 

▸ latest results for "standard" neutrino oscillations  

▸ hints of sterile neutrinos
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THE SOLAR PROBLEM

▸ The sun produce a very intense flux of 𝜈e  

▸ Several experiments with different 
techniques measured a clear deficit wrt 
the theory prediction 
▸ radiochemical sources  

▸ Cherenkov  

▸ About 2/3 of 𝜈e are missing! 
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Solar Neutrino Problem
Year 2000 Experimental sensitivity: primarily or 
exclusively electron neutrinos

pp ν

7Be, 8B ν
8B ν

Theory
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ATMOSPHERIC NEUTRINOS ANOMALY
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from T. Kajita (Neutrino 2016)

⇡+ !µ+ + ⌫µ

#
e+ + ⌫e + ⌫̄µ

▸ ratio well known and expected to be 
2:1 but observed ~1  

▸ 1/2 of 𝜈𝜇 are missing! 

Kamiokande (1988,92,94)

�1991,92�

from Kamiokande Paper  in 1988
K. Hirata et al, Phys.Lett.B 205 (1988) 416.

Paper conclusion: “We are unable to explain the 
data as the result of systematic detector effects or 
uncertainties in the atmospheric neutrino fluxes. 
Some as-yet-unaccounted-for physics such as 
neutrino oscillations might explain the data.”   

2	muon-
neutrinos 1	electron-

neutrino

COSMIC	
RAY

AIR	
NUCLEUS

PION

MUON
ELECTRON

▸ Atmospheric neutrinos come from the interaction 
of primary cosmic rays with the atmosphere 

▸ Neutrino comes from pion and muon decay
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NEUTRINO OSCILLATION: THE DISCOVERY

▸ Super-Kamiokande concluded that the 
observed angle dependent deficit on 
atmospheric neutrinos gave evidence of 
neutrino oscillations
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Cosmic	ray

Long	enough	
to	oscillate

Not	long	enough	
to	oscillate

Presented at Neutrino Conference in 1998
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▸ Final measurement of Solar neutrinos by the 
SNO experiment (2000):  1 kton of heavy water 
seen by ~10k PMTs 

▸ Sensitive to CC, ES and NC 
▸ CC: only 1/3 of expected flux 

▸ NC : no deficit observed!  

▸ Solar neutrinos emitted by the sun as 𝜈e reach 
the Earth as mixture of 𝜈e, 𝜈𝜇 and 𝜈𝜏 : Oscillations! 

▸ Deficit explanation: solar  𝜈e energies < 10 MeV: 
CC for 𝜈𝜇 and 𝜈𝜏 are forbidden (E < M𝜇/𝜏)
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Solar Neutrino Problem
Resolved

Theory

νeonly

all νx

Neutral currents in agreement with the prediction! 

electron neutrinos are only ~1/3 of the total flux! 

NEUTRINO OSCILLATION: THE DISCOVERY
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NOBEL PRIZE

2015 Nobel Prize in Physics to Takaaki Kajita and Arthur B. McDonald for the 
discovery of neutrino oscillations
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3 NEUTRINO OSCILLATIONS
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cij = cos �ij

sij = sin �ij

Parameters Experiment signal
|Δm21|2 = |m22 - m21| ϑ12 solar and reactor 
|Δm32|2 = |m23 - m22| ϑ23 atmospheric and accelerator 

ϑ13 reactor and accelerator 
𝛿CP accelerator

P (⌫e ! ⌫µ,⌧ )

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

atmospheric, accelerator

3 Flavour states 3 Mass states 
m1≠m2≠m3
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3 mixing angles, 2 squared mass 
difference, 1 complex phase (δCP) 

more than15 years of experimental efforts
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THE KNOWNS AND THE UNKNOWNS
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�CP = [0, 2⇡]

✓
23

= (38� 50)o(3�)

✓
13

= 8.4± 0.2o

✓
12

= 33.6± 0.8o

|�m2
32| ⇡ (2.5± 0.4)⇥ 10�3eV2

�m2
21 = +(7.5± 0.2)⇥ 10�5eV2 }

}

Solar parameters 

Atmospheric parameters 

KamLAND

Kamiokande, SK,  IMB,
K2K, MINOS, T2K, NOvA

Daya-Bay, RENO, 
Double Chooz

P (⌫e ! ⌫µ,⌧ ) SNO , SK, BOREXINO, 
GALLEX, SAGE..   

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

(Opera)

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

 T2K, NOvAP (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

 T2K, NOvA

}

from NuFit 2016
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THE KNOWNS AND THE UNKNOWNS
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Kamiokande, SK,  IMB,
K2K, MINOS, T2K, NOvA

(Opera)

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

Octant

Mass Hierarchy

CP violation
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THE KNOWNS AND THE UNKNOWNS
Accelerator- based experiments 
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Reactor- based experiments 

ν  O S C I L L AT I O N S  AT  T 2 K

• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted) hierarchy
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• Precision measurement of 2θ23 and Δm2
31  

• CPT tests with antineutrino mode ( νµ→νµ )
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HOW DO WE MEASURE 𝛿CP?
▸ 𝛿CP can be measured only by accelerator-based 

LBL experiment. Reactor experiments do NOT 
have access to this parameter 

▸ The measurement is (in principle) simple: looking 
for a different behaviour (shape and 
normalisation) between neutrino and anti-
neutrino oscillations
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e.g. if 𝛿CP = :  
▸ 0 , 𝜋   : no CP violation  P(𝜈μ →𝜈e ) = P(𝜈μ →𝜈e )  
▸  -𝜋/2   : enhance P(𝜈μ →𝜈e )  suppress P(𝜈μ →𝜈e ) 
▸ +𝜋/2  : suppress P(𝜈μ →𝜈e )  enhance P(𝜈μ →𝜈e )

▸ Matter effects, if significative, make the 
measurement more complicate 

▸ 𝛿CP strongly correlated with 𝜃13.  𝛿CP  can be 
extracted using reactor constraints
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HOW DO WE MEASURE THE MASS HIERARCHY?
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Anatael Cabrera (CNRS-IN2P3 & APC)

energy resolution of JUNO detector…8

•the 3% requirement arises from ratio δm2/Δm2 

•i.e. the solar to atmospheric mass-squared difference 

•need energy resolution ~ 3% @ 1MeV 

•stochastic term (a/√E)→ a ≤ 3% 

•non-stochastic term under investigation (next)

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

positions of |∆m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of ∆χ2

MH ≃ 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline differences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, PRD88(2013)013008
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> 0
(NH) and sin2 2✓
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= 0.09. The spectral information provides an unambiguous determination of the oscillations
parameters and allows in principle to distinguish the two CP-conserving scenarios.

and distinguishable.

1.3 Nucleon decays

Grand Unification (GU) of the strong, weak and electromagnetic interactions into a single unified

gauge [32, 33] is an extremely appealing possibility which has been vigorously pursued, theoretically

and experimentally, for many years. The question is of fundamental importance and it has received a

great deal of attention in the past decades with large water Cerenkov detectors at the forefront, but

even relatively smaller fine grained calorimeters, as for instance Soudan-2 [34, 35], made significant

contributions.

Experimental hints in favor of Grand Unified Theories (GUT) are the apparent merging of the

three coupling constants at a large energy scale (⇠ 1016 GeV) when low energy measurements are

extrapolated [36], or the observation that the quantized electric charges cancel such that protons

and electrons compensate each other in atoms with such an enormous accuracy [37] that a specific

internal symmetry of nature must exist. On the other hand, the most direct signature of GU would

be the experimental detection of proton or bound-neutron decays, representing the direct observation

of baryon number violation [38]. The experimental search for decays of protons or bound-neutrons is

20 1 PHYSICS CASE
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FIG. 5: Same as Figure 4 for inverted hierarchy �m2
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< 0 (IH).

therefore another most important and research frontier problem of Particle Physics. In the simplest

GUTs, nucleon decay proceeds via an exchange of a massive boson X between two quarks in a proton

or in a bound neutron. In this reaction, one quark transforms into a lepton and another into an anti-

quark which binds with a spectator quark creating a meson. According to the experimental results

from Super-Kamiokande [39, 40] constraining the partial decay to ⌧/B(p ! e+⇡0) > 5.4 ⇥ 1033 years

(90%C.L.), the minimal SU(5) [33], predicting a proton lifetime proportional to ↵�2M4
X where ↵ is

the unified coupling constant and MX the mass of the gauge boson X, seems definitely ruled out.

In addition, in this model it does not seem possible to achieve the unification of gauge couplings in

agreement with the experimental values of the gauge couplings at the Z0 pole [36].

Supersymmetry, motivated by the so-called “hierarchy problem”, postulates that for every SM

particle, there is a corresponding “superpartner” with spin di↵ering by 1/2 unit from the SM particle

[41]. In this case, the unification scale turns out higher, and pushes up the proton lifetime in the

p ! e+⇡0 channel up to 1036±1 years, compatible with experimental results. At the same time,

alternative decay channels open up via dimension-five operator interactions with the exchange of heavy

supersymmetric particles. In these models, transitions from one quark family in the initial state to

the same family in the final state are suppressed. Since the only second or third generation quark

which is kinematically allowed is the strange quark, an anti-strange quark typically appears in the

Normal Hierarchy Inverted Hierarchy

09.06.15 André Rubbia | News from DUNE/LBNF

• Long baseline neutrino oscillations
- νμ→ νe & νμ→ ντ & νμ→ νμ & νNC
- Direct measurement of the energy dependence 

(L/E behaviour) induced by matter effects and 
CP-phase terms, independently for ν and anti-ν, 
by direct measurement of event spectrum, in 
particular covering 1st and 2nd oscillation maxima

- Mass hierarchy determination at >5σ C.L. in first 
two years of running

- CP-phase measurement and CPV “discovery” 
(⇒ 5σ C.L.)

- Test of three generation mixing paradigm
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• A full astrophysics programme
- Nucleon decays (direct GUT evidence)
- Atmospheric neutrino detection with complementary oscillation measurements and Earth 

spectroscopy
- Astrophysical neutrino detection and searches for new sources of neutrinos

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012 11

CERN-Pyhäsalmi: spectral information νμ→νe
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CERN8SPSC820128021,&
SPSC8EOI8007LBNO physics goals

09.06.15 André Rubbia | News from DUNE/LBNF

• Long baseline neutrino oscillations
- νμ→ νe & νμ→ ντ & νμ→ νμ & νNC
- Direct measurement of the energy dependence 

(L/E behaviour) induced by matter effects and 
CP-phase terms, independently for ν and anti-ν, 
by direct measurement of event spectrum, in 
particular covering 1st and 2nd oscillation maxima

- Mass hierarchy determination at >5σ C.L. in first 
two years of running

- CP-phase measurement and CPV “discovery” 
(⇒ 5σ C.L.)

- Test of three generation mixing paradigm

5
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JUNO
NOvA, DUNE, HK ..

Matter effect:  

 𝜈/anti-𝜈 oscillations enhanced depending 
from the MH (need LBL)

Oscillation interference:  
Spectral distortion on medium baseline 
reactor experiment (3% effect)

Two approaches : 

Anatael Cabrera (CNRS-IN2P3 & APC)

energy resolution of JUNO detector…8

•the 3% requirement arises from ratio δm2/Δm2 

•i.e. the solar to atmospheric mass-squared difference 

•need energy resolution ~ 3% @ 1MeV 

•stochastic term (a/√E)→ a ≤ 3% 

•non-stochastic term under investigation (next)

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

positions of |∆m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of ∆χ2

MH ≃ 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline differences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, PRD88(2013)013008

arxiv:1507.05613v2
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EFFECT ON OSCILLATIONS MEASUREMENTS
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Principle of Measurement"

7/19/15!Presenter | Presentation Title"22!

Comparison of neutrino  
and anti-neutrino appearance  
for case of!
- No matter effect!
- No CP Violation!
- Maximal θ23!

- Not terribly exciting…!

Considering:  

▸ no matter effects 

▸ no CP violation 

▸ maximal mixing (𝜃23=45º)



S. BORDONI (CERN)

EFFECT ON OSCILLATIONS MEASUREMENTS
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Principle of Measurement"

7/19/15!Presenter | Presentation Title"23!

CP Violation!
- Probabilities vary on an  
ellipse with δCP !

Mass Ordering!
- Matter effect shifts ellipse!

Shown for Maximal θ23!

Considering:  

▸ Matter effect → move measurement 
wrt diagonal 

▸ CP violation → move the 
measurement along one ellipse



S. BORDONI (CERN)

EFFECT ON OSCILLATIONS MEASUREMENTS

16

Principle of Measurement"

7/19/15!Presenter | Presentation Title"24!

 θ23 Octant!
From Patm~ sin2(θ23) !

Considering:  

▸ Matter effect: move measurement wrt 
diagonal 

▸ CP violation : move the measurement 
along one ellipse 

▸ Octant : move measurement on the 
other diagonal 



STEFANIA BORDONI (CERN)

ANALYSIS STRATEGY
▸ Estimation of the flux is complicated for both accelerator and reactor experiments 

▸ Big uncertainties to take into account (e.g. number of ß-decay from fission 
products for reactors, hadron production for beams..) 

▸ 2 detectors : 
▸ Near Detector : estimate the incoming neutrino flux before the oscillation occurs 

▸ Far Detector : measure the distortions due to oscillations  

17

e.g.  Reactor experiments : 
▸ if short baseline (~ few km), sensitivity to Δm2atm and 𝜗13  
▸ if long baseline (~100s km) sensitivity to Δm2sol and 𝜗12

NB: Depending on where the detector are located, the 
experiment can be sensible to different parameters



REACTOR EXPERIMENTS 



STEFANIA BORDONI (CERN)

CURRENT REACTOR EXPERIMENTS
2012: not only Higgs boson discovery.. 

year of reactor experiments: measurement of the last mixing angle 𝜗13

19

Anatael Cabrera (CNRS-IN2P3 & APC)

reactor-θ13 experiment: configuration… 12



STEFANIA BORDONI (CERN)

CURRENT REACTOR EXPERIMENTS: DAYA-BAY

▸ First experiment measuring 𝜃13 and 
world leading

20

Far detector hall

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 

19

• The antineutrino detectors (ADs)  are “three-zone” cylindrical 
modules:

➢Energy resolution: σE/E = 7.5%/√E 

Antineutrino Detectors (ADs)

NIM A 811, 133 (2016)

March 2012 : 
θ13 ≠0 with a significance of 5.2𝜎

Phys.Rev.Lett. 108:171803 (2012)
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CURRENT REACTOR EXPERIMENTS: DAYA-BAY
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Double Chooz 
presented at CERN, September 2016

Δmee
2 = 2.62 −0.23

+0.21(stat.) −0.13
+0.12 (syst.) (×10−3eV 2 )

sin22θ13 = 0.082±0.009(stat.)±0.006(syst.)

RENO 
presented at Neutrino 2016
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SUMMARY OF THE 𝜃13 MEASUREMENTS 
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Global Landscape

Experiment Value (10�3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.45±0.08

T2K 2.545+0.081
�0.084

MINOS 2.42±0.09

NO⌫A 2.67±0.12

Super-K 2.50+0.13
�0.20

IceCube 2.50+0.18
�0.24

RENO 2.57+0.24
�0.26

Some tension (~2σ) with latest results by 
Double Chooz (first presented here!). Daya 

Bay, RENO and Double CHOOZ have started 
working together towards a joint analysis. 

YongGwang Nuclear Power Plant 

1380m 

290m 

120 m.w.e. 16.5 GWth

RENO

D. Chooz
(NH)

Experiment Value

Daya Bay nGd

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0841±0.0033

RENO nGd 0.082±0.010

Daya Bay nH 0.071±0.011

D-CHOOZ nGd+nH 0.119±0.016

RENO nH 0.086±0.019

D-CHOOZ nH 0.095+0.038
�0.039

T2K 0.100+0.041
�0.017

MINOS
NH 0.051+0.038

�0.030

IH 0.093+0.054
�0.049

from Daya-Bay CERN seminar, Feb 2017 



ACCELERATOR-BASED 
EXPERIMENTS



▸ Long baseline accelerator experiment in US 2003 - 2016 

▸ baseline ~ 735 km  

▸ on axis, <E𝜈> ≃ 2 GeV (MINOS), <E𝜈> ≃ 6-7 GeV (MINOS+) 

▸ data in both neutrino and anti-neutrino modes

STEFANIA BORDONI (CERN)

LBL EXPERIMENTS : MINOS / MINOS+

25

MINOS+ 

05 March 2015 Joao Coelho 7 

Magnetized steel-scintillator 
tracking calorimeters 
 
Far Detector: 5.4 kton  
Near Detector: 0.98 kton 

Data

4 

MINOS MINOS+ 

Antineutrinos 

                        This talk: 
10.56x1020 PoT MINOS neutrino-mode 
  5.80x1020 PoT MINOS+ neutrino-mode 
  3.36x1020 PoT MINOS antineutrino-mode 

560 kW! 

NuMI Beam 

05 March 2015 Joao Coelho 3 

MINOS 
Near Det. 

NuMI 
Target 

Neutrinos 
to Far Det. 

Hadron 
Decay 

Proton 
Accel. 

• Currently at ~350 kW 

• Capable of 700 kW 

Medium E 

Low E 

Medium E 
14 mrad 

Joao Coelho 
For the MINOS+ Collaboration 

 
Tufts University 

 

05 March 2015 Joao Coelho 1 

Status of MINOS and MINOS+ 
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LBL EXPERIMENTS : MINOS / MINOS+
Latest MINOS+ results: combining MINOS+ and MINOS data 
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Oscillations

6 

Oscillations

Data is very well-described by three-flavour neutrino oscillations
!  Twice as much MINOS+ data still to come
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Status of MINOS and MINOS+ 
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LBL EXPERIMENTS : T2K
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La Thuile , 6  March  2017 Anna Dabrowska,  La Thuile 2017, Aosta Valley, Italy

Beam operation and data taking

Maximum beam power 

achieved 459kW

                                     Results presented   here for integrated POT in :  

 accumulated Runs 1-7c (Jan. 2010 ~ May 2016)      ν  mode:  7.482x1020 POT

                                                                         ν mode:  7.471x1020 POT

where  POT-> Proton On Target                                            Total:  14.95x1020 POT

 

 

Stable operation at ~ 450 kW !Stable operation at ~ 450 kW !

▸ LBL experiment in Japan since 2010 

▸ baseline ~300km 

▸ first experiment with off-axis technique. <E𝜈> ≃ 0.6 GeV  

▸ data collected in both neutrino and anti-neutrino modes 

▸ Kinematic approach
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132 events

66 events

32 events

4 events

νμ

νμ—

νe

νe
—
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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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data related to the measurements and results presented
in this Letter can be found in Reference[49].

We thank the J-PARC sta↵ for the superb accelerator
performance and the CERN NA61/SHINE collaboration
for providing valuable particle production data. We ac-
knowledge the support of MEXT, Japan; NSERC (grant
SAPPJ-2014-00031), NRC and CFI, Canada; CEA and
CNRS/IN2P3, France; DFG, Germany; INFN, Italy; Na-
tional Science Centre (NCN), Poland; RSF, RFBR and
MES, Russia; MINECO and ERDF funds, Spain; SNSF
and SERI, Switzerland; STFC, UK; and DOE, USA. We
also thank CERN for the UA1/NOMAD magnet, DESY
for the HERA-B magnet mover system, NII for SINET4,
the WestGrid and SciNet consortia in Compute Canada,
and GridPP, UK. In addition, participation of individual
researchers and institutions has been further supported
by funds from: ERC (FP7), H2020 RISE-GA644294-
JENNIFER, EU; JSPS, Japan; Royal Society, UK; DOE
Early Career program, USA.

⇤ also at J-PARC, Tokai, Japan
† a�liated member at Kavli IPMU (WPI), the University
of Tokyo, Japan

‡ also at National Research Nuclear University ”MEPhI”
and Moscow Institute of Physics and Technology,
Moscow, Russia

7

23θ 2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

)4
/c2

 e
V

-3
| (

10
322

 m
∆|

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6
 ln L = 2.3)∆68%CL (-2 
 ln L = 4.61)∆90%CL (-2 

T2K best-fit

T2K
Super-K

NOvA
MINOS+
IceCube

FIG. 4. The 68% (90%) constant �2� lnL confidence
regions for the sin2 ✓23 � |�m2

32| plane assuming normal
ordering, alongside NOvA[44], MINOS+[45], SK[46], and
IceCube[47] confidence regions.

13θ 2sin
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

 (r
ad

ia
ns

)
CPδ

-3

-2

-1

0

1

2

3

Normal Ordering
Inverted Ordering

 ln L = 2.3)∆68%CL (-2 
 ln L = 4.61)∆90%CL (-2 

Best-fit
PDG 2015

FIG. 5. The 68% (90%) constant �2� lnL confidence re-
gions in the �CP � sin2 ✓13 plane are shown by the dashed
(continuous) lines, computed independently for the normal
(black) and inverted (red) mass ordering. The best-fit point
is shown by a star for each mass ordering hypothesis. The
68% confidence region from reactor experiments on sin2 ✓13 is
shown by the yellow vertical band.

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

 (radians)CPδ
-3 -2 -1 0 1 2 3

 ln
L

∆
-2

 

0

2

4

6

8

10

12

14
Normal Ordering
Inverted Ordering

Allowed 90% CL

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].

We thank the J-PARC sta↵ for the superb accelerator
performance and the CERN NA61/SHINE collaboration
for providing valuable particle production data. We ac-
knowledge the support of MEXT, Japan; NSERC (grant
SAPPJ-2014-00031), NRC and CFI, Canada; CEA and
CNRS/IN2P3, France; DFG, Germany; INFN, Italy; Na-
tional Science Centre (NCN), Poland; RSF, RFBR and
MES, Russia; MINECO and ERDF funds, Spain; SNSF
and SERI, Switzerland; STFC, UK; and DOE, USA. We
also thank CERN for the UA1/NOMAD magnet, DESY
for the HERA-B magnet mover system, NII for SINET4,
the WestGrid and SciNet consortia in Compute Canada,
and GridPP, UK. In addition, participation of individual
researchers and institutions has been further supported
by funds from: ERC (FP7), H2020 RISE-GA644294-
JENNIFER, EU; JSPS, Japan; Royal Society, UK; DOE
Early Career program, USA.

⇤ also at J-PARC, Tokai, Japan
† a�liated member at Kavli IPMU (WPI), the University
of Tokyo, Japan

‡ also at National Research Nuclear University ”MEPhI”
and Moscow Institute of Physics and Technology,
Moscow, Russia

arXiv[hep-ex] 1701.00432

▸ Joint neutrino anti-neutrino analysis  

▸ Extraction of constraints on 𝛿CP from 𝜈e appearance results 

▸ Reactor constraints on 𝜃13 can be used to resolve the 
degeneracy with this parameter 

World’s leading measurement on 𝜃23

Maximal mixing 
 favoured 
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NOvA	Overview	
•  �ConvenAonal�	beam	
•  Two-detector	experiment:	

•  Near	detector		
–  measure	beam	
composiAon		

–  energy	spectrum	

•  Far	detector		
–  measure	oscillaAons	and	
search	for	new	physics	
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Beam	Performance	

•  6.05x1020	POT	in	14	kton	equivalent	detector	
– More	than	double	exposure	of	2015	analysis	

•  Averaged	560	kW	before	present	shutdown	

•  Achieved	700	kW	design	goal	in	tests	(June13)	

Jeff	Hartnell,	CERN	Seminar	2016	 30	

Detector Commissioning 
(Reduced Mass) 

First Analysis 
2.74x1020 POT-equiv. 

Total Exposure 
6.05x1020 POT-equiv. 

Jeff	Hartnell,	CERN	Seminar	2016	 31	

To APD 

4 cm ⨯ 6 cm 

1560 cm
 

A NO𝜈A cell NO𝜈A detectors 

Fiber pairs 
 from 32 cells 

32-pixel APD 

Far detector: 
   14-kton, fine-grained, 
   low-Z, highly-active 
   tracking calorimeter 
      → 344,000 channels 

Near detector: 
   0.3-kton version of 
   the same 
      → 20,000 channels 

Extruded PVC cells filled with 
11M liters of scintillator 

instrumented with 
𝜆-shifting fiber and APDs 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 10 
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NOvA Oscillation Results 

Jeff	Hartnell	
University	of	Sussex	

CERN EP Seminar 
15th	November	2016		

▸ Long baseline accelerator experiment in US started in 2013 

▸ baseline ~ 810 km  

▸ Using off-axis technique. <E𝜈> ≃ 2 GeV 

▸ calorimetric approach 

▸ results on only neutrino mode so far. Anti-neutrino runs just 
started!
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νμ	Far	Detector	Data	
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•  78	events	observed	in	FD	
–  473±30	with	no	oscilla5on		
–  82	at	best	oscillaAon	fit	
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•  Fit	for	Δm2	and	sin2θ23	
•  Dominant	systemaAc	effects	included	

in	fit:	
–  NormalizaAon	
–  NC	background	
–  Flux	
–  Muon	and	hadronic	energy	scales	
–  Cross	secAon	
–  Detector	response	and	noise		

Best Fit (in NH): Maximal mixing  
excluded at 2.5σ 
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–  Cross	secAon	
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�� = 2.67± 0.12⇥ 10�3eV2

sin2 ✓23 = 0.40+0.03
�0.02(0.63

+0.02
�0.03)

No FC Correction 

78 events observed at FD 
430 +/- 30 expected w/ no oscillation

Maximal mixing excluded at 2.5σ

NOvA Oscillation Results 

Jeff	Hartnell	
University	of	Sussex	

CERN EP Seminar 
15th	November	2016		
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–  background	8.2±0.8	

>8σ electron neutrino appearance signal 

Alternate selectors from 2015 analysis show consistent results 
LID: 34 events, 12.2±1.2 BG expected 
LEM: 33 events, 10.3±1.0 BG expected 

CVN=0.991 
E=1.63 GeV 
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33 events observed  
8.2 +/- 0.8 expected background

 𝜈e appearance signal @ > 8σ 

NOvA Oscillation Results 

Jeff	Hartnell	
University	of	Sussex	

CERN EP Seminar 
15th	November	2016		
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FIG. 5. The 68% (90%) constant �2� lnL confidence re-
gions in the �CP � sin2 ✓13 plane are shown by the dashed
(continuous) lines, computed independently for the normal
(black) and inverted (red) mass ordering. The best-fit point
is shown by a star for each mass ordering hypothesis. The
68% confidence region from reactor experiments on sin2 ✓13 is
shown by the yellow vertical band.

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.
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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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FUTURE REACTOR EXPERIMENT ?
▸ JUNO: New reactor experiment in China: anti-𝜈e from Daya Bay power plant 

▸ 20 kton of liquid scintillator with wide physics program 

▸ MH determination towards oscillation interference 
▸ big challenge in calorimetry!  Need energy resolution better than 3%   (𝛿m2/Δm2  ~3%) 

▸ Data taking foreseen for > 2020 

35

Anatael Cabrera (CNRS-IN2P3 & APC)

energy resolution of JUNO detector…8

•the 3% requirement arises from ratio δm2/Δm2 

•i.e. the solar to atmospheric mass-squared difference 

•need energy resolution ~ 3% @ 1MeV 

•stochastic term (a/√E)→ a ≤ 3% 

•non-stochastic term under investigation (next)

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

positions of |∆m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of ∆χ2

MH ≃ 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline differences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, PRD88(2013)013008

Mass Hierarchy
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DUNE HYPER-KAMIOKANDE
• 4 modules Liquid Ar-TPC ~10kton each 
• SURF, Homestake mine (US) ~2400mwe 
• On-axis beam from Fermilab (1.2-2.4 MW) 
• baseline ~1300km 
• <E𝜈> ~3GeV

• 2 water Cherenkov of ~260 ton each 
• Tochibora, near Kamioka (Japan),~1750mwe 
• Off-axis beam from Tokai (1.3 MW) 
• baseline ~300km (1100km if T2HKK) 

• <E𝜈> ~0.6GeV 

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

FD

ND

Detector location @ Kamioka, Japan 
6 

!  The candidate site locates under Mt. Nijugo-yama 
!  ~8km south from Super-K 
!  Identical baseline (295km) and off-axis angle (2.5deg) to T2K 

!  Overburden ~650m (~1755 m.w.e.) 

3 generations of Kamiokande family 
2 

!  Larger mass for more statistics 
!  Better sensitivity by more photons with improved sensors 

Kamiokande 
(1983-1996) 

Super-Kamiokande 
(1996-) 

Hyper-Kamiokande 
(~2026-) 

3kton 50kton 260kton×2 

20% coverage 
with 50cm PMT 

40% coverage 
with 50cm PMT 

40% coverage 
with high-QE 50cm PMT 
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DUNE HYPER-KAMIOKANDE

DUNE and Hyper-Kamiokande DUNE and Hyper-Kamiokande
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~1 year 
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~9 years 

Mass Hierarchy and Octant Sensitivity:  
Atmospherics + Beam 

Mass hierarchy 
determination 

θ23 octant 
determination 

10yrs 10yrs 

5yrs 
5yrs 

1yrs 1yrs 

1,5,10 yrs exposure. NH 

10 yrs 
NH 

Mass Hierarchy (σ) 
Atm Atm+Beam 

PTEP 23=0.4 3.8 6.9 
23=0.6 8.4 9.9 

2Tanks 23=0.4 2.2 5.3 
23=0.6 5.2 6.9 

10 yrs 
NH 

Octant (σ) 
Atm Atm+Beam 

23=0.45 3.6 7.2 
23=0.55 2.7 4.0 

 
23=0.45 2.2 5.8 
23=0.55 1.7 3.7 

The Hyper-Kamiokande Experiment 6/July/2016 21 

Variety of physics with 
atmospheric :  
• MH, 23 octant, CP  
• Sterile neutrino , LV, etc 
With atmospheric alone, 
• mass hierarchy sensitivity 
• >3s octant determination for      

| 23 -45°|>8° 
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~1 year 
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~7 years 

~9 years 

CPV sensitivity 
19 

!  With10 years exposure, can 
exclude sin�CP=0 and 
demonstrate CP violation: 
! >8� if �CP = ±90o 
! >5� for 62% of �CP values 
!   >3� for 78% of �CP values  

! �CP resolution: 
! 21o precision at �CP=90o  
!   7o precision at �CP=0o  

CP violation sensitivity Mass ordering sensitivity



HOW MANY NEUTRINOS?
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3 FAMILIES OR MORE? 

▸ LEP measurements of the invisible Z0 width 
are consistent with 3 families of light 
neutrinos 

▸ If other neutrinos exist, they should be 
“sterile" : not coupling with the Z boson 

▸ The only way to detect sterile neutrinos is 
towards the possible missing to active 
neutrinos

39

6/26/2013Jonathan Link

Sterile Neutrinos

A sterile neutrino is a lepton with no ordinary electroweak 
interaction except those induced by mixing.

Active neutrinos:

LEP invisible Z0 width is 
consistent with only three 
light active neutrinos

Phys.Rept. 427, 257 (2006)

from Symmetry magazine



STEFANIA BORDONI (CERN)

THE EARLY HISTORY: 
LSND (1993 -1998) baseline 30 m   (L/E ~ m/MeV) 
▸ excess in the anti-𝜈𝜇 → anti-𝜈e  compatible with Δm2 ≃ 0.2 eV2
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Figure 18. The LSND L⌫/E⌫ distribution for events with R� > 10 and 20 < Ee < 60 MeV, where L⌫ is the
distance travelled by the neutrino in meters and E⌫ is the neutrino energy in MeV. The data agree well with
the expectation from neutrino background and neutrino oscillations at low �m2.

from 0.2 � 2.0 eV2, although a region around 7 eV2 is also possible.

B. The KARMEN Constraint

Description of the Experiment

The KARMEN experiment [393] made use of the ISIS rapid-cycling synchrotron, which acceler-
ates protons up to 800 MeV at an intensity of 200 µA. The protons are extracted from the syn-
chrotron at a frequency of 50 Hz as a double pulse consisting of two 100 ns pulses separated
by 325 ns. The two bursts, therefore, occur within 600 ns and lead to an overall duty factor of
about 10�5. After extraction, the protons interact in a water-cooled Ta-D2O target, producing about
(0.0448± 0.0030) ⇡+ per incident proton [388]. Due to the small duty factor, ⌫µ from ⇡+ decay can
be clearly separated from the ⌫̄µ and ⌫e from µ+ decay. The ⌫̄e/⌫̄µ background is estimated to be
6.4 ⇥ 10�4 [388], slightly smaller than for LSND.

The KARMEN detector, as shown in Fig. 20, is a segmented liquid scintillator calorimeter with
608 modules and a total mass of 56 t. The liquid scintillator is made of para�n oil (75% vol.),
pseudocumene (25% vol.), and PMP (2 g/l). The modules are read-out by pairs of 3-inch PMTs
and are enclosed by a tank with outside dimensions 3.53 m ⇥ 3.20 m ⇥ 5.96 m. Excellent energy
resolution is obtained for electrons produced inside the detector and can be parametrized by �E =
11.5%/

p
E/MeV. Gadolinium-coated paper was inserted between the modules for the detection

of thermal neutrons. The detector is enclosed by a multilayer active veto system and 7000 t of steel

69

KARMEN (1993 -1998) baseline 18 m (L/E ~ m/MeV) 
▸ very similar experiment to LSND 

▸ no excess in the anti-𝜈𝜇 → anti-𝜈e 

Figure 19. The (sin2 2✓,�m2) oscillation parameter fit for the entire LSND data sample, 20 < Ee < 200 MeV.
The inner and outer regions correspond to 90% and 99% CL allowed regions, while the curves are 90% CL
limits from the Bugey reactor experiment and the KARMEN experiment at ISIS.

central detector

(a)

Figure 20. (a) Front view of the KARMEN detector showing details of the central detector region. (b) Side
view of the detector.

shielding and is located 17.7 m from the neutrino source at an angle of 100� to the incident proton
beam direction.
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Bugey (80’s-90’s) baseline 15, 40 and 95 m 
▸ reactor experiment 

▸ no excess in the anti-𝜈e → anti-𝜈e 

𝜈e APPEARANCE AT 1m/MeV
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STERILE NEUTRINOS 
▸ The LSND anomaly (i.e. possible short baseline oscillations) suggest a third independent 

Δm2 ~ 1 eV2 

▸  This might be explained by introducing 4th neutrino but it should be sterile  
▸ not interaction via weak force or too massive for the Z to decay to (not visible at LEP)  

▸ mixing with the active neutrinos 

▸ large mass splitting (Δm2) ~ 1 eV2

41

 O (10-5 eV2) 

≈

O (10-3 eV2) 

 O (1eV2) 
how many sterile? 1, 2 …. N ?   

▸ Different models exist to introduce  
sterile neutrinos : 3+1, 1+3, 3+2, 1+3+1..  

▸ focussing here on the simplest model: 
3+1  
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STERILE NEUTRINOS 
▸ Considering the 3+1 model. Because of the large mass splitting (1eV2), the 

other neutrino masses appear degenerate 
▸ Δm241 ≈ Δm243  ≈ Δm224 

▸ approximation to 2 neutrino flavour-mixing

42
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LBL (usual PMNS matrix)

3+1 Appearance-Disappearance Tension

⌫e DIS
sin2 2#ee ' 4|Ue4|2

⌫µ DIS
sin2 2#µµ ' 4|Uµ4|2

⌫µ ! ⌫e APP

sin2 2#eµ = 4|Ue4|2|Uµ4|2 ' 1
4 sin

2 2#ee sin
2 2#µµ

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]
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I ⌫µ ! ⌫e is quadratically suppressed!

I Similar constraint in

3+2, 3+3, . . . , 3+Ns

[CG, Zavanin, MPLA 31 (2015) 1650003]

Update of [Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001]
with improved treatment of the MiniBooNE background disappearance
due to neutrino oscillations according to information from Bill Louis
(thanks!)
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Process 200 � 300 MeV 300 � 475 MeV 475 � 1250 MeV
⌫µ CCQE 9.0 17.4 11.7
⌫µe! ⌫µe 6.1 4.3 6.4
NC ⇡0 103.5 77.8 71.2
NC �! N� 19.5 47.5 19.4
Dirt Events 11.5 12.3 11.5
Other Events 18.4 7.3 16.8
⌫e from µ Decay 13.6 44.5 153.5
⌫e from K+ Decay 3.6 13.8 81.9
⌫e from K0

L Decay 1.6 3.4 13.5
Total Background 186.8 ± 26.0 228.3 ± 24.5 385.9 ± 35.7
LSND Best-Fit Solution 7 ± 1 37 ± 4 135 ± 12

Table XII. The expected number of events in the 200 < EQE
⌫ < 300 MeV, 300 < EQE

⌫ < 475 MeV,
and 475 < EQE

⌫ < 1250 MeV energy ranges from all of the significant backgrounds after the complete
event selection of the final analysis. Also shown are the expected number of ⌫e CCQE signal events for
two-neutrino oscillations at the LSND best-fit solution.
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Figure 32. The MiniBooNE reconstructed neutrino energy distribution for candidate ⌫e data events (points
with error bars) compared to the Monte Carlo simulation (histogram).

events is observed for 200 < EQE
⌫ < 475 MeV. For the entire 200 < EQE

⌫ < 1250 MeV energy
region, the excess is 151.0 ± 28.3 ± 50.7 events. As shown in Fig. 34, the event excess occurs for
Evis < 400 MeV, where Evis is the visible energy.

Figs. 35 and 36 show the event excess as functions of Q2 and cos(✓) for events in the 300 <
EQE
⌫ < 475 MeV range, where Q2 is determined from the energy and angle of the outgoing lepton

and ✓ is the angle between the beam direction and the reconstructed event direction. Also shown
in the figures are the expected shapes from ⌫eC ! e�X and ⌫̄eC ! e+X charged-current (CC)
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MiniBooNE (2002 -2012) baseline 541 m : L/E ~m/MeV 
▸ designed to address the LSND anomaly 

▸ excess in both 𝜈𝜇  → 𝜈e and anti-𝜈𝜇  → anti-𝜈e compatible to the 
LSND results 

▸ MiniBooNE compatibility is marginal and other experiments 
exclude large part of LSND region.

Anti neutrino mode: 11.3 e20 POT 
Neutrino mode : 6.7 e20 POT 

MiniBooNE νμ→ νe Appearance Search

6/26/2013Jonathan Link

Consistent with LSND?

Aguilar-Arevalo et al., Phys.Rev.Lett. 110, 161801 (2013)

This is the same data as the original paper.

Neutrinos 
Reexamined

(including low 
energy excess) 

MiniBooNE νμ→ νe Appearance Search

6/26/2013Jonathan Link

Event Excess: 54.9 ± 17.4 ± 16.3

Consistent with LSND

Aguilar-Arevalo et al., Phys.Rev.Lett. 110, 161801 (2013)

Phys. Rev. Lett. 110, 161801 (2013)

Phys. Rev. Lett. 110, 161801 (2013)

𝜈e APPEARANCE AT 1m/MeV

Not conclusive measurements! 
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▸ Reactor neutrino fluxes have been recalculated in 
2011 

▸ With the new flux almost all short base reaction 
have deficits! the so called: reactor anomaly
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ILL inversion

simple Β"shape

our result
1101.2663
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Figure 53. Comparison of di↵erent conversions of the ILL electron data for 235U. Black curve: cross-check
of results from [459] following the same procedure. Red curve: results from [462]. Green curve: results
from [472] using the same description of �-decay as in [462]. Blue curve: Update of the results from [462],
including corrections to the Fermi theory as explained in the text. The thin error bars show the theory errors
from the e↵ective nuclear charge Z̄ and weak magnetism. The thick error bars are the statistical errors.
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Figure 54. Shown is the relative size of the various corrections to the Fermi theory for a hypothetical
�-decay with Z = 46, A = 117 and E0 = 10 MeV. The upper panel shows the e↵ect on the antineutrino
spectrum, whereas the lower panels shows the e↵ect on the �-spectrum. �WM: weak magnetism correc-
tion; L0,C: Coulomb and weak interaction finite size corrections; S Screening correction; G⌫,�: radiative
corrections.

The corrections of figure 54 are known with a good relative accuracy except for the weak mag-
netism term. At the present time a universal slope factor of about 0.5% per MeV is assumed,
neglecting any dependence on nuclear structure [465]. Accurate calculation for every fission prod-
uct is out of reach. Using the conserved vector current hypothesis it is possible to infer the weak
magnetism correction from the electromagnetic decay of isobaric analog states. Examples of the
slope factors computed from the available data are shown in table I of [472]. While most exam-
ples are in reasonable agreement with the above universal slope, some nuclei with large value of
log f t have a very large slope factor. Moreover a review of the nuclear databases [473] shows

105

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Expected, NEWν / Measuredν

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.40.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

PDG2010

=881.5snτ  Average 0.023± X0.927

Bugey-3/4
14.9 m

0.03±X0.00±X0.93

ROVNO91
18.0 m

0.03±X0.02±X0.92

Bugey-3/4
14.9 m

0.04±X0.00±X0.93

Bugey3
40.0 m

0.04±X0.01±X0.94

Bugey3
95.0 m

0.04±X0.11±X0.86

Goesgen-I
38.0 m

0.06±X0.02±X0.95

Goesgen-II
46.0 m

0.06±X0.02±X0.97

Goesgen-III
65.0 m

0.05±X0.04±X0.91

ILL
8.76 m

0.05±X0.06±X0.79

Krasnoyarsk-I
33.0 m

0.06±X0.03±X0.92

Krasnoyarsk-II
92.3 m

0.05±X0.18±X0.94

Krasnoyarsk-III
57.3 m

0.05±X0.01±X0.93

SRP-I
18.2 m

0.03±X0.01±X0.94

SRP-II
23.8 m

0.04±X0.01±X1.00

ROVNO88_1I
18.0 m

0.06±X0.01±X0.90

ROVNO88_2I
18.0 m

0.06±X0.01±X0.93

ROVNO88_1S
18.2 m

0.07±X0.01±X0.95

ROVNO88_2S
25.2 m

0.07±X0.01±X0.94

ROVNO88_3S
18.2 m

0.07±X0.01±X0.92

Figure 56. Weighted average (with correlations) of 19 measurements of reactor neutrino experiments
operating at short baselines. A summary of experiment details is given in Table XXI.

with �2
min < �

2
min,data is 50%, showing that the distribution of experimental ratios in

�!
R around the

mean value is representative given the correlations.

Assuming the correctness of �pred,new
f the anomaly could be explained by a common bias in all

reactor neutrino experiments. The measurements used di↵erent detection techniques (scintillator
counters and integral detectors). Neutrons were tagged either by their capture in metal-loaded scin-
tillator, or in proportional counters, thus leading to two distinct systematics. As far as the neutron
detection e�ciency calibration is concerned, note that di↵erent types of radioactive sources emit-
ting MeV or sub-MeV neutrons were used (Am-Be, 252Cf, Sb-Pu, Pu-Be). It should be mentioned
that the Krasnoyarsk, ILL, and SRP experiments operated with nuclear fuel such that the di↵erence
between the real antineutrino spectrum and that of pure 235U was less than 1.5%. They reported
similar deficits to those observed at other reactors operating with a mixed fuel. Hence the anomaly
can be associated neither with a single fissile isotope nor with a single detection technique. All
these elements argue against a trivial bias in the experiments, but a detailed analysis of the most
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𝜈e DISAPPEARANCE AT 1m/MeV

Ravg= 0.927 ± 0.023 

Phys. Rev. C 84, 024617

Phys. Rev. D 83, 073006
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𝜈e DISAPPEARANCE AT >1m/MeV

▸ GALLEX and SAGE experiment (solar neutrino experiments) using 
radioactive sources 51Cr and 37Ar for calibration purpose

45

11

Hints for sterile neutrinos Gallium anomaly

Gallium data

D. Frekers et al., PLB 706, 134 (2011) BGT
determinations lead to a correction of
ratios relative to Bahcall expectation by
factor 0.982 (0.977) for Cr (Ar) sources

0.5 0.7 0.8 0.9 1 1.1
observed / expected

0.5 0.6 0.7 0.8 0.9 1 1.1

Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

combined fit: �2
min = 2.3/3 dof r = 0.84+0.054

�0.051 ��2
r=1 = 8.7 (2.9�)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 11 / 34

parameters. Two detectors were operated at di↵erent distances along Fermilab’s narrow-band beam
line. Five di↵erent ⇡+ and K+ momentum settings were used: 100, 140, 165, 200, and 250 GeV/c.
Mesons produced in the target were selected for sign and momentum by a series of dipole and
quadrupole magents. Subsequent neutrino energies ranged from 40 to 230 GeV. For the ⌫̄µ beam,
a single momentum setting of 165 GeV/c was used.

The detectors were located at 715 and 1116 m from the midpoint of a 352 m long decay pipe.
Each detector consisted of a calorimeter made up of steel plates instrumented with scintillation
counters and spark chambers, followed by an iron toroidal muon s pectrometer. The near detector
calorimeter contained 108 tons of steel plates while the far detector calorimeter contained 4444
tons. Also, the near detector muon spectrometer had a single toroid while the far detector had three
toroidal magnets. Muon neutrino and antineutrino CC interactions on iron produced a shower of
hadrons measured by the iron calorimeter and a muon measured by the toroidal magnet(s). The
neutrino energy was determined by summing the measured hadron and muon energies. For each
beam setting, the events in each detector were divided into three energy bins.

Timing and event selection cuts were used to reduce background and to ensure that the same
geometrical acceptance was realized for both detectors. After final event selection, the neutrino
data consisted of 33,700 events in the near detector and 33,400 events in the far detector. For
antineutrino data, the near detector sample contained 4960 events while the far detector sample
contained 4600 events.

The oscillation analysis was based on the ratio of the number of events in each detector as a
function of energy. The mean neutrino energy for each bin depended on the beam setting, and
was determined from MC simulation. The ratios had to be corrected for di↵erences between the
detectors, including detector live times, veto counter dead times and reconstruction e�ciencies.
Additionally, MC was used to account for the e↵ects of the finite size of the decay pipe. A likeli-
hood ratio method was used to set 90% CL limits.

CCFR results can be seen in Figs. 43 and 44. For the ⌫µ disappearance analysis, the �2 for
the null hypothesis was 11.0 for 15 DOF. For the ⌫̄µ disappearance analysis, the �2 for the null
hypothesis was 4.7 for 3 DOF. For the combined oscillation analysis (not shown) ⌫µ and ⌫̄µ data
were combined and assumed to have identical mixing parameters. In this case, the �2 for the null
hypothesis was 15.7 for 18 DOF.

G. The Gallium Anomaly

The GALLEX [415–417] and SAGE [418–421] solar neutrino detectors (see Refs. [422–430]) have
been tested in so-called “Gallium radioactive source experiments” which consist in the detection
of electron neutrinos produced by intense artificial 51Cr and 37Ar radioactive sources placed inside
the detectors.

The radioactive nuclei 51Cr and 37Ar decay through electron capture,

e� + 51Cr! 51V + ⌫e , (90)
e� + 37Ar! 37Cl + ⌫e , (91)

emitting ⌫e lines with the energies and branching ratios listed in Tab. XV. The nuclear levels for
the two processes are shown in Fig. 45. The two energy lines for each nuclear transition are due to
electron capture from the K and L shells.
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▸ detection technique as for solar neutrinos

51Cr 37Ar
E⌫ [keV] 747 752 427 432 811 813
B.R. 0.8163 0.0849 0.0895 0.0093 0.902 0.098
� [10�46 cm2] 60.8 61.5 26.7 27.1 70.1 70.3

Table XV. Energies (E⌫), branching ratios (B.R.) and Gallium cross sections (�) of the ⌫e lines emitted in
51Cr and 37Ar decay through electron capture. The cross sections are interpolated from Tab. II of Ref. [432].

GALLEX SAGE
k G1 G2 S1 S2
source 51Cr 51Cr 51Cr 37Ar
Rk

B 0.953 ± 0.11 0.812+0.10
�0.11 0.95 ± 0.12 0.791 ± +0.084

�0.078
Rk

H 0.84+0.13
�0.12 0.71+0.12

�0.11 0.84+0.14
�0.13 0.70 ± +0.10

�0.09
radius [m] 1.9 0.7
height [m] 5.0 1.47
source height [m] 2.7 2.38 0.72

Table XVI. Experiment index k, source type and ratios Rk
B and Rk

H of measured and predicted 71Ge produc-
tion rates in the GALLEX and SAGE radioactive source experiments. We give also the radii and heights of
the GALLEX and SAGE cylindrical detectors and the heights from the base of the detectors at which the
radioactive sources were placed along the axes of the detectors.

The neutrinos emitted by the radioactive sources have been detected through the same reaction
used for the detection of solar neutrinos [431]:

⌫e +
71Ga! 71Ge + e� , (92)

which has the low neutrino energy threshold Eth
⌫ (71Ga) = 0.233 MeV. The cross sections of the ⌫e

lines emitted in 51Cr and 37Ar decay interpolated from Tab. II of Ref. [432] are listed in Tab. XV.

The ratios Rk
B of measured and predicted 71Ge production rates in the GALLEX (k = G1,G1)

and SAGE (k = S1,S1) radioactive source experiments are listed in Tab. XVI, together with the
spatial characteristics of the experiments. The value of the average ratio is

RGa
B = 0.86 ± 0.05 . (93)

Thus, the number of measured events is about 2.8� smaller than the prediction. This is the “Gal-
lium anomaly”, which could be a manifestation of short-baseline neutrino oscillations [433–441].

As indicated by the “B” subscript, the ratios in Tab. XVI and Eq. (93) have been calculated with
respect to the rate estimated using the best-fit values of the cross section of the detection process
(92) calculated by Bahcall [432],

�bf
B (51Cr) =

⇣
58.1+2.1

�1.6

⌘
⇥ 10�46 cm2 , (94)

�bf
B (37Ar) =

⇣
70.0+4.9

�2.1

⌘
⇥ 10�46 cm2 . (95)
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▸ Number of measured events about 2.9𝜎 
smaller than expected R= 0.84 ± 0.05 
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𝜈e DISAPPEARANCE AT 1m/MeV

▸ But other experiments did NOT observe any anomaly..
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SHORT SUMMARY 
Some short baseline experiments reported 

▸ hints in 𝜈e  (𝜈e) appearance 

▸ hints in 𝜈e disappearance

47

—
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I ⌫µ ! ⌫e is quadratically suppressed!
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3+2, 3+3, . . . , 3+Ns

[CG, Zavanin, MPLA 31 (2015) 1650003]

Update of [Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001]
with improved treatment of the MiniBooNE background disappearance
due to neutrino oscillations according to information from Bill Louis
(thanks!)

C. Giunti � Oscillations Beyond Three-Neutrino Mixing � Neutrino 2016 � 5 July 2016 � 13/37

Reminder: 

Appearance signal require both 𝜈e and 𝜈𝜇 disappearance!  

Appearance signal is quadratically suppressed

what about 𝜈µ disappearance  ?

—
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SHORT SUMMARY 

▸ No anomaly observed in 𝜈µ disappearance channel so far.. 
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arXiv:1607.01176 [hep-ex]
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SOME LATEST RESULTS 
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Daya Bay Results

• Results based on a 621-day dataset: 

Use two complementary 
methods to set limits: CLs 

and Feldman-Cousins (C.L.)

Obtain world’s best limits in 
region spanning more than 
three orders of magnitude: 
2x10-4  < |Δm241| < 0.3 eV2

Factor of ~2 improvement 
with previous results. Expect 

an additional factor of ~2 
improvement with final Daya 

Bay dataset

Phys. Rev. Lett. 117, 151802 (2016) 

PRL 117, 151802 (2016) PRL 117, 151801 (2016)

PRL 117, 151803 (2016)
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The Daya Bay Reactor Neutrino Experiment

~230 Collaborators

North America (16) 

Brookhaven Natl Lab, Illinois Institute of Technology, 
Iowa State, Lawrence Berkeley Natl Lab, Princeton, 

Siena College, Temple University, UC Berkeley, UCLA, 
Univ. of Cincinnati, Univ. of Houston, 

UIUC, Univ. of Wisconsin, Virginia Tech, William & 
Mary, Yale

Europe (2) 

Charles University, JINR Dubna

Asia (23) 

Beijing Normal Univ., CGNPG, CIAE, Congqing Univ., 
Dongguan Univ. Tech., ECUST, IHEP, Nanjing Univ., 

Nankai Univ., NCEPU, NUDT, Shandong Univ., 
Shanghai Jiao Tong Univ., Shenzhen Univ., Tsinghua 
Univ., USTC, Xian Jiaotong Univ., Zhongshan Univ., 
Chinese Univ. of Hong Kong, Univ. of Hong Kong, 
National Chiao Tung Univ., National Taiwan Univ., 

National United Univ.

South America (1) 

Catholic University of Chile

The Daya Bay Collaboration

Joao Coelho 
For the MINOS+ Collaboration 

 
Tufts University 

 

05 March 2015 Joao Coelho 1 

Status of MINOS and MINOS+ 
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WHAT’S NEXT ? 
▸ Short Baseline Program (SBND) at the Booster Beam at Fermilab  

▸ 3 LAr detector on the same beam line at 3 different distances: definitive test of the 
LSND anomaly 

▸ Complementary measurements on SBL muon disappearance  

50

@ accelerator experiments 
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WHAT’S NEXT ? 
▸ Very short baseline reactor experiment (5 and 20 m)  

▸ detection based on energy spectrum distortion as a function of the distance 

▸ extended and (highly) segmented detector to measure relative distortion among cells 
of the same detector 

▸ independent from reactor flux estimations 

▸ challenging experiment for bkg control (µ, n, ɣ) because on surface

51

@ reactor experiments 
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SHORT BASELINE REACTOR EXPERIMENT
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from N.Bowden (Neutrino 2016)
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CONCLUSIONS

▸ breakthrough in neutrino physics with the oscillation discovery 

▸ Impressive knowledge acquired in the last 20 years of the oscillation 
mechanism and the parameter measurement 

▸ New generation of experiments will continue to improve our understanding 

▸ Several anomalies have been reported to the standard 3-neutrino mixing 

▸ Definitive measurements expected in the close future
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 THANKS!
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