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Alice through the looking glass

Lewis Carroll: The world at the other side of the mirror is not just a 
dead reflection of ours but has rules of its own. 
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⌫ •In the Standard Model neutrinos are massless 
and left handed (antineutrinos are right handed) 

⌫

⌫
•It would be possible to turn a 
left handed neutrino into a right 
handed neutrino by jumping in 
a reference frame that moves 
faster than the neutrino.  But a 
massless neutrinos moves at the 
speed of light and cannot be 
overtaken

Neutrino through the looking glass
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⌫

⌫ •Reversing the argument, 
left-handed and right-
handed neutrinos are 
guaranteed to exist. How 
does a massive neutrino 
reflects in the mirror?

But what if neutrinos are massive?
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•Who is the right-handed neutrino state ? How do we give 
neutrinos a mass ? 

⌫

⌫ •Reversing the argument, 
left-handed and right-
handed neutrinos are 
guaranteed to exist. How 
does a massive neutrino 
reflects in the mirror?

But what if neutrinos are massive?
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eRēL

e+

e+
e+

left and right handed 
states bump against 
the Higgs field
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Neutrino mass (Dirac recipe)
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A deus ex machina  Latin: "god from 
the machine" is a plot device 
whereby a seemingly unsolvable 
problem is suddenly and abruptly 
solved with the contrived and 
unexpected intervention of some new 
event, character, ability, or object. 
Depending on usage, it can be used 
to move the story forward when the 
writer has "painted themselves into a 
corner" and sees no other way out, 
to surprise the audience, or to bring 
a happy ending into the tale.

Deus ex machina

The phrase comes 
from Horace's where 
he instructs poets that 
they must never 
resort to a god from 
the machine 
(mekhane) to solve 
their plots.
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Nature has painted herself into a corner and sees no 
other way out to explain small neutrino masses than to 
resort to arbitrarily small coupling constant, that she 
lowers from the machine...

�⌫ << �e?

Dirac neutrinos: Deus ex machina
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Ettore’s plot
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Charge conjugation reverses the 
electric charge of the electron.  

But the neutrino has no electric 
charge that needs to be 
conserved. 

Neutrino’s charge conjugation
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Majorana neutrinos

The neutrino is made, like in the 
Escher’s tableau of black and 
white chevaliers.

⌫c = ⌫⌫ = ⌫L + ⌫CL

= +

+

⌫ ⌫

⌫ ⌫

⌫

⌫ = ⌫̄
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Effective theory
(Fermi constant) Standard Model

Effective theory
(  )⇤ Extension of 

Standard Model
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Yukawa

Yukawa

⌫

⌫

MN = GUT

MN = TeV

See-saw models
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•The Big-Bang theory of the 
origin of the Universe requires 
matter and antimatter to be 
equally abundant at the very 
hot beginning

The mystery of the missing antimatter

•What generated the 
asymmetry between matter and 
antimater?
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•If there is CP violation in the lepton sector, the heavy 
Majorana neutrino N can violate CP too and decay 
with different rates to electrons and positrons. This 
results in an unequal number of leptons and 
antileptons in the early universe

•Leptonic asymmetry is later transferred to baryons, 
resulting in...

CP violation and Majorana neutrinos
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The Universe
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What do we know about neutrino 
masses?
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillation experiments measure two mass 
difference squared
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Beta-decay of tritium

m2
� =

3X

i=1

|Uei|2m2
i
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Cosmological measurements

m
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=
3X
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m
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Cosmological measurements
ΛCDM: Big-bang + 
Inflation (CMB)
Dark energy (73% of 
energy density), cold 
dark matter (23%) 
ordinary matter (4.5%)
Light neutrinos can enter 
extensions of the ΛCDM 
model as “hot dark 
matter”

m
cosmo

=
3X

i=1

m
i
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Are neutrino Majorana 
particles? To find out 

play...
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Double beta decay
•Some nuclei, otherwise quasi 
stable can decay by emitting 
two electrons and two 
neutrinos by a second order 
process mediated by the weak 
interaction.

•This process exists due to 
nuclear pairing interaction that 
favors energetically the even-
even isobars over the odd-odd 
ones.Q

-v
al
ue

 [
M

eV
] 

A 

Limit of the γ natural 
radioactivity 

Limit of the  222Rn 
induced radiactivity 
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SM-allowed process.
Measured in several nuclei.

T1/2 ⇥ 1018 � 1020 y

Lepton number violating process.
Requires massive, Majorana 

neutrinos.

T1/2 > 1025 y

Double beta decay
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m�� = ||Ue1|2m1 + ei↵1 |Ue2|2m2 + ei↵2 |Ue3|2m3|

Majorana mass
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13!

νi!νi!

W–! W–!

e–! e–!

Nuclear Process!Nucl! Nucl�!

In!

the νi is emitted [RH + O{mi/E}LH].!

Thus, Amp [νi contribution] ∝ mi!

Amp[0νββ] ∝ $∑ miUei
2$≡ mββ!

 !

  Uei!   Uei!

i

SM vertex!

∑!
i

Mixing matrix!

Mass (νi)!

⌫ ⌫

m�� = ||Ue1|2m1 + ei↵1 |Ue2|2m2 + ei↵2 |Ue3|2m3|

Majorana mass
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2$≡ mββ!

 !

  Uei!   Uei!

i

SM vertex!

∑!
i

Mixing matrix!

Mass (νi)!

⌫ ⌫ helicity flip / mi

E
A / mi for each ⌫i

m�� = ||Ue1|2m1 + ei↵1 |Ue2|2m2 + ei↵2 |Ue3|2m3|

The Uei terms are measured by neutrino oscillation 
experiments. Nothing is known about the two Majorana 
phases.

Majorana mass
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Nuclear physics
e� e�

�

�

��0⇥

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 m2
��

phase-space 

nuclear matrix 

Majorana neutrino 
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Two protons decay simultaneously in a heavy isotope
Nuclear physics results in proportionality constants between 
period and the inverse of the Majorana mass squared

Nuclear physics
e� e�
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��0⇥
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1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 m2
��

phase-space 

nuclear matrix 

Majorana neutrino 
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The NME industry

Isotope
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Phase space pretty democratic expect for a few isotopes
Considerable spread between NME elements
In this talk: Use of PMR range.
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News from Antarctica

arXiv:1210: 7231
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News from Antarctica
South Pole Telescope

arXiv:1210: 7231
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News from Antarctica
South Pole Telescope

SPT measures CMB in the 
region or large l. 

arXiv:1210: 7231
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by late-time ISW
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Fig. 5.— This figure shows the e↵ects of massive neutrinos on
the CMB power spectrum. The curves show the ratio of mod-
els with

P
m⌫ = 0.5 (dashed green) and 1.0 eV (solid blue)

respectively to the best-fit ⇤CDM (
P

m⌫=0 eV) model spectrum
for SPT+WMAP7. When increasing

P
m⌫ we adjust ⌦⇤ down-

ward to keep ✓s fixed. On large scales, we see a reduction in the
power added by the late-time ISW e↵ect. On intermediate scales
below the neutrino free-streaming length, we see a reduction in the
power contributed by the early ISW e↵ect. On scales smaller than
the neutrino free-streaming length, the more rapid decay of grav-
itational potentials boosts the early ISW power. The amplitude
of the early ISW e↵ect is damped at l & 500 by averaging over
multiple positive and negative contributions.

e↵ects in the low-redshift universe.
To understand neutrino mass constraints from CMB

data, we must understand how the predicted CMB power
spectrum changes with neutrino mass. In the standard
thermal history of the universe, massless neutrinos have
a temperature corresponding to ⇠ 0.17 eV at the epoch
of last scattering. The scale at which masses start to
have an appreciable e↵ect is set by this temperature to
be

P
m⌫ ⇡ 3 ⇥ 0.17 eV.32 Neutrino masses well below

this value have no impact on primary CMB anisotropy.
Hu & Dodelson (2002) and Ichikawa et al. (2005) study
in detail the impact of higher masses on the CMB and
find the dominant impact is due to the ISW e↵ect.
In a matter-dominated universe with zero mean cur-

vature, gravitational potentials remain constant to first
order in linear perturbation theory. Adding components
that do not cluster, while keeping the curvature fixed
to zero, increases the expansion rate which causes the
gravitational potentials to decay. As photons traverse
these decaying potentials on their way toward the ob-
server, new anisotropies are created by what is called
the Integrated Sachs-Wolfe (ISW) e↵ect. The ISW
anisotropy is generated in the ⇤CDM model both at
early times, as photons free stream immediately after
decoupling through a not-completely-matter-dominated
universe (the early ISW e↵ect) and at late times after
the cosmological constant becomes important (the late
ISW e↵ect).
We illustrate how the ISW e↵ect changes with neutrino

mass in Figure 5. In this figure, we plot the ratio of
Cl at either

P
m⌫= 0.5 or 1.0 eV relative to a fiducial

⇤CDM+
P

m⌫ model Cfid
l with

P
m⌫ = 0.0. The baryon

density !b, cold dark matter density !c, and the sound

32 For simplicity we assume three families of neutrinos with de-
generate masses.
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Fig. 6.— This figure illustrates the degeneracy between ns andP
m⌫ , and its role in the SPT+WMAP7 preference for nonzero

neutrino masses. The contours are the 68% and 95% confidence
intervals in the ⇤CDM+

P
m⌫ parameter space for WMAP7 (red)

and SPT+WMAP7 (blue). The SPT data prefer a lower value
of ns than WMAP7, which leads the CMB data to prefer higherP

m⌫ .

horizon scale ✓s are fixed between the three models –P
m⌫ and ⌦⇤ vary. Three regimes are labeled in the

figure: a reduction of power due to the late-time ISW
e↵ect at l . 20, a reduction of power due to the early
ISW e↵ect at 20 . l . 100, and an increase in power
due to the early ISW e↵ect at 100 . l . 500. We briefly
explain these three regimes in the next paragraphs.
As

P
m⌫ increases with !b + !c fixed, the expansion

rate increases at early times. Therefore, ⌦⇤ must de-
crease (increasing DA) to keep ✓s fixed. Without this
adjustment to ⌦⇤, ✓s would change, primarily due to the
change in DA. With this adjustment, we find that in
the mass range of interest, H(z) increases relative to theP

m⌫ = 0 model at z & 1 and decreases at z . 1. The
decreased expansion rate at z . 1 results in less decay
of the gravitational potential on very large scales, and
therefore a reduction in the contribution to the power
from the late-time ISW e↵ect. The net e↵ect is less power
at l . 20. However, the large cosmic variance at these
low multipoles makes the CMB data largely insensitive
to the reduced power.
On scales shorter than the neutrino free-streaming

length, the increased expansion rate just after photon
decoupling enhances the decay of gravitational poten-
tials and thus enhances the early ISW e↵ect. On scales
longer than the free-streaming length, the early ISW ef-
fect is suppressed; the clustering of neutrinos prevents
the potential from decaying more rapidly and, due to the
increased expansion rate, there is less time for the early
ISW e↵ect to accumulate. The dividing line in multipole
space between these two regimes increases with

P
m⌫ .

The magnitude of the ISW e↵ect decreases with increas-
ing l as cancellations between an increasing number of
positive and negative contributions washes out the sig-
nal, becoming negligible by l ⇠ 500.
The reduction of power at l . 100 and increase of

Adding SPT data
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Fig. 8.— This figure shows how low-redshift datasets a↵ect
the neutrino mass constraints. In the planes of

P
m⌫ and three

quantities inferred at low redshifts, we show the marginalized
two-dimensional posteriors from di↵erent combinations of datasets
shown by the legend in the central panel. Top: constraints are
plotted in the

P
m⌫ � rs(zdrag)/DV (0.35) plane with the SDSS

BAO data point shown by the grey band as the 1� region. Middle:
similar to the left panel but showing rs(zdrag)/DV (0.57) with the
BOSS BAO data point for the gray band as the 1� region. Bot-

tom: similar to the top and middle panels but showing H0 with the
grey band showing the 1� region. The tension between BAO and
H0 can be seen in the three panels. The CMB+BAO preference
for massive neutrinos is clearly visible.

We conclude that the preference for nonzero neutrino
masses is coming from three independent sources and
remains at > 2� significance as long as we keep cluster
abundances and at least one of the two most precise BAO
measurements.

6.3. Degeneracies with other extensions

A final question is to what extent the neutrino mass
constraint is weakened by introducing additional free pa-
rameters to the 7-parameter ⇤CDM+

P
m⌫ model. To

address this, we show the marginalized posteriors for the
sum of the neutrino masses in 8-parameter models in Fig-
ure 10. We consider several possible additions: Yp, Ne↵ ,
dns/d ln k, ⌦k, or w. All curves are for the combination
of CMB+BAO+H0+SPTCL.
Of these five extensions, two (dns/d ln k and ⌦k) de-

crease the preference for positive
P

m⌫ , two (w and Ne↵)
increase the preference, and one (Yp) has minimal e↵ect.
Allowing both curvature and massive neutrinos signifi-
cantly increases the uncertainties on both parameters.
The peak of the neutrino mass likelihood remains nearly
unchanged at 0.34 eV with the 95% confidence interval
expanded to

P
m⌫ 2 [0, 0.70] eV. The curvature is con-

sistent with zero. Allowing for running of the spectral in-
dex reduces the preference for nonzero neutrino masses,
in this case by shifting the median down; the neutrino
mass constraint with running is

P
m⌫ = (0.27±0.11) eV.

On the other hand, allowing the dark energy equation
of state or number of neutrino species to vary increases
the significance of the neutrino mass detection. The
summed neutrino mass is correlated with Ne↵ (see § 9.2
and Ichikawa et al. 2005) and anti-correlated with w
(Zhao et al. 2012). Freeing either of these parameters
increases the median masses, although the uncertainties
also increase. For a wCDM+

P
m⌫ model, the mass con-

straint is
P

m⌫ = (0.51±0.14) eV, 3.7� above zero. For
a ⇤CDM+Ne↵+

P
m⌫ cosmology, the mass constraint isP

m⌫ = (0.51 ± 0.15) eV. This last case is discussed
in detail in § 9.2. We find the CMB+BAO+H0+SPTCL
preference for neutrinos remains at greater than 95% con-
fidence when we add additional model parameters, with
the exception of the mean curvature of the universe. Fit-
ting the posterior with a Gaussian, we find curvature
reduces the preference for massive neutrinos to 1.7�.

7. RUNNING OF THE SPECTRAL INDEX

The di↵erence in preferred ns from SPT and WMAP7
data suggests a scale dependence in the power spectrum
of the primordial fluctuations. To test this, we allow the
primordial power spectrum to deviate from a pure power
law by introducing a logarithmic dependence on scale k,
a so-called “running spectral index” (Kosowsky & Turner
1995):

ns(k) = ns(k0) + dns/d ln k ln

✓
k

k0

◆
. (8)

Here, k0 is a defined pivot point and dns/d ln k is the run-
ning parameter. Throughout this section, we will define
this pivot point to be k0 = 0.025Mpc�1, which projects
to l ' 350. This pivot point is chosen to decorrelate the
uncertainties on ns and dns/d ln k in the SPT+WMAP7
data.
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Fig. 5.— This figure shows the e↵ects of massive neutrinos on
the CMB power spectrum. The curves show the ratio of mod-
els with

P
m⌫ = 0.5 (dashed green) and 1.0 eV (solid blue)

respectively to the best-fit ⇤CDM (
P

m⌫=0 eV) model spectrum
for SPT+WMAP7. When increasing

P
m⌫ we adjust ⌦⇤ down-

ward to keep ✓s fixed. On large scales, we see a reduction in the
power added by the late-time ISW e↵ect. On intermediate scales
below the neutrino free-streaming length, we see a reduction in the
power contributed by the early ISW e↵ect. On scales smaller than
the neutrino free-streaming length, the more rapid decay of grav-
itational potentials boosts the early ISW power. The amplitude
of the early ISW e↵ect is damped at l & 500 by averaging over
multiple positive and negative contributions.

e↵ects in the low-redshift universe.
To understand neutrino mass constraints from CMB

data, we must understand how the predicted CMB power
spectrum changes with neutrino mass. In the standard
thermal history of the universe, massless neutrinos have
a temperature corresponding to ⇠ 0.17 eV at the epoch
of last scattering. The scale at which masses start to
have an appreciable e↵ect is set by this temperature to
be

P
m⌫ ⇡ 3 ⇥ 0.17 eV.32 Neutrino masses well below

this value have no impact on primary CMB anisotropy.
Hu & Dodelson (2002) and Ichikawa et al. (2005) study
in detail the impact of higher masses on the CMB and
find the dominant impact is due to the ISW e↵ect.
In a matter-dominated universe with zero mean cur-

vature, gravitational potentials remain constant to first
order in linear perturbation theory. Adding components
that do not cluster, while keeping the curvature fixed
to zero, increases the expansion rate which causes the
gravitational potentials to decay. As photons traverse
these decaying potentials on their way toward the ob-
server, new anisotropies are created by what is called
the Integrated Sachs-Wolfe (ISW) e↵ect. The ISW
anisotropy is generated in the ⇤CDM model both at
early times, as photons free stream immediately after
decoupling through a not-completely-matter-dominated
universe (the early ISW e↵ect) and at late times after
the cosmological constant becomes important (the late
ISW e↵ect).
We illustrate how the ISW e↵ect changes with neutrino

mass in Figure 5. In this figure, we plot the ratio of
Cl at either

P
m⌫= 0.5 or 1.0 eV relative to a fiducial

⇤CDM+
P

m⌫ model Cfid
l with

P
m⌫ = 0.0. The baryon

density !b, cold dark matter density !c, and the sound

32 For simplicity we assume three families of neutrinos with de-
generate masses.
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Fig. 6.— This figure illustrates the degeneracy between ns andP
m⌫ , and its role in the SPT+WMAP7 preference for nonzero

neutrino masses. The contours are the 68% and 95% confidence
intervals in the ⇤CDM+

P
m⌫ parameter space for WMAP7 (red)

and SPT+WMAP7 (blue). The SPT data prefer a lower value
of ns than WMAP7, which leads the CMB data to prefer higherP

m⌫ .

horizon scale ✓s are fixed between the three models –P
m⌫ and ⌦⇤ vary. Three regimes are labeled in the

figure: a reduction of power due to the late-time ISW
e↵ect at l . 20, a reduction of power due to the early
ISW e↵ect at 20 . l . 100, and an increase in power
due to the early ISW e↵ect at 100 . l . 500. We briefly
explain these three regimes in the next paragraphs.
As

P
m⌫ increases with !b + !c fixed, the expansion

rate increases at early times. Therefore, ⌦⇤ must de-
crease (increasing DA) to keep ✓s fixed. Without this
adjustment to ⌦⇤, ✓s would change, primarily due to the
change in DA. With this adjustment, we find that in
the mass range of interest, H(z) increases relative to theP

m⌫ = 0 model at z & 1 and decreases at z . 1. The
decreased expansion rate at z . 1 results in less decay
of the gravitational potential on very large scales, and
therefore a reduction in the contribution to the power
from the late-time ISW e↵ect. The net e↵ect is less power
at l . 20. However, the large cosmic variance at these
low multipoles makes the CMB data largely insensitive
to the reduced power.
On scales shorter than the neutrino free-streaming

length, the increased expansion rate just after photon
decoupling enhances the decay of gravitational poten-
tials and thus enhances the early ISW e↵ect. On scales
longer than the free-streaming length, the early ISW ef-
fect is suppressed; the clustering of neutrinos prevents
the potential from decaying more rapidly and, due to the
increased expansion rate, there is less time for the early
ISW e↵ect to accumulate. The dividing line in multipole
space between these two regimes increases with

P
m⌫ .

The magnitude of the ISW e↵ect decreases with increas-
ing l as cancellations between an increasing number of
positive and negative contributions washes out the sig-
nal, becoming negligible by l ⇠ 500.
The reduction of power at l . 100 and increase of

Adding SPT data
SPT alone prefers a lower value 
of ns relative to WMAP7, which 
causes the preferred value of 
∑mν to increase when SPT data 
are combined with WMAP 7.
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Fig. 8.— This figure shows how low-redshift datasets a↵ect
the neutrino mass constraints. In the planes of

P
m⌫ and three

quantities inferred at low redshifts, we show the marginalized
two-dimensional posteriors from di↵erent combinations of datasets
shown by the legend in the central panel. Top: constraints are
plotted in the

P
m⌫ � rs(zdrag)/DV (0.35) plane with the SDSS

BAO data point shown by the grey band as the 1� region. Middle:
similar to the left panel but showing rs(zdrag)/DV (0.57) with the
BOSS BAO data point for the gray band as the 1� region. Bot-

tom: similar to the top and middle panels but showing H0 with the
grey band showing the 1� region. The tension between BAO and
H0 can be seen in the three panels. The CMB+BAO preference
for massive neutrinos is clearly visible.

We conclude that the preference for nonzero neutrino
masses is coming from three independent sources and
remains at > 2� significance as long as we keep cluster
abundances and at least one of the two most precise BAO
measurements.

6.3. Degeneracies with other extensions

A final question is to what extent the neutrino mass
constraint is weakened by introducing additional free pa-
rameters to the 7-parameter ⇤CDM+

P
m⌫ model. To

address this, we show the marginalized posteriors for the
sum of the neutrino masses in 8-parameter models in Fig-
ure 10. We consider several possible additions: Yp, Ne↵ ,
dns/d ln k, ⌦k, or w. All curves are for the combination
of CMB+BAO+H0+SPTCL.
Of these five extensions, two (dns/d ln k and ⌦k) de-

crease the preference for positive
P

m⌫ , two (w and Ne↵)
increase the preference, and one (Yp) has minimal e↵ect.
Allowing both curvature and massive neutrinos signifi-
cantly increases the uncertainties on both parameters.
The peak of the neutrino mass likelihood remains nearly
unchanged at 0.34 eV with the 95% confidence interval
expanded to

P
m⌫ 2 [0, 0.70] eV. The curvature is con-

sistent with zero. Allowing for running of the spectral in-
dex reduces the preference for nonzero neutrino masses,
in this case by shifting the median down; the neutrino
mass constraint with running is

P
m⌫ = (0.27±0.11) eV.

On the other hand, allowing the dark energy equation
of state or number of neutrino species to vary increases
the significance of the neutrino mass detection. The
summed neutrino mass is correlated with Ne↵ (see § 9.2
and Ichikawa et al. 2005) and anti-correlated with w
(Zhao et al. 2012). Freeing either of these parameters
increases the median masses, although the uncertainties
also increase. For a wCDM+

P
m⌫ model, the mass con-

straint is
P

m⌫ = (0.51±0.14) eV, 3.7� above zero. For
a ⇤CDM+Ne↵+

P
m⌫ cosmology, the mass constraint isP

m⌫ = (0.51 ± 0.15) eV. This last case is discussed
in detail in § 9.2. We find the CMB+BAO+H0+SPTCL
preference for neutrinos remains at greater than 95% con-
fidence when we add additional model parameters, with
the exception of the mean curvature of the universe. Fit-
ting the posterior with a Gaussian, we find curvature
reduces the preference for massive neutrinos to 1.7�.

7. RUNNING OF THE SPECTRAL INDEX

The di↵erence in preferred ns from SPT and WMAP7
data suggests a scale dependence in the power spectrum
of the primordial fluctuations. To test this, we allow the
primordial power spectrum to deviate from a pure power
law by introducing a logarithmic dependence on scale k,
a so-called “running spectral index” (Kosowsky & Turner
1995):

ns(k) = ns(k0) + dns/d ln k ln

✓
k

k0

◆
. (8)

Here, k0 is a defined pivot point and dns/d ln k is the run-
ning parameter. Throughout this section, we will define
this pivot point to be k0 = 0.025Mpc�1, which projects
to l ' 350. This pivot point is chosen to decorrelate the
uncertainties on ns and dns/d ln k in the SPT+WMAP7
data.
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Fig. 5.— This figure shows the e↵ects of massive neutrinos on
the CMB power spectrum. The curves show the ratio of mod-
els with

P
m⌫ = 0.5 (dashed green) and 1.0 eV (solid blue)

respectively to the best-fit ⇤CDM (
P

m⌫=0 eV) model spectrum
for SPT+WMAP7. When increasing

P
m⌫ we adjust ⌦⇤ down-

ward to keep ✓s fixed. On large scales, we see a reduction in the
power added by the late-time ISW e↵ect. On intermediate scales
below the neutrino free-streaming length, we see a reduction in the
power contributed by the early ISW e↵ect. On scales smaller than
the neutrino free-streaming length, the more rapid decay of grav-
itational potentials boosts the early ISW power. The amplitude
of the early ISW e↵ect is damped at l & 500 by averaging over
multiple positive and negative contributions.

e↵ects in the low-redshift universe.
To understand neutrino mass constraints from CMB

data, we must understand how the predicted CMB power
spectrum changes with neutrino mass. In the standard
thermal history of the universe, massless neutrinos have
a temperature corresponding to ⇠ 0.17 eV at the epoch
of last scattering. The scale at which masses start to
have an appreciable e↵ect is set by this temperature to
be

P
m⌫ ⇡ 3 ⇥ 0.17 eV.32 Neutrino masses well below

this value have no impact on primary CMB anisotropy.
Hu & Dodelson (2002) and Ichikawa et al. (2005) study
in detail the impact of higher masses on the CMB and
find the dominant impact is due to the ISW e↵ect.
In a matter-dominated universe with zero mean cur-

vature, gravitational potentials remain constant to first
order in linear perturbation theory. Adding components
that do not cluster, while keeping the curvature fixed
to zero, increases the expansion rate which causes the
gravitational potentials to decay. As photons traverse
these decaying potentials on their way toward the ob-
server, new anisotropies are created by what is called
the Integrated Sachs-Wolfe (ISW) e↵ect. The ISW
anisotropy is generated in the ⇤CDM model both at
early times, as photons free stream immediately after
decoupling through a not-completely-matter-dominated
universe (the early ISW e↵ect) and at late times after
the cosmological constant becomes important (the late
ISW e↵ect).
We illustrate how the ISW e↵ect changes with neutrino

mass in Figure 5. In this figure, we plot the ratio of
Cl at either

P
m⌫= 0.5 or 1.0 eV relative to a fiducial

⇤CDM+
P

m⌫ model Cfid
l with

P
m⌫ = 0.0. The baryon

density !b, cold dark matter density !c, and the sound

32 For simplicity we assume three families of neutrinos with de-
generate masses.
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Fig. 6.— This figure illustrates the degeneracy between ns andP
m⌫ , and its role in the SPT+WMAP7 preference for nonzero

neutrino masses. The contours are the 68% and 95% confidence
intervals in the ⇤CDM+

P
m⌫ parameter space for WMAP7 (red)

and SPT+WMAP7 (blue). The SPT data prefer a lower value
of ns than WMAP7, which leads the CMB data to prefer higherP

m⌫ .

horizon scale ✓s are fixed between the three models –P
m⌫ and ⌦⇤ vary. Three regimes are labeled in the

figure: a reduction of power due to the late-time ISW
e↵ect at l . 20, a reduction of power due to the early
ISW e↵ect at 20 . l . 100, and an increase in power
due to the early ISW e↵ect at 100 . l . 500. We briefly
explain these three regimes in the next paragraphs.
As

P
m⌫ increases with !b + !c fixed, the expansion

rate increases at early times. Therefore, ⌦⇤ must de-
crease (increasing DA) to keep ✓s fixed. Without this
adjustment to ⌦⇤, ✓s would change, primarily due to the
change in DA. With this adjustment, we find that in
the mass range of interest, H(z) increases relative to theP

m⌫ = 0 model at z & 1 and decreases at z . 1. The
decreased expansion rate at z . 1 results in less decay
of the gravitational potential on very large scales, and
therefore a reduction in the contribution to the power
from the late-time ISW e↵ect. The net e↵ect is less power
at l . 20. However, the large cosmic variance at these
low multipoles makes the CMB data largely insensitive
to the reduced power.
On scales shorter than the neutrino free-streaming

length, the increased expansion rate just after photon
decoupling enhances the decay of gravitational poten-
tials and thus enhances the early ISW e↵ect. On scales
longer than the free-streaming length, the early ISW ef-
fect is suppressed; the clustering of neutrinos prevents
the potential from decaying more rapidly and, due to the
increased expansion rate, there is less time for the early
ISW e↵ect to accumulate. The dividing line in multipole
space between these two regimes increases with

P
m⌫ .

The magnitude of the ISW e↵ect decreases with increas-
ing l as cancellations between an increasing number of
positive and negative contributions washes out the sig-
nal, becoming negligible by l ⇠ 500.
The reduction of power at l . 100 and increase of

Adding SPT data
SPT alone prefers a lower value 
of ns relative to WMAP7, which 
causes the preferred value of 
∑mν to increase when SPT data 
are combined with WMAP 7.
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Fig. 8.— This figure shows how low-redshift datasets a↵ect
the neutrino mass constraints. In the planes of

P
m⌫ and three

quantities inferred at low redshifts, we show the marginalized
two-dimensional posteriors from di↵erent combinations of datasets
shown by the legend in the central panel. Top: constraints are
plotted in the

P
m⌫ � rs(zdrag)/DV (0.35) plane with the SDSS

BAO data point shown by the grey band as the 1� region. Middle:
similar to the left panel but showing rs(zdrag)/DV (0.57) with the
BOSS BAO data point for the gray band as the 1� region. Bot-

tom: similar to the top and middle panels but showing H0 with the
grey band showing the 1� region. The tension between BAO and
H0 can be seen in the three panels. The CMB+BAO preference
for massive neutrinos is clearly visible.

We conclude that the preference for nonzero neutrino
masses is coming from three independent sources and
remains at > 2� significance as long as we keep cluster
abundances and at least one of the two most precise BAO
measurements.

6.3. Degeneracies with other extensions

A final question is to what extent the neutrino mass
constraint is weakened by introducing additional free pa-
rameters to the 7-parameter ⇤CDM+

P
m⌫ model. To

address this, we show the marginalized posteriors for the
sum of the neutrino masses in 8-parameter models in Fig-
ure 10. We consider several possible additions: Yp, Ne↵ ,
dns/d ln k, ⌦k, or w. All curves are for the combination
of CMB+BAO+H0+SPTCL.
Of these five extensions, two (dns/d ln k and ⌦k) de-

crease the preference for positive
P

m⌫ , two (w and Ne↵)
increase the preference, and one (Yp) has minimal e↵ect.
Allowing both curvature and massive neutrinos signifi-
cantly increases the uncertainties on both parameters.
The peak of the neutrino mass likelihood remains nearly
unchanged at 0.34 eV with the 95% confidence interval
expanded to

P
m⌫ 2 [0, 0.70] eV. The curvature is con-

sistent with zero. Allowing for running of the spectral in-
dex reduces the preference for nonzero neutrino masses,
in this case by shifting the median down; the neutrino
mass constraint with running is

P
m⌫ = (0.27±0.11) eV.

On the other hand, allowing the dark energy equation
of state or number of neutrino species to vary increases
the significance of the neutrino mass detection. The
summed neutrino mass is correlated with Ne↵ (see § 9.2
and Ichikawa et al. 2005) and anti-correlated with w
(Zhao et al. 2012). Freeing either of these parameters
increases the median masses, although the uncertainties
also increase. For a wCDM+

P
m⌫ model, the mass con-

straint is
P

m⌫ = (0.51±0.14) eV, 3.7� above zero. For
a ⇤CDM+Ne↵+

P
m⌫ cosmology, the mass constraint isP

m⌫ = (0.51 ± 0.15) eV. This last case is discussed
in detail in § 9.2. We find the CMB+BAO+H0+SPTCL
preference for neutrinos remains at greater than 95% con-
fidence when we add additional model parameters, with
the exception of the mean curvature of the universe. Fit-
ting the posterior with a Gaussian, we find curvature
reduces the preference for massive neutrinos to 1.7�.

7. RUNNING OF THE SPECTRAL INDEX

The di↵erence in preferred ns from SPT and WMAP7
data suggests a scale dependence in the power spectrum
of the primordial fluctuations. To test this, we allow the
primordial power spectrum to deviate from a pure power
law by introducing a logarithmic dependence on scale k,
a so-called “running spectral index” (Kosowsky & Turner
1995):

ns(k) = ns(k0) + dns/d ln k ln

✓
k

k0

◆
. (8)

Here, k0 is a defined pivot point and dns/d ln k is the run-
ning parameter. Throughout this section, we will define
this pivot point to be k0 = 0.025Mpc�1, which projects
to l ' 350. This pivot point is chosen to decorrelate the
uncertainties on ns and dns/d ln k in the SPT+WMAP7
data.

Low redshift data contribute to the 
constrains in ∑mν. 
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Majorana landscape revisited
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –
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Cosmological measurement: very recent, to take cum grano 
salis. But it true, clear goal for ββ0ν experiments
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Building an ideal experiment
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How to build your ββ0ν 
experiment

NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants
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experiment
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High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

•Get a large mass of double beta 
decay source.
•Almost all isotopes must be 
enriched.
•Easiest and cheapest: Xe-136 from 
Xenon
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How to build your ββ0ν 
experiment

T1/2 = log 2

NA Mt

A N��

M = 100 kg, A = 136, T1/2 = 10

26y N�� ⇠ 3
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•Get yourself a detector with 
perfect energy resolution
•Measure the energy of the emitted 
electrons and select those with 
(T1+T2)/Qbb = 1
•Count the number of events and 
calculate the corresponding half-life. 
•In Xe-136, a perfect detector of 
100 kg observes 3 events for a 
lifetime of 1026 y.

How to build your ββ0ν 
experiment

T1/2 = log 2

NA Mt

A N��

M = 100 kg, A = 136, T1/2 = 10

26y N�� ⇠ 3
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•Compute mββ from T0ν

•In the absence of background 
improvement in period is 
proportional to the exposure (Mt) 
but improvement in mββ goes with 
the square root of exposure.

How to build your ββ0ν 
experiment
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Recipes for real bb0nu 
experiments
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Energy resolution
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Why Energy resolution?

•Even in the absence of other 
backgrounds, must separate 
ββ2ν from ββ0ν
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backgrounds, must separate 
ββ2ν from ββ0ν

•As the energy resolution worsens this becomes more difficult 
and limits, eventually the sensitivity.
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Why Energy resolution?
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•But ββ2ν is the least of our 
problems!
•Earth is a very radioactive planet. 
There are about 3 grams o U-238 
and 9 grams of Th-232 per ton of 
rock around us.
•This is an intrinsic activity of the 
order of 60 Bq/kg of U-238 and  
90 Bq/kg of Th-232.
•The lifetime of U-238 is of the 
order of 109 y and that of Th-232 
1010 y. We want to explore 
lifetimes of bb0nu of the order of 
1026 y.

Why Energy resolution?
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•1016: number of sand grains (1mm diameter) 
in a beach 1 km long, 1km wide, 10 m deep.

Energy (MeV)
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•Unless the detector resolution is very good, background eats the 
signal.

Why Energy resolution?
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Other recipes
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•Underground laboratory to reduce cosmic 
background (muons, cosmogenic activation, 
etc.)

Shielding
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•Lab walls shoot us 103 gammas of 
high energy (direct background) per 
square meter or about 5,000 gammas 
into the detector.
•Stop them with a wall of 30 cm of 
radiopure lead (300 muBq/kg)
•Stop the gammas from the lead with 
ultra-radiopure copper inside the 
vessel (10 mqBq/kg)

Matrioska structure
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Radio purity

•Build everything out of extremely 
radiopure materials.
•Typical activities in detector material 
in the range of muBq/kg.
•We are way more radioactive than 
that (K-40 in our bones)

Everything is radioactive unless 
proven otherwise by screening.
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Source = Detector

•Source must be equal to detector (dead 
fiducial law)
•Scale going to larger volume rather 
than replicating modules

Scalability

= 100 kg ?!
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The experiment Rubik’s cube
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Figure of merit

NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants
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Classical approach: Ge 
detectors

•a: expensive

•ε: > 80 %

•Mt: Limited (≈100 kg)

•ΔE Excellent (0.2 % 
FWHM)

•b good to very good 
(10-2 to 10-3 ckky)

•Excellent
•Very good
•Good
•Moderate
•Poor

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B
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High Isotope Enrichment
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!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

Source = Detector

•Xenon: cheap and easy to enrich 
(1/10 other isotopes).
•Good Qbb. No other radioactive 
isotopes.
•Noble gas: can be used to build 
HPXe or LXe. Can be dissolved in 
LScint.
•Fully active, scalable detectors.
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LXe: EXO

Detail of the LAAPD read-out plane 
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•a: Feasible (cheap)

•ε: 30-40% (self shielding)

•Mt: Scalable (≈multiton)

•ΔE moderate to poor (4 % 
FWHM)

•b good to very good (10-3 
-10-4 ckky)

EXO

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

•Excellent
•Very good
•Good
•Moderate
•Poor
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Energy resolution: 4% 
FWHM at Q, using anti-
correlation between 
scintillation and ionization

Energy resolution: 
Anomalous in LXe. Much 
worse than in HPXe.

LXe: Energy resolution
8 

0 

0 1 2 3 4 

Density, g/cm” 

HPGXe

LXe
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SciXe: KamLAND-Zen
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SciXe: KamLAND-Zen
•320 kg of Xe-136 dissolved in 13 
tons of liquid scintillator, held in an 
acrylic balloon (R~3 meter).
•Energy resolution is 10 % FWHM at 
Q 
•Spacial resolution ~10 cm (1 
sigma).
•Activity from external world 
including PMTs shielded by liquid 
scintillator.
• Activity from balloon shielded by 
fiducial volume cut (leaves about 100 
kg of Xe-136 in fiducial volume)
•Currently dominated by “unexpected 
“ isotopes Ag-110m
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•a: Feasible (cheap)

•ε: 40% (fiducial cut)

•Mt: Scalable (≈multiton)

•ΔE poor (10 % FWHM)

•b good to very good (10-3 
-10-4 ckky)

KamLAND-Zen

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

•Excellent
•Very good
•Good
•Moderate
•Poor
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.
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best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
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the right includes overflows (none in the SS spectrum).
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the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-like spectra are parameters
in the fit and are constrained by the results of the source
calibrations. The fraction of events that are classified
as SS for each of the γ-like PDFs is constrained within
±8.5% of the value predicted by MC. This uncertainty
is set by the largest such deviation measured with the
source calibration spectra. The SS fractions for β- and
ββ-like events are also constrained in the fit to within
±8.5% of the MC predicted value. As a cross-check, the
constraint on the 2νββ SS fraction is released in a sep-
arate fit of the low background data. The SS fraction is
found to agree within 5.8% of the value predicted by the
MC simulation.
The ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports a scale factor of 0.995 ± 0.004. The uncertainty is
inflated to ± 0.006 as a result of an independent study of
the possible energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and
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FIG. 3: Experimental results on 0νββ decay half-life (T 0ν
1/2) in 76Ge

and 136Xe. The 68% C.L. limit from the claim in Ref. [1] is indi-
cated by the gray band. The limits for KamLAND-Zen (this work),
EXO-200 [3], and their combination are shown at 90% C.L. The cor-
relation between the 76Ge and 136Xe half-lives predicted by various
NME calculations [7–10] is drawn as diagonal lines together with the
〈mββ〉 (eV) scale. The band for QRPA and RQRPA represents the
range of these NME under the variation of model parameters.

ate for the 2νββ analysis.
The best-fit 110mAg rates in the Xe-LS are 0.19 ±

0.02 (ton·day)−1and 0.14 ± 0.03 (ton·day)−1for DS-1 and
DS-2, respectively, indicating a dominant contribution of
110mAg in the 0νββ region. The 90% C.L. upper lim-
its on the number of 136Xe 0νββ decays are <16 events
and <8.7 events for DS-1 and DS-2, respectively. Com-
bining the results, we obtain a 90% C.L. upper limit of
<0.16 (kg·yr)−1in units of 136Xe exposure, or T 0ν

1/2 > 1.9 ×

1025 yr (90% C.L.). This corresponds to a factor of 3.3 im-
provement over the first KamLAND-Zen result [2]. The hy-
pothesis that backgrounds from 88Y, 208Bi, and 60Co are ab-
sent marginally increases the limit to T 0ν

1/2 > 2.0 × 1025 yr
(90% C.L.). A Monte Carlo of an ensemble of experiments
based on the best-fit background spectrum indicates a sensi-
tivity [6] of 1.0 × 1025 yr. The chance of obtaining a limit
equal to or stronger than that reported here is 12%.

A combination of the limits from KamLAND-Zen and
EXO-200, constructed by a χ2 test tuned to reproduce the re-
sult in Ref. [3], gives T 0ν

1/2 > 3.4 × 1025 yr (90% C.L.). The
combined measurement has a sensitivity of 1.6× 1025 yr, and
the probability of obtaining a stronger limit is 7%. From the

combined half-life limit, we obtain a 90% C.L. upper limit of
〈mββ〉 < (120− 250)meV considering various NME calcu-
lations [7–10]. The constraint from this combined result on
the detection claim in Ref. [1] is shown in Fig. 3 for different
NME estimates. We find that the combined result for 136Xe
refutes the 0νββ detection claim in 76Ge at >97.5% C.L. for
all NME considered assuming that 0νββ decay proceeds via
light Majorana neutrino exchange. While the statistical treat-
ment of the NME uncertainties is not straightforward, even
if we apply the uncertainties and correlations in Ref. [11],
which assumes a statistical distribution of the NME for var-
ious (R)QRPA models and does not include a tuning of the
parameter gpp for 136Xe based on its measured 2νββ half-life,
we find the rejection significance is still 95.6% C.L.

The KamLAND-Zen result is still limited by the back-
ground from 110mAg. The two leading hypotheses to explain
its presence in the Xe-LS are (i) IB contamination during
fabrication by Fukushima-I fallout and (ii) cosmogenic pro-
duction by Xe spallation [2]. While the distribution of Cs
isotopes is consistent with IB contamination during fabrica-
tion, hypothesis of the adsorption of cosmogenically produced
110mAg onto the IB still cannot be rejected. Improved statis-
tics on the distribution of 110mAg on the IB may help reveal
the source of the contamination. In the meantime, we have re-
moved the Xe from the Xe-LS by vacuum extraction and veri-
fied that the 110mAg rate in the LS remains at its present level.
We are proceeding to distill the LS to remove the 110mAg,
while we also pursue options for IB replacement and further
detector upgrades.

In summary, we have performed the most stringent test
to date on the claimed observation of 0νββ decay in
76Ge [1]. Combining the limits on 136Xe 0νββ decay by
KamLAND-Zen and EXO-200, we find that the Majorana
mass range expected from the claimed 76Ge 0νββ decay half-
life is excluded at >97.5% C.L. for a representative range
of nuclear matrix element estimations. KamLAND-Zen and
EXO-200 demonstrated that we have arrived at an exciting
new era in the field, and that the technology needed to judge
the claimed 76Ge 0νββ decay with other nuclei has been
achieved.

The KamLAND-Zen experiment is supported by the
Grant-in-Aid for Specially Promoted Research under grant
21000001 of the Japanese Ministry of Education, Culture,
Sports, Science and Technology; the World Premier Inter-
national Research Center Initiative (WPI Initiative), MEXT,
Japan; Stichting FOM in the Netherlands; and under the
US Department of Energy (DOE) Grant No. DE-AC02-
05CH11231, as well as other DOE grants to individual in-
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This work is dedicated to the memory of Stuart Freedman,
a great scientist, and a dear colleague and friend.
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THE THIRD WAY:
•Neutrino Experiment with a Xenon high pressure (HPXe) 

gas TPC

•Very good energy resolution: ~0.5-0.7% FWHM @ Q

•Powerful background rejection using the event 
topological signature (10-4 ckky)

•Being built at the Laboratorio Subterráneo de Canfranc 
(LSC), under the Spanish Pyrenees. 

•http://next.ific.uv.es/next/

a next

Thursday, January 17, 13

http://next.ific.uv.es/next/
http://next.ific.uv.es/next/


HPGXe vs LXe
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light output similar to the 662 keV full energy events, a point spread function
of about 6 mm radius is measured. Therefore cutting harder on the radial
position of events does not reduce render an improved fiducialization of te
events.

Fig. 3 shows a high statistics spectrum with a full energy peak, a Comp-
ton continuum and edge, a backscattering peak and a xenon x-rays peak and
escape peak.
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Figure 3: Measured energy spectrum for 662 keV gammas: This spectrum was
taken at a 15.5 atm pressure with E/P of 1.95 kV/(cm atm) in teh EL region and 775
V/cm in the drift region.

In addition, we have obtained 4.7% FWHM for 59.4 keV gamma rays
from 241Am at 10 Atm (see Fig. 5 and 6).

The hot getter was added to the system to better control the TPC per-
formance by eliminating the residual N2 from the gas which a↵ects the drift
velocity and could potentially also have an electron attachment e↵ect. How-
ever, the removal of N2 had the unintended consequence of reducing the light
yield in the chamber (the number of SPEs detected per ionization electron).
A light yield reduction of about 60% was observed for similar TPC fields and
pressure. The light yield reduction has been compensated by a subtantial
increase in the maximum E/P we were able to achieve by gradual chamber
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NEXT: An EL TPC

NEXT Collaboration, NEXT-100 Technical Design Report, arXiv:1202.0721
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NEXT DEMO/DBDM

NEXT-DBDM at LBNL O(1 
kg of gas). NEXT-DEMO at 
IFIC, O(5 kg of gas) St. 
Gottard!

!
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Dec 17th – 19th, 2012 TPC Symposium, Paris, France 4

NEXT-DEMO

● Constructed @ IFIC, Valencia, Spain

● Aspect ratio: l/d = 40 cm / 14.4 cm = 2.8 

● Pure Xe @ 10 bar

● Recirculation through hot getters 

– low radon emanation and nitrogen removal

● 22Na 1μCi 511 keV source with a NaI tagger (perpendicular)

Setup

Figure 7. The external view of the field cage showing the field rings, divider resistor chain. The Cathode,
EL region, PMT screen and drift region are indicated.

Figure 8. A view from the top of the NEXT1 field cage made of PTFE slabs. The energy plane honeycomb
can clearly been seen through the transparent grids.

– 9 –

Figure 4. The different parts of NEXT-DEMO.

the UVC configuration is well understood is to simply coat the LT with TPB and study the effect of
this action in the detector. This corresponds to the configuration that we call “Blue configuration”
(BC).

The relative merits of a PMT– and a SiPM–based TP are more difficult to quantify. A tracking
plane made of PMTs can be visualized as a “continuous tracking plane” (CTP), in which, a priori,
all the PMTs can contribute to the determination of the (x,y) coordinates for a given time-slice
defining the z coordinate. A tracking plane made of SiPMs operates rather as a “pixel tracking
plane” (PTP) in which only a few pixels contribute to the reconstruction of (x,y) for a given time-
slice. A PMT–based CTP has the advantage of a very low energy threshold, due to the high gain
and low dark current of PMTs, while a SiPM–based PTP offers better two–track separation and a
sharper definition of the fiducial volume. The optical aberrations due to the finite distance between
the EL amplification grid and the tracking plane, as well as the effect of diffusion and dispersion
are also different for a CTP and a PTP. We thus concluded that it was necessary to study with detail
both options. The configuration with a coated LT and a PTP is called “Ultramarine configuration”
(UC).

In the rest of this paper we discuss the UVC. The BC and the UC will be presented in forth-
coming papers.

2.2 Gas System

The role of the gas system (Figure 5) is to remove the gas impurities, in particular trace gases such
as argon, N2 and CH4, as well as water vapor. This is achieved by continuously re-circulating the
xenon gas through molecular traps called Getters. NEXT-DEMO is equipped with both “cold” and
“hot” SAES Getters (MC500). All the gas piping, save for the inlet gas hoses and Getter fittings,
are 1/2 inch diameter with VCR fittings. The re-circulation loop was powered, during the UVC,
by a KNF diaphragm pump with a nominal flow of 100 standard liters per minute. At a 10 bar
operating pressure of NEXT-DEMO this translates to an approximate flow of 10 liters per minute.

– 6 –
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THE TRACKING PLANE

DBs made of Cuflon, hosting 64 PMTs per DB. In NEXT-100 
there is about 110 DBs and 7000 channels.
First Light pixel plane operating in a detector
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White through the looking glass

Thursday, January 17, 13



NEXT in blue
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•a: Feasible (cheap)

•ε: moderate (30%)

•Mt: Scalable (≈multiton)

•ΔE good to very good ( 0.7% 
to 0.5% FWHM)

•b very good to excellent 
(10-4 ckky)

NEXT
Main Cylindrical Vessel

Torispheric Heads
Energy Plane, PMTs

Cu Shield

PMT FTs

Vac. Manifold

HV/Press. relief/Flow/Vac. Ports
HV Cable Cu Shield Bars

F.C. Insulator
Field Cage Rings

Reflectors

Shielding, External, Cu on Pb

EL mesh planes

EL HV F.T.
Cathode Tracking Plane, SiPM

Cu Shield

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

•Excellent
•Very good
•Good
•Moderate
•Poor
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Table 1. Experimental parameters of the three xenon-based double beta decay experiments: (a) total
mass of 136

Xe, M ; (b) enrichment fraction f ; (c) signal detection efficiency, "; (d) energy resolution,
�E, at the Q value of 136

Xe; and background rate, b, in the region of interest around Q�� expressed in
counts/(keV · kg · y) (shortened as ckky).

Experiment M (kg) f (%) " (%) �E (% FWHM) b (10�3 ckky)
EXO-200 110 0.81 0.56 4.0 1.5
KamLAND-Zen 330 0.91 0.42 9.9 1.0
NEXT-100 100 0.91 0.30 0.7 0.5

to 91% in 136
Xe) gas at 15–20 bar pressure. NEXT offers two major advantages for the search

of neutrinoless double beta decay, namely: a) excellent energy resolution, with an intrinsic
limit of about 0.3% FWHM at Q�� and 0.5–0.7% demonstrated by the large-scale prototypes
NEXT-DBDM and NEXT-DEMO [13, 14], b) tracking capabilities that provide a powerful
topological signature to discriminate between signal (two electron tracks with a common
vertex) and background (mostly, single electrons). The topological signature, combined with a
radio clean detector results in a very low specific background rate.

The combination of radio purity and the additional rejection power provided by the
topological signature of the two electrons results in an expected background rate of 10�4 �
�5⇥10

�4
counts/(keV ·kg ·y), depending of the level of background of the energy plane PMTs.

There are only upper limits for those PMTs. The most sensitive measurement, performed
by the LUX collaboration, quotes am upper limit in the background of each PMT of less
than 700 µBq, and corresponds to the lowest limit of the background rate, while the XENON
collaboration quotes a less sensitive limit that results in the upper limit of the background
rate. The NEXT collaboration is currently screening all the PMTs entering the detector
energy plane. While the measurement program is going on, they quote the upper limit of their
background level, 5⇥ 10

�4
counts/(keV · kg · y), as reference [11, 43]. The construction of the

detector is underway at the Laboratorio Subterráneo de Canfranc (LSC), in Spain. NEXT
owns 100 kg of enriched xenon, and foresees to start a physics run in 2015.

6 Sensitivity of xenon experiments

6.1 Sensitivity of the current xenon experiments

6.1.1 Experimental parameters

The experimental parameters of the three xenon experiments described here, as defined in
equation (4.1), are collected in Table 1. The parameters of EXO-200 and KamLAND-Zen
are those published by the collaborations [7, 8]. The resolution in NEXT corresponds to the
most conservative result obtained by their prototypes [14], and the predicted background rate
and efficiency comes from the full background model of the collaboration [11, 43], assuming
a conservative background level for the dominant source of background (the energy–plane
PMTs, see discussion in the previous section).

A caveat is in order concerning NEXT. Although the resolution is solidly established
by the NEXT-DEMO and NEXT-DBDM prototypes, and the different components that will
enter the detector have been carefully screened [12], to construct the background model, the
predictions of the Monte Carlo have not been validated with actual data from the operating
detector, as the other two experiments have already done. In this sense, the comparisons in
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Figure 2. Sensitivity of the three xenon experiments as a function of the running time, assuming the
parameters described in Table 1. We consider a run of 8 years for EXO-200 and KamLAND-Zen (2012
to 2020) and a run of 5 years for NEXT (2015 to 2020).

running even more attractive. The combination of the three can reach a sensitivity of about
65 meV, which covers a significant fraction of the phase space. This result is affected by
uncertainties in the values of the NME. Taking the lower bound of the PMR we find a
sensitivity of 87 meV for the combined limit, while taking the IBM model as upper bound of
the PMR we find a sensitivity of 48 meV.

6.2 Sensitivity of ton-scale xenon experiments

To study the projected sensitivity of future xenon experiments, we consider three hypothetical
detectors of the same mass (1 ton) running for the same total exposure (up to 10 ton· year)
based in the three technologies discussed above: liquid xenon (LXe), xenon–liquid scintillator
(XeSci) and high pressure gas xenon (HPXe). Our choice of one ton as the reference mass for
these studies is motivated by the following reasons:

• Availability of the isotope: there is already one ton of enriched xenon available in
the world (most of it owned by the KamLAND-Zen collaboration), that could be pooled
in a future one–ton experiment. The cost of one ton of enriched xenon is (currently)
rather modest, about 10–20 M$, typically a factor ten cheaper than the cost of other
enriched materials.
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Discovery potential of xenon-based 
neutrinoless double beta decay experiments in 
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Table 2. Expected experimental parameters of the three xenon-based double beta decay technologies:
(a) signal detection efficiency, "; (b) energy resolution, �E, at the Q value of 136

Xe; and background
rate, b, in the region of interest around Q�� expressed in counts/(keV · kg · y).

Experiment " (%) �E (% FWHM) b (10�3 ckky)
LXe 0.38 3.2 0.1
XeSci 0.42 6.5 0.1
HPXe 0.30 0.5 0.1
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Figure 3. Sensitivity of the three technologies experiments as a function of the total exposure,
assuming the parameters described in Table 2.

not claiming that they represent any specific design. We assume a resolution near the practical
limit for the three technologies, and use reasonable assumptions to predict their achievable
background rate, which turns out to be, both very small and quite similar.

6.2.4 Sensitivity

Figure 3, shows the expected performance of the three technologies, assuming the parameters
described in Table 2, up to a total exposure of 10 ton·year. Although we have used a reference
mass of one ton, the actual detector designs could consider, of course, larger masses. The
tradeoff between total detector mass and exposure time needs to be done taking into account
detector design and the cost of enriched xenon.
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Figure 4. Predictions in the parameter space of neutrinoless double beta effective mass and lowest
neutrino mass. Full regions show the 1� allowed regions (2 dof) by neutrino oscillation and cosmological
data, assuming normal (green) and inverted (sky blue) mass hierarchy. Horizontal lines in blue show
the expected sensitivity of current xenon–based experiments in 2020. Horizontal lines in red show
the expected sensitivity of future xenon–based neutrinoless double beta technologies after 10 ton·year
exposure.

At the maximum exposure, the LXe and and XeSci detectors reach a draw at 40 meV,
while the HPXe detector reaches 25 meV. Each one of the experiments covers a large fraction
of the available phase space, with HPXe covering practically all the range of allowed values.
The combination of the three experiments is 19 meV, fully covering the phase space, while the
combination of HPXe and one of the other two is 21 meV.

This result is, of course, affected by uncertainties in the values of the NME. Taking the
lower bound of the PMR we find a sensitivity of 25 meV for the combined limit, while taking
the IBM model as upper bound of the PMR we find a sensitivity of 14 meV. Notice that the
HPXe (using the central value of the PMR) fully covers the one-sigma range of m�� values
([26, 145] meV, see Section 3) , while the combination of the three experiments covers the
range even for the lower bound of the PMR (that is the ISM, which gives the lowest NME of
all the available models).
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of the available phase space, with HPXe covering practically all the range of allowed values.
The combination of the three experiments is 19 meV, fully covering the phase space, while the
combination of HPXe and one of the other two is 21 meV.

This result is, of course, affected by uncertainties in the values of the NME. Taking the
lower bound of the PMR we find a sensitivity of 25 meV for the combined limit, while taking
the IBM model as upper bound of the PMR we find a sensitivity of 14 meV. Notice that the
HPXe (using the central value of the PMR) fully covers the one-sigma range of m�� values
([26, 145] meV, see Section 3) , while the combination of the three experiments covers the
range even for the lower bound of the PMR (that is the ISM, which gives the lowest NME of
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If recent cosmological measurements are correct, xenon 
experiments (in particular NEXT) can make a major discovery.
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Summary and outlook 
•Neutrino are being cornered. Cosmological measurements, 

direct measurements and neutrino oscillation experiments 
will reveal their mass spectrum in the next few years.

•Neutrinoless double beta decay experiments are coming to 
age. Exploring whether the neutrino is its own antiparticle 
may require detectors in the range of the (multi)ton isotope 
mass, with good efficiency and extremely good background 
rejection. Xenon experiments can provide all the above. 

•In addition, HPXe can provide superb energy resolution. If 
the recent claim on the cosmological mass of the sum of the 
three neutrinos holds, the potential for discovery is very 
high. 
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Ettore Majorana through the 
looking-glass

•Majorana disappeared in the sea, in March 1938, aged 32. His 
body was never found. The reasons for his alleged suicide remain 
obscure. 
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Ettore Majorana through the 
looking-glass

•Majorana disappeared in the sea, in March 1938, aged 32. His 
body was never found. The reasons for his alleged suicide remain 
obscure. 
•Perhaps, like Alice, he managed to escape, through the looking-
glass, to a better World.
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Thanks for your 
attention
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