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Dear Radioactive Ladies and Gentlemen,

I have hit upon a desperate remedy to save the law of conservation of energy: the 
possibility that in the nuclei there could exist electrically neutral particles, which I will call 
neutrons, that have spin 1/2 and obey the exclusion principle. The mass of the neutrons 
should be of the same order of magnitude as the electron mass. (...) in beta decay, in 
addition to the electron, a neutron is emitted such that the sum of the energies of neutron 
and electron is constant.

I admit that my remedy may seem almost improbable because one probably would have 
seen them. Thus, dear radioactive people, scrutinize and judge. - 

Unfortunately, I cannot personally appear in Tübingen since I am indispensable here in 
Zürich because of a ball on the night from December 6 to 7. 

Why do we need a neutrino?
1914 - Chadwick: continuos 
spectrum in the β decay

Energy not conserved?

1931 - Pauli: new particle escaping 
the detection that takes the energy
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Il decadimento b: I conti non tornano, un attore mancante ?

Inizialmente si lavorava nell'ipotesi (piu' 
semplice) che il decadimento avvenisse 
con due corpi nello stato finale ...

... ma questo era in contrasto con i risultati sperimentali, che 
mostravano come l'elettrone non fosse monoenergetico

osservato

Atteso in presenza 
di 2 corpi nello 
stato finale

I processi all'interno del nucleo 
sono rispettivamente:

n  →  p + e-     (b -)     oppure    p  →  n + e+   (b+)

Radioattivita': il decadimento b

un nucleo decade con emissione di un 
elettrone o di un positrone:

Z
AX  →  

Z+1
AY + e-     (b -)     

oppure    

Z
AX  →  

Z-1
AY + e+   (b+)β decay: n → p + e- + ??? 

Observed

Expected



Fermi theory

1964: Standard Model

1934 - Fermi: first theory of  the weak interactions (4 fermions theory): 

n → p + e- + ν
ν → neutrino 

Energy is conserved in the β decay 

Introduce the Fermi constant GF

Paper rejected by Nature because it was “too speculative”
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Oltre a coniare il nome successivamente Fermi (1934) ideo'
il primo modello teorico delle “interazioni deboli”.

Il ''Neutrino''



First observation of  neutrinos
If neutrinos are emitted in β-decay why we didn’t observe them?

Small neutrino cross-section σ~10-38 cm2 → Pauli: desperate remedy!

Bruno Pontecorvo (1946):

use inverse β-decay → 

Intense neutrino sources (Sun or Reactors)

1956: Cowan and Reines experiment 

Inverse β-decay at Savannah reactor

e+ → 2 γ of  511 keV

n+ 108Cd → 109Cd* → 109Cd + γ 

 Observed difference between reactor on 
and reactor off  → first detection of  
antineutrinos
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25 years after Pauli remedy! 
(Higgs took 50 years)



The second neutrino

1962: experiment of  Lederman, Schwartz, Steinberger

First man-made neutrino beam produced by pion decay: π → μ + νμ 

νμ interact into the detector producing a muon track

νμ ≠ νe → at least 2 different neutrino families

9 
Event with penetrating muon and hadron shower 
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μ 

νμ 

νμ μ
π 

μ
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How many neutrinos?

LEP → look at the invisible Z width: Z→νν

The width depends on the number of  neutrino families

3 active neutrino families 

ντ discovered in 2000 using photographic emulsions
6



Neutrinos in the SM
In the standard model neutrino are massless

Exist 3 different neutrino families νe, νμ, ντ 

Produced from a large variety of  processes in association with the 
corresponding charged lepton (e, μ, τ)

e

νe

τ  

ντ 

μ 

νμ 

νe e νμ μ ντ τ 

Detected through the weak interactions with an atom in which the 
neutrino produce a charged lepton with the same flavor as the 
interacting neutrino 
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That’s all

 We introduced them as desperate remedy
 We calculated their cross-section  
 We observed them
 3 active families 
 Perfectly fit in the SM (massless neutrinos)

Neutrino physics was over 
~20 years ago...
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That’s all

Neutrino physics was over 
~20 years ago...

 I would have worked on searching Omar Sharif
 No neutrino session at the JJC2013

 We introduced them as desperate remedy
 We calculated their cross-section  
 We observed them
 3 active families 
 Perfectly fit in the SM (massless neutrinos)



Solar neutrino problem

νe produced by nuclear reactions inside 
the Sun 

Fluxes computed in ~1960 by Bahcall 

1968: Davies experiment (Homestake)

First detection of  Solar neutrinos

ν + 38Cl → 37Ar + e-

Deficit of  neutrinos of  ~2/3

Why?
10



Neutrino oscillations
First idea by Bruno Pontecorvo in 1957

Neutrinos are produced in flavor eigenstates → νe, νμ, ντ 

Neutrinos propagate as mass eigenstates → ν1, ν2, ν3 mixture of  flavor 
eigenstates νe, νμ, ντ 

At the detection a flavor eigenstate is detected → it can be different 
from the one that was produced

νe produced in a
 mixture of  ν1,2,3

Long journey

Neutrino oscillation 
implies massive neutrinos!

Different 
 mixture of  ν1,2,3 

→ μ from νμ is 
detectedν1,2,3 travel at different

 speed because they have
 different masses → interference
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PMNS matrix

Δm212 = (7.6± 0.2)x10-5 eV2

θ12=(34±1)º

Recently measured sin2(2θ13)~0.10
δ unknown

Atmospheric (K2K, SK, Minos) 
→ θ23, Δm23

∆m232 = (2.32±0.10)10-3 eV2

sin2(2θ23) > 0.90(90% C.L.)

Gianluigi Fogli NEUTRINO 2012, Kyoto, June 5, 2012 6 

 e  = cos12 1 + sin12 2 

A few years ago (2008), the good agreement of solar and KamLAND data in 2 
analyses was one of the main highlights … 

[figure taken from the official KamLAND site (2008)] 

… agreement obtained assuming 

But the agreement could be even 
improved by going beyond the 2 
approximation and allowing 3mixing …   

For 3 

e  cos13 (cos12 1 + sin12 2) +e-i sin13 3  

mixing angle 13   possible CP phase CP 

Solar (SNO, KamLand) 
→ θ12, Δm12

3 mixing angles (θ12, θ23, θ13),  2 mass differences → all measured
1 CP violation phase δ → not known yet

Order of  neutrino masses (hierarchy) unknown:
 m1,2<m3 (normal hierarchy) or m3<m1,2 (inverted hierarchy)
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FIG. 4. The 90% C.L. contour regions for sin2(2θ23) and
|∆m2

32| for the primary T2K analysis, are shown for octant 1
(solid) and octant 2 (dashed). The T2K 2011[2], SK[26], and
MINOS[5] 90% C.L. contours with different flavor assump-
tions are shown for comparison.

on the 3.01× 1020 POT off-axis beam exposure, has de-
termined, assuming octant 1(2), a best-fit mass splitting
of |∆m2

32| = 2.44(2.44)× 10−3 eV2/c4 and mixing angle,
sin2(2θ23) = 1.000(0.999). The results from either octant
assumption favor maximal mixing. We anticipate future
T2K data will improve our neutrino disappearance mea-

surements, and our own measurements combined with
other accelerator and reactor measurements will lead to
important constraints and more precise determinations
of the fundamental neutrino mixing parameters.
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Atmospheric neutrinos (θ23, Δm23): SK

1998: SuperKamiokande →  50 kton Water 
Cherenkov detector

Cosmic rays produce νμ and νe

Observe νμ and νe from different zenith 
angles → different propagation length for ν 

νe → as expected

νμ → disappearance function of  angle

νμ oscillates into ντ
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Oscillazioni di neutrini atmosferici

● I n
µ  

che viaggiano su distanze lunghe (quelli che vengono dal basso L~13000 km) scompaiono

● Su distanze corte invece no (il processo dipende dalla quantita' L/E)

● I n
e 
invece non scompaiono mai

● Ipotesi:  n
µ
 diventano dei n

t  
(quasi sempre invisibili perche' il t e' pesante ~ difficile da produrre 

data la poca energia a disposizione)

νe →
 obs = exp

νμ →
deficit  as 

function of  angle

Oscillazioni di neutrini atmosferici

● I n
µ  

che viaggiano su distanze lunghe (quelli che vengono dal basso L~13000 km) scompaiono

● Su distanze corte invece no (il processo dipende dalla quantita' L/E)

● I n
e 
invece non scompaiono mai

● Ipotesi:  n
µ
 diventano dei n

t  
(quasi sempre invisibili perche' il t e' pesante ~ difficile da produrre 

data la poca energia a disposizione)

IDOD



Solar ν (θ12, Δm12)→ SNO (2001)
In the Sun νe are produced that can oscillate traveling to the Earth

On the Earth they arrive as a mixture of  νe, νμ, ντ 

Solar ν have energies of  ~ few MeV

Charged current νμ,τ → μ,τ forbidden → ~1/3 of  original νe flux detected
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Charged current → only νe → 
deficit of  ~2/3

Neutral current → νe, νμ, ντ → 
expected flux

SNO is sensitive to charged current 
and neutral current interactions

All the νe produced in the Sun reach the 
Earth but some of  them are not νe



Measurement of  θ13

Most difficult angle to measure → completely unknown until 2011!

2 techniques to measure θ13 → accelerator and reactor experiments

Accelerators (T2K, Minos→Nova):

✓ Appearance experiment: P(νμ → νe)
✓ νμ neutrino beam 
✓ Neutrino energy ~1 GeV
✓ Distance L >~ 300 km

✓Signature: appearance of νe in the νμ beam
✓Degeneracy of θ13 with δ, sign of Δm2  

Reactors (DChooz, RENO, Daya Bay)

✓ Disappearance of anti-νe P(νe → νe)
✓ anti-νe produced in nuclear reactors
✓Neutrino energy few MeV
✓Distance L ~ 1 km

✓ Signature: disappearance of the anti-νe 

produced in the reactor → depends on θ13

2011: first indication of  non-zero θ13 from T2K

2012: observation of  non-zero θ13 from Daya Bay, confirmed by RENO 
and Double Chooz

2013: observation of  νe appearance from T2K
15



θ13 at the reactors
3 experiments searching for θ13 → distance from reactor core ~ 1 km

Double-Chooz (France), Daya Bay (China), Reno (Korea)

Use Near detector(s) to constrain the reactor flux

Far detector(s) to measure the νe disappearance due to θ13 

Experimental signature: νe + p → e+ + n

positron + annihilation γ E~1-12 MeV

Delayed signal (~30 μs) from neutron capture on Gd → E~8 MeVRENO Experimental Setup 

Far Detector 

Near Detector 
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Guillaume Pronost and 

Alessandro Minotti talks
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Daya Bay results

Best measurement of  the mixing angle 
θ13

Combine near and far detector 
measurements 

Measure shape distortion
Rate+Spectra Oscillation Results
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IBD Prompt Spectra
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Near Detector

Far Detector

Effect of  θ13
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T2K experiment

TokaiKamioka

Super-Kamiokande: 22.5 
kt fiducial volume water 

Cherenkov detector

ND280

JPARC accelerator:
Design power: 750 kW

High intensity ~700 MeV νμ beam produced at J-PARC (Tokai, Japan)

Neutrinos detected at the Near Detector (ND280) and at the Far 
Detector (Super-Kamiokande) 295 km from J-PARC

Observation of  νe appearance → determine θ13 and δCP

Precise measurement of  νμ disappearance → θ23 and Δm2
23
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Accelerator experiments

1. Proton beam hits a target producing hadrons (mainly π, few K)

2. Hadrons of  a charge are focused by a system of  magnetic horns

3. π enter a decay tunnel of  ~100 m  where they decay: π → μ+νμ
4. π, K, μ are stopped with a beam dump while νμ pass it

Decay volume

ν
Target

Magnetic Horn B

P

π+, K+,..

μ

π

19

νμ

We have produced a pure (>99%) beam of  νμ 



T2K analysis
νμ travels 295 km and oscillate (νμ → ντ and νe)

Interact in the far detector

Far detector distinguish between muon-like and electron-like events

Observe:

νμ disappearance

νe appearance

 e (MC)

 μ (MC)
νµ

νµ → µ (clear 
single ring)

νe → e (electromagnetic 

shower, fuzzy ring)

νe

νμ disappearance

49

• Energy reconstruction assuming CCQE interaction: 

• Expected number of events in absence of oscillations: 205 ± 17 (syst).

• Observed number of events:  58 

20

νμ disappearance @ T2K



T2K νe appearance results

28 observed events, 4.4 expected from background 

7.3 σ observation of  the νe appearance process

First observation of  an explicit appearance of  neutrinos → up to 
know we always observed disappearance

21



Complementarity
Look at the θ13 vs δCP plane

Reactor experiments measure θ13 → straight line 

T2K measures a combination of  θ13 and the CP violation phase δ 

S-shape in the θ13 vs δCP plane

Combine them to measure CP violation! 7
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [28]. The shaded region shows the average θ13 value
from the PDG2012 [8].

a value of 7.3σ. Though the significance is calculated at424

fixed δCP and θ23, the significance remains above 7σ over425

all values of δCP and when θ23 is allowed to vary within426

its uncertainty.427

As the precision of this measurement increases, the un-428

certainty from other oscillation parameters becomes in-429

creasingly important. The uncertainties on θ23 and ∆m2
32430

are taken into account in the fit by adding a Lconst term431

and marginalizing the likelihood over θ23 and ∆m2
32. The432

Lconst term is the likelihood as a function of sin2θ23 and433

∆m2
32, obtained from the T2K νµ disappearance mea-434

surement [28]. The value of δCP and the hierarchy are435

held fixed in the fit. Performing the fit for all values of436

δCP, the allowed 68% and 90% CL regions for sin22θ13437

are obtained as shown in Figure 5. For δCP = 0 and438

normal (inverted) hierarchy case, the best-fit value with439

a 68% CL is sin22θ13 = 0.136+0.044
−0.033 (0.166+0.051

−0.042). With440

the current statistics, the correlation between the νµ dis-441

appearance and νe appearance measurements in T2K is442

negligibly small.443

Constraints on δCP are obtained by combining our re-444

sults with the θ13 value measured by reactor experiments.445

The additional likelihood constraint term on sin22θ13 is446

defined as exp{−(sin2 2θ13 − 0.098)2/(2(0.0132))}, where447

0.098 and 0.013 are the averaged value and the error of448

sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a449
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FIG. 6. The −2∆ lnL value as a function of δCP for
normal hierarchy (solid line) and inverted hierarchy (dotted
line). The likelihood is marginalized over sin22θ13, sin2θ23

and ∆m2
32. The solid (dotted) line with markers corresponds

to the 90% CL limits for normal (inverted) hierarchy, evalu-
ated by using the Feldman-Cousins method. The δCP regions
with values above the lines are excluded at 90% CL.

function of δCP is shown in Figure 6, where the likeli-450

hood is marginalized over sin22θ13, sin2θ23 and ∆m2
32.451

The combined T2K and reactor measurements prefer452

δCP = −π/2. The 90% CL limits shown in Figure 6453

are evaluated by using the Feldman-Cousins method [29]454

in order to extract the excluded region. The data ex-455

cludes δCP between 0.19π and 0.80π (−π and −0.97π,456

and −0.04π and π) with normal (inverted) hierarchy at457

90% CL.458

The maximum value of −2∆ lnL is 3.38 (5.76) at459

δCP = π/2 for normal (inverted) hierarchy case. This460

value is compared with a large number of toy MC exper-461

iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,462

sin2θ23 = 0.5 and ∆m2
32 = 2.4 × 10−3 eV2. The MC463

averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)464

for normal (inverted) hierarchy case, and the probabil-465

ity of obtaining a value greater or equal to the observed466

value is 34.1% (33.4%). With the same MC settings,467

the expected 90% CL exclusion region is evaluated to be468

between 0.35π and 0.63π (0.09π and 0.90π) radians for469

normal (inverted) hierarchy case.470

Conclusions—T2K has made the first observation of471
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with a peak energy of 0.6 GeV and a baseline of 295 km.473

With the fixed parameters |∆m2
32| = 2.4 × 10−3 eV2,474

sin2 θ23 = 0.5, δCP = 0, and ∆m2
32 > 0 (∆m2

32 < 0), a475

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is476

obtained, with a significance of 7.3σ over the hypothesis477

of sin2 2θ13 = 0. When combining the T2K result with478

the world average value of θ13 from reactor experiments,479

some values of δCP are disfavored at the 90% CL.480

T2K will continue to take data to measure the neutrino481

oscillation parameters more precisely and to further ex-482
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−0.037) is476

obtained, with a significance of 7.3σ over the hypothesis477

of sin2 2θ13 = 0. When combining the T2K result with478
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CP violation

Matter is dominant in the universe → we are here!

Big-bang → symmetry between matter and antimatter

How to produce the observed baryon asymmetry?

CP violation in baryon sector is not enough!

If  we observe CP violation in lepton sector → it is possible to explain 
the asymmetry through the leptogenesis

23

Baryon asymmetry ~10-10



Additional sterile neutrinos?
We know that there are 3 active 
neutrinos (from LEP)

(Almost) all the observed oscillations 
perfectly fit the PMNS framework 

Can we have additional neutrinos?

Sterile (not coupling with Z)

Few hints:

νe appearance at high Δm2 → LSND, 
MiniBooNE

Additional νe disappearance from 
reactor at shorter distances → 
reactor neutrino anomaly

Some constraints:

No νμ disappearance observed

Planck data

24

Claudio GigantiJun 19, 2012

MiniBooNE results
Doubled statistics in anti-ν run

Now ν and anti-ν looks very similar → low 
energy excess in ν mode is now considered in 
the oscillation fit

36

21Neutrino 2012, 6 Jun 2012

Comparing neutrino to anti-neutrino mode
6.7e20 POT neutrino mode 11.3e20 POT anti-neutrino mode

          Excess: 146.3 ± 28.4 ± 40.2                                  Excess: 77.8 +/- 20.0 +/- 23.4                  

22Neutrino 2012, 6 Jun 2012

Model-independent probability comparison

* Note this plot assumes that the excess events in anti-neutrino mode 
come only from the anti-neutrino beam content, P(osc) at highest 3 L/E
bins would be reduced by 25% WS contamination were also included

26Neutrino 2012, 6 Jun 2012

Simultaneous 3+1 fit to ν and anti-ν data
WS accounted for properly

Construction of correlated systematic error matrix

E>200 MeV BF preferred at 3.6σ over null

combined E > 200 MeV E > 475 MeV

χ2(null) 42.53 12.87

Prob(null) 0.1% 35.8%

χ2(bf) 24.72 10.67

Prob(bf) 6.7% 35.8%

* Simultaneous fit (E>200 MeV) with
fully-correlated systematic to entire 
MB neutrino and anti-neutrino data

Total Excess: 240.3 +/- 34.5 +/- 52.6

(Z. Pavlovic)

Simultaneous 3+1 ν/anti-ν fit → 
no oscillation disfavored at 3.6 σ 

Polli’s talk

Claudio GigantiJun 19, 2012

MiniBooNE results
Doubled statistics in anti-ν run

Now ν and anti-ν looks very similar → low 
energy excess in ν mode is now considered in 
the oscillation fit

36

21Neutrino 2012, 6 Jun 2012

Comparing neutrino to anti-neutrino mode
6.7e20 POT neutrino mode 11.3e20 POT anti-neutrino mode

          Excess: 146.3 ± 28.4 ± 40.2                                  Excess: 77.8 +/- 20.0 +/- 23.4                  

22Neutrino 2012, 6 Jun 2012

Model-independent probability comparison

* Note this plot assumes that the excess events in anti-neutrino mode 
come only from the anti-neutrino beam content, P(osc) at highest 3 L/E
bins would be reduced by 25% WS contamination were also included

26Neutrino 2012, 6 Jun 2012

Simultaneous 3+1 fit to ν and anti-ν data
WS accounted for properly

Construction of correlated systematic error matrix

E>200 MeV BF preferred at 3.6σ over null

combined E > 200 MeV E > 475 MeV

χ2(null) 42.53 12.87

Prob(null) 0.1% 35.8%

χ2(bf) 24.72 10.67

Prob(bf) 6.7% 35.8%

* Simultaneous fit (E>200 MeV) with
fully-correlated systematic to entire 
MB neutrino and anti-neutrino data

Total Excess: 240.3 +/- 34.5 +/- 52.6

(Z. Pavlovic)

Simultaneous 3+1 ν/anti-ν fit → 
no oscillation disfavored at 3.6 σ 

Polli’s talk

Hints for sterile neutrinos The reactor anomaly

New reactor fluxes and global reactor data

Mention et al., 1101.2755

I ✓13 can reduce flux at L & 1 km but not at shorter baselines
I sterile neutrino with �m

2 ⇠ 1 eV2 can account for rate reduction at
L & 10� 100 m

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 7 / 34

More details in Maxime 
Pequinot and Vincent 

Fischer talks



Neutrino astronomy

Add information on the emission process (ν → hadronic acceleration)

Reach higher energies and larger distances than the ones accessible 
with γ astronomy

Markus Ackermann  |  12.11.2013  |  Page  

High-energy astrophysics

> Three messengers are available to study the non-thermal universe.

!2

Photons

Neutrinos

Charged particles: 
p, Z, e±

25 Markus Ackermann  |  12.11.2013  |  Page  

The power of neutrino observations.

> Neutrinos are a diagnostic of hadronic acceleration sites and processes.
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ICECUBE

Search for galactic and extragalactic sources of  neutrinos

Instrumented a large volume (~1 km3) of  ice at the south pole

Look for ultra-high energy neutrinos

Markus Ackermann  |  12.11.2013  |  Page  

Operating neutrino telescopes: IceCube

> Completed in Dec 2010.!
> Instrumented volume: ~ 1km3

!9

Baikal

ANTARES

IceCube

IceTop air- 
shower array 

IceCube array 
• 86 strings 
• 5160 optical 
sensors 

DeepCore 
• 8 strings 
• denser 
   spacing

26

Similar experiment (smaller for now) in the 
Mediterranean sea (ANTARES)



Evidence for astrophysical ν source

Search for high energy neutrinos in 
the high energy region

28 events observed 

4.1 σ excess with respect to 
expected atmospheric neutrinos

Markus Ackermann  |  12.11.2013  |  Page  Markus Ackermann  |  17.09./2013  |  Page  

Search for astrophysical neutrinos.

> All neutrino sources in the universe contribute to the astrophysical neutrino flux "
> Harder spectrum of astrophysical neutrinos than atmospheric background

!23

proton

conventional

νμ

μ

νμνe

e

π,K

prompt

c,(b)

νe,μe,μ

Search for high-energy 
excess

Atmospheric neutrino spectrum
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Markus Ackermann  |  12.11.2013  |  Page  Markus Ackermann  |  17.09./2013  |  Page  

1.1 ± 0.17 PeV

1.0 ± 0.15 PeV

9.6 104 photoelectrons

7.0 104 photoelectrons

Evidence for an astrophysical neutrino flux.

!26

> 28 events found in 2 years of full IceCube data!
> 4.1σ excess over expected backgrounds from 

atmospheric μ / ν

~ 600 m
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1.1 ± 0.17 PeV

1.0 ± 0.15 PeV

9.6 104 photoelectrons

7.0 104 photoelectrons

Evidence for an astrophysical neutrino flux.

!26

> 28 events found in 2 years of full IceCube data!
> 4.1σ excess over expected backgrounds from 

atmospheric μ / ν

~ 600 m

Most energetic ν 
ever observed 



Neutrino masses

Oscillations → difference of  masses

From β decay experiments we have 
upper limit on the ν mass (<~1 eV)

The absolute value is still unknown 
→ soon new results from KATRIN

Why the masses are so small → 
easier to explain if  neutrinos are 
Majorana particles → see-saw 
mechanism

28

Il neutrino piu' pesante 

L'elettrone
(il leptone piu' leggero)

50 g

÷

50 meV 1 eV

511 keV

Per farsi un'idea...

Spiegheremo dopo come sappiamo che c'e' un 
neutrino che non puo' pesare meno di 50 meV !
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Neutrinoless double β decay 

Neutrinos is the only known fermion that can be its own antiparticle

Majorana particles

Explain small neutrino masses through the see-saw mechanism

Search a double β decay where the two electrons take all the 
available energy(Qββ)

Very difficult experiments because Qββ is small (few keV) 

Many different techniques but up to now only upper limits
Two Neutrinos Double Beta Decay (2⌫2�)

Second order of the weak interaction occurring when �-decay is forbidden
for few nuclei: (A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e
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Neutrinoless Double Beta Decay (0⌫2�)

If the neutrinos are Majorana particles the Lepton Number Violating
(�L = 2) decay could occur: (A,Z) ! (A,Z + 2) + 2e�

ββm
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d u
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u u
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2 e� energy equal to Q��

Several possible 0⌫2�processes:

I Majorana neutrino
exchange m��

I Right Handed Current

I Majoron

I SUSY
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Recent results → limits, limits, limits...

0νββ decay don’t observed yet

New experiments will investigate new regions

3 orders of  magnitude to exclude Majorana

Hopefully observe 0νββ before that!
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GERDA Phase 1 Results
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Bkg [keV·kg·y]�1 Before PSD After PSD
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EXO-200
I Easy and cheap 136Xe enrichment (80 %)
I 200 kg liquid xenon TPC in WIPP USA
I Active mass 79.4 kg of 136Xe
I FWHM 3.8 % @ Q��

I First results in 121 days for 32.5 kg·y exposure
I ⇠ 50 % bkg from radon ! reduced for next runs

only 1 event
in ROI

2⌫2�
222Rn air
232Th vessel
238U vessel
214Bi cathode
60Co vessel

T 2⌫
1/2(

136Xe) = 2.17± 0.02 (stat)± 0.06 (syst) 1021 y

T 0⌫
1/2(

136Xe) > 1.6 10

25 y

|m�� | < 0.14� 0.38 eV (90 % CL)

Run2 up to 6/2013 with 3.6 times this exposure analysis: not finalized yet
TAUP 2013 - Phys. Rev. Lett. 109, 032505 (2012)Mathieu BONGRAND - LAL - GDR Neutrino - 11/2013 20 / 38

!  CUORICINO'
!  NEMOT3'
!  EXOT200'
!  KamLANDTZen'
!  GERDA'
'
'
'

8/24/13' K.'Lang,'U.'of'Texas'at'AusAn:'Summary' 17'

mββ =140−930  meV

NEMO-3 Very Low Background Experiment
I At high energy we can test the backgrounds for the 0⌫2� search

[To be submitted to Phys. Rev. Lett. Nov 2013]

I No events in 100Mo after 34.7 kg·y exposure above 3.2 MeV
I No events in copper and natural tellurium samples after 13.5 kg·y

exposure above 3.1 MeV
I Background free technique for high energy Q�� isotopes:

48Ca: 4.272 MeV, 150Nd: 3.368 MeV or 96Zr: 3.350 MeV
! SuperNEMO

Mathieu BONGRAND - LAL - GDR Neutrino - 11/2013 30 / 38

EXO

GERDA

NEMO



Conclusions

Neutrino physics have been full of  
surprises in the last decades

Only observed physics BSM

Still a lot to discover!

Many granted parameters → 
build good experiment and we 
will  measure them!

Good time to work on neutrino 
physics!
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Sterile neutrinos?



Back-up slides
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Neutrino sources
Big bang ν → huge flux (3x106 ν in 
your body now), low energy → not 
yet detected

Solar νe → produced in nuclear 
reactions inside the Sun, E~MeV 
→ detected

SN burst (νe) → detected from 
SN1987

Reactor anti-νe → first detected 
neutrinos

Atmospheric ν (νe and νμ) → GeV-
TeV region, detected

Galactic and extra-galactic 
neutrinos sources → ICECUBE?

50 orders of  magnitude in flux
25 orders of  magnitude in energy
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ν oscillation at reactors
Nuclear powerplants produce 6 anti-ν of  few MeV for each nuclear fission

235U+n→94Zr+140Ce+2n+6e-+6νe

Huge isotropic source of  neutrinos

Observe anti-νe disappearance

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

3-Neutrino Mixing Parameters from Reactors 

KamLAND
Δm212 from KamLAND

precision θ12 from solar
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Results

First term: sensitive to θ13 (small), 
Δm2

13~2x10-3 → small 
disappearance at ~ 1 km

→ goal of  2012 reactor neutrino 
experiments

Second term: sensitive to θ12 
(large), Δm2

12~7.5x10-5 → large 
disappearance at ~ 60 km → 

observed by KamLAND
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