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III. Neutrino flavour oscillations

Physics Nobel Prize 2002 
to R. Davis Jr., M. Koshiba  

“detection of cosmic [solar] neutrinos” 

Physics Nobel Prize 2015 
to A. B. McDonald and T. Kajita 

“discovery of neutrino oscillations 
which show that neutrinos have a mass”
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• Nuclear fusion in the solar core (T ≈ 14.5 × 106 K) 
• Only electron neutrinos are created 
• Integral flux ≈ 66 billion ν /cm2 / s on Earth

Neutrinos from the sun
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Experimental test of the solar model

Ray Davis and John Bahcall 
at the Homestake mine, ca. 1964

615 tons of perchloroethylene 
buried in a gold mine

1 neutrino every 2 days

“radiochemical method”: extract noble gas argon  
and detect its decay (T1/2 = 35 d) 
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The solar neutrino puzzle

predicted: (7.9 ± 0.9) SNU

observed (2.1 ± 0.3) SNU  
~0.5 ν/day

Too few neutrinos detected, consistently!
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• Something wrong with all the experiments ?  
• Something wrong with the solar model ? 
• Something going on with the neutrinos ??

radiochemical water-Cherenkov
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SNO provides the answer to the problem

How can we test 
that the neutrinos 
change their 
flavour?

The Sudbury Neutrino Observatory, Creighton mine, Ontario/Canada (2100 m deep) 
1000 tons of heavy water (D2O) viewed by 9600 PMTs
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The SNO idea

 
 

• Scattering via neutral Z-Boson is flavour independent 

• This reaction channel measures the entire neutrino flux 
• NC detection enhanced by adding ~2 tons of salt (NaCl) to the heavy water 

(neutron capture on Cl nucleus, emitted gamma leads to detected signal)

Charged current (CC) Neutral current (NC) Elastic scattering (ES)

Only νe All flavours Mostly νe

Why is this process not 
observed with µ- and !- ?
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SNO results

• Results published in 2001 confirm flavour transformation hypothesis 

• Neutral current reaction channel measures full neutrino flux expected 
in the Standard Solar Model 

• Solar neutrino problem finally solved after 30 years! 
(Both Davis’ experiment and Bahcall’s calculations were right, after all …) 

SSM prediction (BPM 2000)
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Now that we’re sure we see flavour oscillations:  
How can we explain them?
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Neutrino oscillations

Bruno Pontecorvo: 
concept of ν−ν oscillations

mass eigenstates flavour eigenstates

ν-oscillations are a quantum mechanical interference phenomenon  

≠

close analogy to 
CKM mixing of the 
left-handed quarks

_

2-flavour mixing:

time t

only only only
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Neutrino oscillations

ν source ν detection

ν energies 
ν fluxes 
ν species

detection efficiency 
energy resolution

L = 10 m … 10.000 km

νµ propagation of the  
ν−mass eigenstates
≈

νµ
_≈

ν oscillations

ν-oscillations result from different propagation of mass eigenstates 

known source:

flavour state flavour state

_

_

_
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Neutrino oscillations – formalism

Probability P for the oscillation of a νµ into a νe after time t:

with P = |<νe|νµ(t) >|2 22/ |)1(sincos|)(
2

νθθνν µ
Etmi

e eP Δ−⋅⋅=→

• Periodic decrease/increase of 
primary neutrino flavour state 

• Oscillation length λosc ~ 2.5 Eν / Δm2 

• Choose L and E such that you’re 
sensitive to a given θ and Δm2  
and measure P(L/E)

)4/(sin2sin 222
ννθ ELmΔ⋅=           with Δm2 = | m1

2 - m2
2 |

source

distance x = ct

amplitude frequency Oscillations only occur if at least one 
neutrino has a mass!
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δ: CP-Phase

- 3 mixing angles: θ12, θ23, θ13,  

- 1 CP-violating phase: δ
- two independent Δm2 scales:

The full three-flavour picture

2
23

2
12

2
13 mmm Δ+Δ=Δ

3 x 3 unitary mixing matrix 
analogous to CKM: 
“Pontecorvo Maki 
Nakagawa Sakata” 

(PMNS)
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1. & 2. Generation2. & 3. generation 1. & 3. generation 1. & 2. generation
Δm23

2 = 2.5 × 10-3 eV2 Δm13
2 = 2.5 × 10-3 eV2 Δm12

2 = 7.6 × 10-5 eV2

± 6% ± 6% ± 7%

θ23 ≈ 45° (maximal?) θ13 ≈ 8.5° (small) θ23 ≈ 34° (large)

± 16% ± 5%  ± 7%

!
!
!

"

#

$
$
$

%

&

−⋅
!
!
!

"

#

$
$
$

%

&

−

⋅
!
!
!

"

#

$
$
$

%

&

−

=
−

−

100
0cossin
0sincos

cos0sin
010

sin0cos

cossin0
sincos0
001

1212

1212

1313

1313

2323

2323 θθ

θθ

θθ

θθ

θθ

θθ
δ

δ

i

i

e

e
U

Three-flavour neutrino mixing 
— present experimental values

NuFIT 3.0   [Esteban et al., JHEP 01 (2017) 087]

3σ uncertainty, 
including ordering

3σ uncertainty, 
including ordering
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Figure 3. Dependence of the global ∆χ2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO).

leptonic mixing matrix:

|U | =

⎛

⎜⎝
0.800 → 0.844 0.515 → 0.581 0.139 → 0.155

0.229 → 0.516 0.438 → 0.699 0.614 → 0.790

0.249 → 0.528 0.462 → 0.715 0.595 → 0.776

⎞

⎟⎠ . (2.1)

Note that there are strong correlations between the elements due to the unitary constraint.

The present status of the determination of leptonic CP violation is illustrated in fig-

ure 3. In the left panel we show the dependence of∆χ2 of the global analysis on the Jarlskog

invariant which gives a convention-independent measure of CP violation [57], defined as

usual by:

Im
[
UαiU

∗
αjU

∗
βiUβj

]
≡ Jmax

CP sin δ = cos θ12 sin θ12 cos θ23 sin θ23 cos
2 θ13 sin θ13 sin δ (2.2)

where we have used the parametrization in eq. (1.1). Thus the determination of the mixing

angles yields at present a maximum allowed CP violation

Jmax
CP = 0.0329± 0.0007 (+0.0021

−0.0024) (2.3)

at 1σ (3σ) for both orderings. The preference of the present data for non-zero δCP implies

a best fit value Jbest
CP = −0.033, which is favored over CP conservation with ∆χ2 = 1.7.

These numbers can be compared with the size of the Jarlskog invariant in the quark sector,

which is determined to be Jquarks
CP = (3.04+0.21

−0.20)× 10−5 [58].

In figure 4 we recast the allowed regions for the leptonic mixing matrix in terms of

one leptonic unitarity triangle. Since in the analysis U is unitary by construction, any

given pair of rows or columns can be used to define a triangle in the complex plane.

In the figure we show the triangle corresponding to the unitarity conditions on the first

and third columns which is the equivalent to the one usually shown for the quark sector.

– 7 –

➜ Structure of leptonic mixing matrix very different from CKM matrix:
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How do we know all this?

➜ collected “world data” from many different experiments

2. & 3. generation 1. & 3. generation 1. & 2. generation
Δm23

2 = 2.5 × 10-3 eV2 Δm13
2 = 2.5 × 10-3 eV2 Δm12

2 = 7.6 × 10-5 eV2

θ23 ≈ 45° (maximal?)
 θ13 ≈ 8.5° 

θ13 ≈ 8.5° (small) θ23 ≈ 34° (large)

solar 
& reactor exp.

MeV, νe (νe)−

SNO KamLAND

atmospheric  
& long-baseline 
accelerator exp.

GeV, νµ (νµ)−

T2K (Tokai-Kamioka)

reactor & 
long-baseline 
accelerator exp.

Daya Bay

GeV, νµ (νµ)−
MeV, νe−
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The big picture:  
What have we learned from oscillation data?

• Large neutrino mixing and tiny neutrino 
masses m(νi) ≠ 0 established 

• Evidence for non-zero θ13 
• Hints for non-maximal θ23 ≠ "/4 
• Expectation of CP-violating phase δ 

• Absolute mass scale cannot be determined 
from oscillations 

• Expect mν > 10 meV for normal ordering, 
mν > 50 meV for inverted 

• Majorana vs Dirac nature of neutrinos? 

3 K. Valerius  |  Status of the KATRIN Experiment  |  PPC 2015

● Neutrino mixing & m(ν
i
) ≠ 0 established

● Oscillaton experiments: tny mass splitngs

● Which mass ordering (normal, inverted)?

● What is the absolute ν mass scale?

Wealth of ν oscillaton data:

So far: only upper (< 2 eV) and lower bounds (>0.01    resp.    >0.05 eV)
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Δmatm

2 = (2.32−0.08
+0.12)×10−3
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2

Δmsol

2 = (7.5±0.2)×10−5
eV

2

Neutrino masses: overview
“Neutrino Fest”, session V:

L. Everet, Neutrino theory

P. Coloma, Oscillaton phen.

R. Volkas, Neutrino massNew! 

BSM physics!
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IV.  How can we measure  
neutrino masses?

e–

Indirect (model-dependent) probes: 
• Observational cosmology 
• Search for 0νββ

Direct (model-independent) probes: 
• Kinematics of weak decays 

(3H β-decay, 163Ho EC)
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[ESA, Planck]

History of the Universe

“Hot QCD matter” 
see lectures  

by O. Philipsen and  
A. Andronic

Role of  
“neutrino matter” ?
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The Cosmic Neutrino Background

T ≈ 1 MeV (1010 K)  
t ≈ 1 s 

neutrinos coupled by 
weak interactions

decoupled neutrinos: 
Cosmic Neutrino Background (CνB) 
today: n ≈ 336 cm-3, <Eν> ≈ 0.5 meV

[ESA, Planck]

indirect detection in CMB 
at a significant level: 

Neff = 3.04 ± 0.2  [Planck 2015] 
no extra ν species, unless new physics

prospects for direct 
detection ??
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The Cosmic Neutrino Background

relativistic neutrinos: 
radiation

today: at least two non-relativistic 
neutrino states: (dark) matter

⌦⌫h
2 =

P
m⌫i

93.2 eV

[ESA, Planck]
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http://icc.dur.ac.uk/Images/2df_slice_black_big.gif

    mν  =    0 eV                      2 eV
[T. Haugbølle, Univ. of Aarhus]

CMBR

 
2dF, SDSS, …

cold dark matter 
+ 

relic neutrino 
density: 

336 ν /cm3

Neutrino mass: adding information

• Massive neutrinos 
wash out structure 
at small scales 

• Status 2017: 
 
 
 
using CMB + LSS 
+ BAO 

• Caveat: 
degeneracies

X
m⌫ . 0.13 eV
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Neutrino mass from cosmology

Σmν	&	CMB(TT)	
Planck Collaboration: Cosmological parameters

0

1000

2000

3000

4000

5000

6000

D
T

T
�

[µ
K

2
]

600

Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8

zeq	
early	ISW	
 ê		

This	formula	does	not	account	for	
the	distor7ons	in	the	neutrino	
distribu7ons.	

mν∑ < 0.59 eV (95%c.l.)

Ωνh
2 =

ρν
ρc

=
mν∑

93.14eV

late	ISW	
 ê	

Archidiacono,	et	al.,	JCAP	(2017)	

•  Bakground	effects	(zeq,	dA,	lateISW)	

•  Perturba7on	effects	(earlyISW)	

dA	

Mν ,ref = 60 meV
Mν =150 meV

[from M. Archidiacono]

• Current observational cosmology offers a wealth of precision data which can be 
combined to learn about neutrino masses 

• Requires interpretation in the framework of the Standard Model (ΛCDM) of Cosmology 
• CMB measurements only (pre-Planck): 

• probe neutrino mass mainly via Integrated Sachs-Wolfe effect 
(modified grav. potential seen by photons)  

• neutrinos contribute to radiation density at zeq and to non-rel. matter density today

CMB temperature power 
spectrum measured by 

Planck

• Post-Planck: 
Weak lensing of CMB gives 
additional information on Σmν 

• Status 2017: 
 
 
using only CMB temperature & 
polarization data

X
m⌫ . 0.6 eV
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Planck Collaboration: Cosmological parameters

Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of
P

m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The
limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit
X

m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=
>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

41

22

Neutrino mass from cosmologyNeutrino mass from cosmology: other probes

Planck Collaboration: Cosmological parameters

Fig. 28. Marginalized posterior distributions for (w0,wa) for var-
ious data combinations. We show Planck TT+lowP in combi-
nation with BAO, JLA, H0 (“ext”), and two data combinations
which add the CFHTLenS data with ultra-conservative cuts as
described in the text (denoted “WL”). Dashed grey lines show
the parameter values corresponding to a cosmological constant.

⇤CDM predictions. This tension can be seen even in the sim-
ple model of Eq. (53). The green regions in Fig. 28 show 68 %
and 95 % contours in the w0–wa plane for Planck TT+lowP com-
bined with the CFHTLenS H13 data. In this example, we have
applied “ultra-conservative” cuts, excluding ⇠� entirely and ex-
cluding measurements with ✓ < 170 in ⇠+ for all tomographic
redshift bins. As discussed in Planck Collaboration XIV (2015),
with these cuts the CFHTLenS data are insensitive to modelling
the nonlinear evolution of the power spectrum, but this reduc-
tion in sensitivity comes at the expense of reducing the statistical
power of the weak lensing data. Nevertheless, Fig. 28 shows that
the combination of Planck+CFHTLenS pulls the contours into
the phantom domain and is discrepant with base⇤CDM at about
the 2� level. The Planck+CFHTLenS data also favours a high
value of H0. If we add the (relatively weak) H0 prior of Eq. (30),
the contours (shown in cyan) in Fig. 28 shift towards w = �1.
It therefore seems unlikely that the tension between Planck and
CFHTLenS can be resolved by allowing a time-variable equa-
tion of state for dark energy.

A much more extensive investigation of models of dark
energy and also models of modified gravity can be found in
Planck Collaboration XIV (2015). The main conclusions of that
analysis are as follows:

• an investigation of more general time-variations of the equa-
tion of state shows a high degree of consistency with w = �1;
• a study of several dark energy and modified gravity models

either finds compatibility with base⇤CDM, or mild tensions,
which are driven mainly by external data sets.

6.4. Neutrino physics and constraints on relativistic
components

In the following subsections, we update Planck constraints on
the mass of standard (active) neutrinos, additional relativistic de-

grees of freedom, models with a combination of the two, and
models with massive sterile neutrinos. In each subsection we
emphasize the Planck-only constraint, and the implications of
the Planck result for late-time cosmological parameters mea-
sured from other observations. We then give a brief discussion of
tensions between Planck and some discordant external data, and
assess whether any of these model extensions can help to resolve
them. Finally we provide constraints on neutrino interactions.

6.4.1. Constraints on the total mass of active neutrinos

Detection of neutrino oscillations has proved that neutrinos have
mass (see e.g., Lesgourgues & Pastor 2006, for a review). The
Planck base ⇤CDM model assumes a normal mass hierarchy
with

P
m⌫ ⇡ 0.06 eV (dominated by the heaviest neutrino mass

eigenstate) but there are other possibilities including a degen-
erate hierarchy with

P
m⌫ >⇠ 0.1 eV. At this time there are no

compelling theoretical reasons to prefer strongly any of these
possibilities, so allowing for larger neutrino masses is perhaps
one of the most well-motivated extensions to base ⇤CDM con-
sidered in this paper. There has also been significant interest
recently in larger neutrino masses as a possible way to lower
�8, the late-time fluctuation amplitude, and thereby reconcile
Planck with weak lensing measurements and the abundance of
rich clusters (see Sects. 5.5 and 5.6). Though model dependent,
neutrino mass constraints from cosmology are already signifi-
cantly stronger than those from tritium beta decay experiments
(see e.g., Drexlin et al. 2013).

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small di↵erences in mass
expected from the observed mass splittings. At the level of sensi-
tivity of Planck this is an accurate approximation, but note that it
does not quite match continuously on to the base ⇤CDM model
(which assumes two massless and one massive neutrino withP

m⌫ = 0.06 eV). We assume that the neutrino mass is con-
stant, and that the distribution function is Fermi-Dirac with zero
chemical potential.

Masses well below 1 eV have only a mild e↵ect on the shape
of the CMB power spectra, since they became non-relativistic af-
ter recombination. The e↵ect on the background cosmology can
be compensated by changes in H0 to ensure the same observed
acoustic peak scale ✓⇤. There is, however, some sensitivity of
the CMB anisotropies to neutrino masses as the neutrinos start
to become less relativistic at recombination (modifying the early
ISW e↵ect), and from the late-time e↵ect of lensing on the power
spectrum. The Planck power spectrum (95 %) constraints are
X

m⌫ < 0.72 eV Planck TT+lowP ; (54a)
X

m⌫ < 0.21 eV Planck TT+lowP+BAO ; (54b)
X

m⌫ < 0.49 eV Planck TT,TE,EE+lowP ; (54c)
X

m⌫ < 0.17 eV Planck TT,TE,EE+lowP+BAO . (54d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 29, which also illustrates the acoustic scale
degeneracy with H0. Larger masses imply a lower �8 through
the e↵ects of neutrino free streaming on structure formation,
but the larger masses also require a lower Hubble constant,
leading to possible tensions with direct measurements of H0.
Masses below about 0.4 eV can provide an acceptable fit to
the direct H0 measurements, and adding the BAO data helps
to break the acoustic scale degeneracy and tightens the con-
straint on

P
m⌫ substantially. Adding Planck polarization data at
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Future EUCLID mission (ESA):  
grav. lensing & galactic power spectrum 
“… Euclid will very likely provide a positive 
detection of neutrino mass …,  
the exact nature of the neutrino mass 
spectrum remains out of its reach …” 
[Hamann, Hannestad, & Wong, JCAP 11 (2012) 52]

reach: 

20-50 meV
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Search for neutrinoless double beta decay

Alan Poon (LBNL), Erice 2017

Zero-neutrino double beta decay (0νββ)

3

Experimental goals for 0νββ search: 

To establish/refute:
•  Neutrinos are Majorana fermion: 
•  Lepton number violation (LNV): ΔL = 2 

regardless of the dominant 0νββ mechanism.

⌫ = ⌫̄

“mass mechanism”

Are neutrinos Majorana fermions                 ?(⌫ = ⌫̄)

Is lepton number violated                    ?(�L = 2)
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Double β-decay: 2νββ & 0νββ modes

electron energy [MeV]

Double beta decay with neutrino emission (2νββ):  
2nd-order weak interaction process  
 ! extremely small transition rates & long half-lives: T½ ~ 1019 – 1021 years 
 ! energy E0 shared by 4 leptons, observed in 12 isotopes so far 

first description:

M. Goeppert-Mayer (1935) 

2,1,21

),2(),(

eeee
AZAZ

νν ++++

+→
−−

2νββ

−− ++

+→

21

),2(),(
ee
AZAZ

G. Racah  (1937)  E. Majorana 

first description: 

0νββ
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Double beta decay: candidate nuclides

β-β- decay Q [MeV] nat. [%]
48Ca → 48Ti 4,274 0,187

76Ge → 76Se 2,039 7,8
82Se → 82Kr 2,995 9,2
96Zr → 96Mo 3,348 2,8

100Mo → 100Ru 3,034 9,6
110Pd → 110Cd 2,004 11,8
116Cd → 116Sn 2,809 7,5
124Sn → 124Te 2,288 5,64
130Te → 130Xe 2,527 34,5
136Xe → 136Ba 2,458 8,9

150Nd → 150Sm 3,368 5,6

β+β+ decay Q [MeV] nat. [%]
78Kr → 78Se 0,838 0,35

96Ru → 96Mo 0,676 5,5
106Cd → 106Pd 0,738 1,25
124Xe → 124Te 0,822 0,10
130Ba → 130Xe 0,534 0,11
136Ce → 136Ba 0,362 0,19

Coulomb barrier reduces Q 
➜ even longer expected T1/2 

T½ (β+β+) ~ 1026 a

35 “energetically” suitable even-even nuclides for double beta decay 
Decay rates ~Q5 (0νββ) ➜  find suitable isotope for experiment:

11 nuclei for 2νβ-β- at Q > 2 MeV:             6 nuclei for 2νβ+β+/EC at lower Q:
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Effective Majorana mass mββ is not identical with m(νe) from β-decay 
Coherent sum over three ν mass eigenstates m1, m2, m3   

Re (mββ)

Im
 (m

ββ
)

|Ue2|2 · m2 · eiα2

mββ

|Ue3|2 · m3 · eiα3

|Ue1|2 · m1

∑
=

⋅=
3

1

2

,
i

i
iießß

iemUm α
 2 independent Majorana CP-phases αi  
    ! mutual cancellations are possible 
         if αi ≠ n · π  ➜ CP violation

virtual particles interfere!

Double β-decay & Majorana mass mββ 
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Double β-decay & Majorana mass mββ 

Determination of effective Majorana mass mββ from 0νββ half-life T½  

1
20

2

2
0

0
00

2/1

2
||),(

−

""
#

$
%%
&

'
−⋅⋅= ßß

F
A

Vßß
GT

ßßßß
ßß M

g
gMZEGTm νννν

phase space factor  

- weak interaction (phase space factor): G0νββ 

      ! determined by ββ-endpoint energy; strong dependence ~Q5 

nuclear matrix element 
MGT: Gamov-Teller 

MF: Fermi

- nuclear physics (matrix elements): M0νββ 

       ! shell model calculations, large uncertainties O(100%) 

experimental value of 
0νββ half-life 

- experimental observable: T½ 
      ! 0νββ event number depending on measuring time,  
          number of target nuclei, experimental efficiency, background
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Sensitivity drivers

T 0⌫
1/2(FOM) / a · ✏ ·

r
M · t
b ·�E

Requirements:

• Large isotopical abundance (a) 

• High efficiency (ϵ) 

• Large Mass (M) 

• Long counting time (t) 

• Low background (b) 

• Good energy resolution (ΔE)

➜  Many suitable combinations for 
isotope + detector technology

➜  If ROI is background free: 
linear scaling with M and t ! 

T 0⌫
1/2(FOM) / a · ✏ ·M · t
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Experimental techniques

Ge diodes

Liquid scintillatorLiquid noble element TPC

Tracker-calorimeter
Cryo-bolometer
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Many experimental ideas …

[from M. Agostini, Erice 2017]

+ further projects in R&D phase 
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Current constraints

[from M. Agostini, Erice 2017; adapted from Dell’Oro et al, Adv. H. Energy Phys. 2016]

Most stringent bounds now 
approaching inverted hierarchy

Next generation has good 
discovery potential, even for 
normal hierarchy
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Germanium diodes: MAJORANA and GERDA

Alan Poon (LBNL), Erice 2017

76Ge experiments

7

MAJORANA

Conventional design: 

Vacuum cryostats in a
passive graded shield
with ultra-clean materials

GERDA 

Novel design: 

Direct immersion 
in active LAr shield

Agostini
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44 kg of Ge crystals (88% 76Ge), ΔE ~0.1%

36 kg of Ge crystals (87% 76Ge), ΔE ~0.2%
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• Combined analysis GERDA phase I + II 
• “Background-free” running in phase II 

• Two counts after unblinding 
• No count at Qββ 

• T1/2 > 8.0 x 1025 yr  (90% CL)

• Next-generation project: LEGEND 
“Large Enriched Germanium Experiment 
for Neutrinoless ββ Decay” 

• Staged approach, starting with ~200 kg 
in existing GERDA cryostat 

• Final goal: 1000 kg-scale detector for 
sensitivity >1027 yr 

• Background improvement required: x30 
(x5 for LEGEND-200)

Germanium diodes: results
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Kamland-Zen at Kamioka (Japan)

[from M. Agostini, Erice 2017]
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Liquid Xenon TPC: EXO-200

ground pot.                              cathode                         photodiodes

ionisation

scintillation 
λ = 178 nmED = 380 V/cm

Induction

Collection

• Enriched Xenon Observatory at WIPP/New Mex., running ~175 kg of LXe (80.6% 136Xe) 
• More than a calorimeter: spatial resolution (x,y,z) and PID allows discrimination of 

multi-site (bg-like) vs. single-site (0νββ-like) events 
• Anticorrelation of charge and light signals (compare DM detectors), tags α events 

• Now preparing nEXO:  5-ton monolithic detector (~1 t fiducial),  
1.3 m electron drift length, ~4 m2 of SiPM photosensors, option of 136Ba tagging
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Tracking-Calorimeter: SuperNEMO

5-7 kg enriched 
source material

B ~2.5 mT 
+ TOF

(a) Simulated 0⌫�� event. Circles show
drift radii; colours indicate timing.

(b) 2 reconstructed electrons, showing
tracker drift radii and calorimeter hits.

Figure 5: Simulated 0⌫�� events in the SuperNEMO event viewer

5 Software and analysis

SuperNEMO’s simulation and reconstruction software have been used to perform sen-
sitivity studies, confirming initial predictions, and to evaluate the e↵ects of potential
sources of background contamination. The event display (figure 5), which visualises
and displays information about simulated and reconstructed calorimeter hits, has al-
lowed us to study how signal and background events will present themselves in the
detector, enabling us to improve our event selection.

6 Conclusion

SuperNEMO’s Demonstrator Module is currently being installed and commissioned
at LSM, and will begin taking data in 2017. A stringent radon mitigation strategy
gives us ultra low backgrounds, with a projected Majorana mass sensitivity of 200-400
meV in 2.5 years of running.
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β-β- reconstruction demonstrator module

• Successor of NEMO-3 at Laboratoire Souterrain de Modane (LSM) 
• Baseline isotope: 82Se, foils can be exchanged (high Q-values: 150Nd, 48Ca) 

• Unique feature: tracking allows to detect ββ-signature (vertex) 
• Demonstrator (= 1st module) currently in commissioning, first data end of 2017 

• Design sensitivity: T½ > 1026 a, mββ ~50-100 meV
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Cryogenic bolometer technique

• Electrons create phonons/heat in absorber (e.g., TeO2 crystal)  
• Heat capacity: ~(T/TD) 3 (Debye Law) 
• Example:  

• Operating temperature: 10 mK 
• Temperature change per energy: 10 – 20 µK/MeV  

• At Qββ = 2.5 MeV  "  ΔT < 50 µK
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Cryogenic bolometer: CUORE

• First ton-scale 0νββ exp. with thermal detectors; at Gran Sasso underground laboratory 

• TeO2 detectors & cryo-technology piloted by Cuoricino & CUORE-0 (~40 kg) 

• Since Feb. 2017: operation of 988 detectors at T ~7 mK 

• Total mass: 742 kg of TeO2 ➜ 206 kg of 130Te  

19 towers  x 13 planes x 4 crystals = 988 crystals

single detector: 5×5×5 cm3, 750 g 
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Cryogenic bolometer: CUORE

19 towers  x 13 planes x 4 crystals = 988 crystals

cryogenic platform with helium dilution cryostat

The coldest cubic meter in the Universe! 
CUORE: at ~10 mK 

Cosmic microwave background: 2.7 K
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Cryogenic bolometer: CUORE

 

Combination with previous resultsCombination with previous results

Monica Sisti – Erice, September 18, 2017Monica Sisti – Erice, September 18, 2017 26

Depending on the Nuclear Matrix Element (NME) calculations, this translates 

in the following upper limit range for the effective Majorana mass:

m
ββ

 < 210 – 590 meV

Experiments
130Te: 6.6 × 1024 yr from this analysis
76Ge: 5.3 × 1025 yr from Nature 544, 47–52 (2017)
136Xe: 1.1 × 1026 yr from Phys. Rev. Lett. 117, 082503 (2016)
100Mo: 1.1 × 1024 yr from Phys. Rev. D 89, 111101 (2014)
CUORE sensitivity: 9.0 × 1025 yr 

NME
Phys. Rev. C 91, 034304 (2015) 
Phys. Rev. C 87, 045501 (2013) 
Phys. Rev. C 91, 024613 (2015) 
Nucl. Phys. A 818, 139 (2009)  
Phys. Rev. Lett. 105, 252503 (2010) 
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We combined the CUORE result with the previous ones from Cuoricino and 

CUORE-0, obtaining the best lower limit to date on 130Te 0νββ half life:

��1/2
0  ⇥> 6.6 x 1024 y  (90%C.L.)

First CUORE science 
run, combined with 
Cuoricino + CUORE-0:

for 5 years of data
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336 ν/cm3 

detectability???

6 x 1010 ν/s/cm2

~20 detections 

out of ~1010 ν/cm2

~100 PeV neutrinos 

detected!

• We learned a lot about neutrinos since their “invention” in 1930 
• We exploit a large variety of neutrino sources in our experiments!         

Summary / Take-away (part I)
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Summary / Take-away (part I)

• Massive neutrinos … 

• are evidence for physics beyond the Standard Model 

• are the only currently known form of Dark Matter 
(their contribution is small, their role not quite fixed yet - what about sterile neutrinos?) 

• Neutrinos can point us towards … 

• novel mass-generating concepts in particle physics 
(open question regarding Dirac or Majorana nature of neutrinos) 

• lepton flavour violation (oscillations) and lepton number violation (0νββ) 

• leptonic CP violation 

• We need to understand the mass pattern of neutrinos 
… and be open for (more) surprises.  :) 

dedicated experiments  

➜ next lecture
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mass generation: 
new concepts

ν

SM

43

Massive neutrinos: 
connecting the micro- and the macro-cosmos

astro- 
physics

cosmo- 
logy 

particle 
physics

astro- 
particle- 
physics

Σ mν  =   0 eV                         6.9 eV

massive neutrinos as  
“cosmic architects”

Neutrino burst from SN 1987a

understanding 
astrophysical processes

Matter effects in the sun


