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Neutrino properties

Postulated by Pauli in 1930 as a neutral and mass-less particle
� most abundant matter particle in the universe : ~1010 * e,p,n
� smallest X section : huge experimental difficulties

� 3 families

1956, F. Reines
Ve discovery

1962, Lederman, Schwarz, Steinberger
Vµ discovery

2001, K. Niwa
DONUT experiment
Vτ direct detection

� Weak interaction 1973, A. Lagarrigue
Weak Neutral Current discovery

LEP result: 
only 3 neutrinos coupled to the Z0

( Mυυυυ < MZ/2 )

Same technique
as used in OPERA:

Emulsion Cloud Chmber
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The long quest for massive neutrino observation

�Why looking for massive neutrino
� hint for physics beyond the Standard Model
� Astrophysical & Cosmological consequences

�How to measure the mass of the neutrino

� precision measurement of decay kinematics (β decay, π+,τ )
� neutrino less double β decay
� constraints from Cosmology
� neutrino oscillation

Absolute 
mass 

measurement

Only sensitive to mass differences

Mass Scale Mass hierarchy 
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���� Tritium β decay

Direct measurement by kinematics

���� Tau decay

e+ e-
���� τ+ τ-

(ALEPH @ LEP)

mντ <  18.2 Mev

���� Pion decay

π+ ���� µ+ νµ

mνµ < 0.19 Mev

(limited by π mass accuracy)

K. Assamagan et al., 
Phys. Rev. D53 (1996)

PSI (Villigen, CH)
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Neutrinoless ββ decay

Non-conservation of leptonic number

Majorana neutrinos

Excluded by 100Mo, 76Ge, 130Te experiments

D
isfavoured

B
y cosm

ology

To be tested 
by new generation experiments:
• CUORE: 200kg bolometers 100Te
• GERDA: 18-40 kg 76Ge 
• Super-NEMO: 7-100kg 82Se, 150Nd
• SNO: 44 kg 150Nd
• KamLAND: 400 kg 136Xe

Inverted hierarchy

Normal hierarchy

The knowledge of the mass hierarchy 
is needed from oscillation experiments 
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Constraints from CosmologyNon standard 1st peak
���� ΣΣΣΣmυυυυ >>>> 0

Large scale structure: Galaxy clustering, Cluster 

abundance, Gravitational lensing, Lyman-α

Temperature fluctuations from acoustic oscillations 
of the photon-Baryon fluid frozen on the last 
scattering surface

+

Coming …

Planck + Weak lensing (LSST)

This would require
~1%  accuracy on the 
theoretical predictions 

of the matter power spectrum
Y. Wong, Neutrino 2010
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Neutrino oscillations : Mixing Matrix

Neutrino mixing (Pontecorvo 1958; Maki, Nakagawa, Sakata 1962):

3 neutrinos framework:
���� neutrinos are massive particles and they mix similarly to quarks; 

���� the flavour eigenstates ( ννννe, ννννµµµµ, ννννττττ ) are linear superpositions

of the mass eigenstates νννν1, νννν2, νννν3 (eigenvalues m1, m2, m3)

∑=
i

iiU νν αα
α = e, µ, τ (flavor index)

i = 1, 2, 3   (mass index )
Uai= unitary mixing matrix

Today favorite parameterization of U: in terms of 3 mixing angles θ12 θ23 θ13
and one Dirac-like CP phase δ (two extra phases in case of Majorana
neutrinos):
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Neutrino oscillations : Time evolution

Considering the time evolution of a flavour eigentstate νννναααα produced at t = 0:

k
k

tiE
k

i keUet νν α∑ −⋅= rp)( 22
kk mpE +=

The phases:
tiE ke −

will be different if mj≠mk

Appearance of the flavour ννννββββ ≠≠≠≠ νννναααα for t > 0

)267.1(sin)2(sin)( 222

E

L
mL ∆θ=αβP

L=ct [km] (distance among the source and the detector) 

E [GeV] (neutrino energy)
∆m2 [eV2]

Neutrino oscillations are not sensitive to the absolute mass scale

PPPPαα = 1.- PPPPαβ

L/E 

S
in

2
(2

θ
)How to establish firmly neutrino oscillations:

� L/E pattern for neutrino 
���� Disappearance

� flavor change in the beam composition 
���� Appearance

and
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7Be

8B (>5 MeV)

8B (>3 MeV)

Solar sector robustness : L/E pattern

KamLAND:

Reactor neutrino disappearance:
Baseline ~175 km

All solar neutrino experiments:

Survival probability :
The oscillation pattern is modulated 
by the matter effect (MSW)

So called ‘solar neutrinos Anomaly’
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model

data

Solar sector robustness : Appearance & Global fit

ΦΦΦΦcc(ννννe) = 1.76       (stat.)       (syst.) x106 cm-2s-1+0.06
-0.05

+0.09
-0.09

ΦΦΦΦes(ννννx) = 2.39       (stat.)       (syst.) x106 cm-2s-1
+0.24

-0.23

+0.12
-0.12

ΦΦΦΦnc(ννννx) = 5.09       (stat.)       (syst.) x106 cm-2s-1
+0.44

-0.43

+0.46

-0.43

ΦΦΦΦµτµτµτµτ = 3.41      (stat.)        (syst.) x106 cm-2s-1+0.45
-0.45

+0.48
-0.45ΦΦΦΦµτµτµτµτ = 3.41      (stat.)        (syst.) x106 cm-2s-1+0.45

-0.45
+0.45
-0.45

+0.48
-0.45
+0.48
-0.45

ΦΦΦΦe = 1.76       (stat.)       (syst.) x106 cm-2s-1+0.05
-0.05

+0.09
-0.09ΦΦΦΦe = 1.76       (stat.)       (syst.) x106 cm-2s-1+0.05

-0.05
+0.05
-0.05

+0.09
-0.09
+0.09
-0.09

SNO

CC

es

nc

detected

detected

detected
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� νµ➝ νµ measurement w/ 7.2××××1020 POT.

� 1986 events observed 
for 2451 events expected without oscillation.

� Best fit with neutrino oscillations.
� Decoherence disfavored: > 8σ
� Pure decay disfavored: > 6 σ (7.8 σ if including NC)

Atmospheric sector robustness : L/E pattern & Global fit

SuperK atmospheric neutrinos

So called ‘Atmospheric neutrinos Anomaly’
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arXiv: 1104.0344  (6 Apr 2011)
No claim for any CPT violation effect

SuperK : similar oscillation parameters for neutrinos and anti-neutrinos
(not based on an event by event analysis) 

CPT violation in the atmospheric sector ?  
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e or µ or hadrons

Energy 
Threshold: 
3.5 GeV

νµ
ντ

τ

ντ

Hadrons

SK-I  MC

ντ Events at Super-K

» Complicated event topology 
makes identification of the 
leading lepton difficult
• Use a Neural Network

» Many light-producing 
particles

» Most events are deep 
inelastic scattering (DIS) 
interactions

GOAL : Detect ντ events in SK atmospheric data:  
test the “no tau appearance” hypothesis 

» Negligible primary flux 
• Observed tau events must be 
oscillation induced   

13

Wilkes ‘Neutel 2011
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τ-like events  (NN > 0.5)

SKSK--I+II+III+II+II

Fit Results 

» Tau signal clearly appears in upward-
going region

» DIS fits to +1 σ 
� τ normalization fit is 1.63 × expectation 

Fitted τ Excess

Atm ν BKG MC

If no ττττ appearance ,  β β β β = 0 

Preliminary 

Preliminary 

(This corresponds to  213.6 τ τ τ τ Events) 
Measure of significance: Area under asymmetric 
Gaussian centered at β=1.63, for β < 0 
(= no τ appearance)    

SK data are inconsistent with no τ appearance at  3.8σ

14

Wilkes ‘Neutel 2011
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CNGS (CERN Neutrino To Gran Sasso) beam

15

<E (νµ)> 17 GeV

L 730 km

L/E 43 Km/GeV

(νe + νe)/νµ CC 0.87%

νµ / νµ CC 2.1%

ντ prompt negligible

• Protons from SPS: 400 GeV/c
• Cycle length: 6 s
• 2 extractions separated by 50 ms
• Pulse length: 10.5 ms
• Beam intensity:  2.4 1013 proton/extr.

15

Flux optimized to produce 

the max. number of ντντντντ CC

Posc~1.7 10
-2

Peak at

L/E=515 Km/GeV



Lyon April 2011 GDR TeraScale : Search for active & sterile massive neutrinos Yves Déclais 16

Principle of topological ττττ detection

ννννττττ CC interaction:

νµ  � νττττ + N → ττττ−−−− + X
oscillation

µ− ντ νµ B. R. ~ 17%

h− ντ n(πo) B. R. ~ 49%

e− ντ νe B. R. ~ 18%

π+ π− π− ντ n(πo) B. R. ~ 15%

τ− →

ννννµµµµ

µµµµ-
ννννµµµµ

no-oscillation
Pb

Emulsion layers

νννν
ττττ

1 mm

3D tracking:
32 grains/100µµµµm

ννννµµµµ

Decay “kink”

ννννττττ

τ- µµµµ-

2 conflicting requirements: 
�Target mass  O(kton)  

(low ν interaction cross-section) 
�High  granularity :  signal  identification 

background rejection 

ECC (Emulsion Cloud Chamber)  concept:    
thin metal plates interleaved  with 
nuclear photographic emulsions on films

µµµµ-

(cτ τ τ τ ~ 87 µµµµm ≈≈≈≈ 600 µµµµm of path)
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OPERA statistics : Signal & Background

ττττ decay 
channel

B.R. (%) Signal Background

ττττ →→→→ µµµµ 17.7 2.9 0.17

ττττ →→→→ e 17.8 3.5 0.17

ττττ →→→→ h 49.5 3.1 0.24

ττττ →→→→ 3h 15.0 0.9 0.17

All BR*eff = 10.6% 10.4 0.75

� 5 years of nominal beam 
( 4.5 1019 pot/year )

� ∆∆∆∆m2 = 2.5 x 10-3 eV2

(number of signal events ∝∝∝∝ (∆m2)2 )

Background components: Production of charmed 
particles 

in CC interactions

(all decay channels)

Primary lepton 
unidentified

µµµµ-,e-νµµµµ,e

D+
µµµµ+

e+

h+

νµµµµ
µ-

Coulombian large angle 

scattering of muons in lead

( Bkgd. to τ τ τ τ →→→→ µ )µ )µ )µ )

νµµµµ
νµµµµHadronic interactions 

in  lead: 

Bkgd : 

• τ→ h 

• ττττ→→→→ μμμμ
(if hadron misid. as muon)

h

���� B/S ~ 0.072
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CNGS 

Beam

TT

1st super-module 2nd super-module

bricks

scintillator

Target area Muon spectrometer

Brick Wall and 
Brick Manipulation system.

Brick extraction by the brick manipulator  system)
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CS 
predictions

Scan-back 
in ECC

CS 
predictions

Large area scanning : full reconstruction 
of  secondary vertices and gammas

From CS to vertex location
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Kinematical measurements

Selected tracks can be followed (scan-forth) for kinematical measurements

Momentum measurement
by Multiple Coulomb Scattering 
in the lead/emulsion film sandwich 
and comparison with electronic 
detector measurements

(Pmcs-Pspectro) / Pspectro

π0 mass 
resolution : 45%

(real data: 35 γ pairs)

EM shower energy measured 
by Shower Shape analysis 

and Multiple Scattering method
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Charm candidate event (dimuon)

4 mm

flight length: 1330 microns
kink angle: 209 mrad
IP of daughter: 262 microns
daughter muon: 2.2 GeV/c
decay Pt: 0.46 GeV/c

kink

x-view

1ry
vertex

1.3 mm

1ry muon

daughter muon
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From a subsample equivalent 
to ~ 800 νµ cc located events 
we detected  6 νe candidates

νe candidate event
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Muon less event 9234119599, 
recorded on 22 August 2009, 19:27 (UTC)

(as seen by the electronic detectors)
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Scan-back in ECC CS predictions

� kink : 41 ± 2 mrad

� path length : 1335 ± 35 μm

� Impact Factor : 55 ± 4  µm
( Daughter track wrt the primary vertex )

Secondary vertex found during the-scan back procedure
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Event reconstruction (zoom)

careful visual inspection of the films behind/in-front the secondary vertex:
���� no “black” or “evaporation” tracks. Support topological hypothesis 
of a particle decay
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Conclusions for OPERA

We have observed 1 υυυυτ interaction candidate
with the τ decaying into a single hadron:

One swallow 
does not make spring

� single hadron mode only
0.011  events (reinteractions)
0.007  events (charm)

� all decay modes ( total Background ):                               
1-prong hadron, 3-prongs + 1-prong µ + 1-prong e :

0.018 ± 0.007 (syst)           1.8 % , 2.36 σ

0.045 ± 0.020 (syst)           4.5 % , 2.01 σ

Background expectations Significance
Probability to observe 1 event 
due to a background fluctuation

With only 1 event in OPERA
we obtained the same significance 

as SuperK (2006)
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Formalisme avec l’effet matière

La nouvelle physique est 
contenue dans ce terme

Les expériences réacteurs ne 
sont sensibles qu’à sin²2Θ13

Un autre cadeau du ciel !2
13

2
21

m
m

∆∆∆∆
∆∆∆∆

~2 10 -2α =

+νννν
−−−− νννν

( 1–A )A
sin [ (1–A ) ∆∆∆∆ ]sin ( A ∆∆∆∆ )sinsinsin 13 ∆∆∆∆

−
δδδδθθθθαααα CP

+

( 1–A ) 2
sin2 [ (1–A ) ∆∆∆∆ ]sin2sin 23

2
13

2≅→ θθθθθθθθννννννννµµµµ e
P

E
Lm

4

2
13∆∆∆∆

∆ =

2
13

22
m
EnG eF ∆∆∆∆

A =

Effet matière:

Permet de définir la hiérarchie des masses

Third matrix : θθθθ13 search
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υυυυe Appearance in MINOS
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Better than CHOOZ for the Normal Hierarchy

υυυυe Appearance in MINOS
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A. Rubbia
Neutel 2011
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Run 2010a : 3.23 1019 pot
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ΘΘΘΘ13 dedicated reactor experiments
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ΘΘΘΘ13 dedicated reactor experiments
3 ‘carbon copy’ experiments …

Caveat (personal !):
The effect of the substraction
of the ‘unmeasured’ background 

is underestimated

The sensitivity differences 
are mainly due 

to the difference in the distances
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Conclusions on Active neutrino oscillations

� Solar sector: fully validated (L/E & Appearance)

� Atmospheric sector : 
� unambiguous L/E distribution from MINOS & SuperK
� Appearance signal existing ���� stronger signal needed from OPERA

� cross mixing (θ13, δcp) : gateway for CP violation and mass hierarchy
���� on-going experiments : MINOS, T2K, Reactors, NOvA

Evidence for massive neutrinos is only provided 
through the observation of neutrino oscillations

Still some anomalies flying around  …
suggesting the presence of sterile neutrinos ??!! 
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Ga Anomaly    (Giunti, NeuTel 2011)

When a test leads to a discovery

Weighted mean
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The Reactor Antineutrino Anomaly (1) :              ( RNA pour les intimes … )

Assuming oscillation 
with sin2 2θ13 = 0.06

Assuming θ13 = 0 and
suppression due to 
sterile neutrino with   
sin2 2θ14 ∼               and 
|∆m2| > 1.5 eV2

027.0937.0 ±
Observed/Predicted =

For < 100m. G. Mention et al: arXiv:0179257

Th. A. Mueller et al: arXiv:1101.2663

Φυυυυ ���� + 3%
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The Reactor Antineutrino Anomaly (2) : ILL υυυυ experiment ‘revisited’
G. Mention et al: arXiv:017925 

A. Hoummada et al,Appl. Rad. Isot. V46, 1995

Fit only on the shape :
∆m²~2.3 eV² - sin²2θ ~0.24 
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Nucl-ex-9605003v

Nucl-ex-9709006v

π+→µ+ν υ µ

e+ υ µυe

LAMPF
Beam stop 

LSND (1996)

Measurement of muon antineutrino to electron 
antineutrino conversion at LAMPF facility:

Excess of                               events.88.51 7.18
9.16 ±+

−

Shaded: LSND accepted region
Dashed: KARMEN exclusion
Dotted: E776/BNL Exclusion
DOT-DASH: Bugey Exclusion

Discarded
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88.51 7.18
9.16 ±+

−

R. Van de Water Nu2010

eνν µ →

475 MeV

eνν µ →

Excess compatible 
between LSND & MiniBooNE

LSND (1996) & MiniBooNE (2009)  
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Is there a coherent pattern for sterile neutrino effects  

Ga experiments
Source Anomaly

Reactor
Neutrino Anomaly 

nothingLSND/MiniBooNE

NeutrinoAntineutrino
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Partial fit  Giunti, NeuTel 2011

LSND + KARMEN + MiniBooNE
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Partial fit : example 

eνν µ →

This part correspond to υυυυe abundance in the beam:
the fit does not take into account their ‘disappearance’
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Global fit without Ga experiments  

G. Karagiorgi, LAGUNA meeting
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About Reactor Neutrino Anomaly (1) : new neutrino flux 

-Derived from the β spectrum measured
by irriadiating fissile material with thermal neutrons : 235U, 239Pu, 241Pu

Ref: 
1) K. Schreckenbach et al , Phys. Lett. B 99, (1981)251
2. F. Von Feilitzsch et al.   , Phys. Lett. B 118, (1982)162
3) A. A. Borovoi et al.         , Sov. J. Nucl. Phys. 37(6), (1983)801
4. K. Schreckenbach et al , Phys. Lett. B 160, (1985)325
5) K. Schreckenbach et al, Weak and electromagnetic interactions in nuclei

ed. H.V. Klapdor (Springer, Berlin, 1986) p. 759
6) K. Schreckenbach et al , Phys. Lett. B 218, (1989)365
7) T.A.  Mueller et al, (2011) 1101.2663

Huge background:
Dedicated run for substraction
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235U results comparison @ 4 Mev

0.288

σ = 2.3 10-2

0.283

∆*= 3 10-2

0.3150.274

∆*= 5.9 10-2

0.265

∆*= 6.5 10-2
Nυ
/Mev/fission @ 4 Mev

0.1640.1830.154

∆*= 6.5 10-2
Nβ
/Mev/fission @ 4 Mev

2011
Mueller

Ref 7

1985
Schreckenbach

Ref 5

1983
Borovoi

Ref 3

1982
Von Feilitzsch

Ref 2

1981
Schreckenbach

Ref 1

* Accuracy @90% C.L.
Data points dispersion :
• between ILL measurements :   6 10-2 ���� 2 σ
• including Borovoi : 18 10-2

Weighted mean from ILL measurements : 0.276 υυυυ /Mev /fission

Using the weighted mean the anomaly mostly vanish
( as for source measurements with Ga detectors )

4 MeV
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About Reactor Neutrino Anomaly  (2) : ILL neutrino experiment 

Not statistically significant:
Flattening can be obtained by playing with the detector energy response 

a) Energy spectrum modulation

b) Normalization discrepancy still not understood: 

ongoing studies : 
checking the distance and the experiment simulation

Fit only on the shape :
∆m²~2.3 eV² - sin²2θ ~0.24 
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About Reactor Neutrino Anomaly  (3) : ILL neutrino experiment 

c) Mostly used to disprove υd result from Reines

R= (ccd/ncd)meas / (ccd/ncd)expect

RSRP = 0.62 ± 0.16  (1980)

RBugey = 0.96 ± 0.23  (1995)2.45 ±±±± 0.481.4 ±±±± 0.2Bugey

3.66 ±±±± 1.6749.7 ±±±± 1.0SRP

37.7 ±±±± 2.025.3 ±±±± 0.7 BUGEY

63.8 ±±±± 4.1346.0 ±±±± 2.7SRP
Single neutron

(ncd)

Double neutrons
(ccd)

Background Signal

Optimizing the υd detector
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About Reactor Neutrino Anomaly  (3) : θ13 limit from CHOOZ

CHOOZ publi :

CHOOZ proposal : 

systematical uncertainties.

The CHOOZ result is obtained 
by comparing the measured flux at 15m @ Bugey (Bugey4 , 1.4%) and at 1km 
� Substracting automatically the sterile component … if any !
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Conclusions 

�Active υυυυ oscillations are nicely established:

� υυυυ are massive ���� extension of the standard model
� cross mixing studies may open the way for new physics

� Intriguing situation when trying to correlate some 

� this does not demonstrate the existence of sterile υυυυ
� simple test and experiments should be conducted 
before launching huge and expensive program …


