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Double beta decay
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About 10 isotopes, A 
~70-150

Qbb ~2-3.5 MeV

T1/2 ~1018-1020 yr. 
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Neutrinoless Double Beta 
Decay

��2⇥

T1/2 ⇥ 1018 � 1020 y

��0⇥

T1/2 > 1025 y

If the neutrino is a Majorana 
particle the process called 
Neutrinoless Double Beta Decay 
may exist

In bb0n, no neutrinos are emitted. 
The sum of the energies of the 
two electrons equals the mass 
difference between mother and 
daughter nuclei (Qbb).

The process requires an helicity 
flip, and therefore it becomes 
more likely as the neutrino mass 
increases. 
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Excluded by Cosmology

Degenerated neutrinos

Inverse hierarchy

Normal hierarchy
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EXO sets a limit of 

Corresponding to 
T1/2(Xe136) = 1.6⇥ 1025 yr (90% CL)

m�� ⇠ 140� 380 meV
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FIG. 6: Relation between the T 0!""
1/2 in 76Ge and 136Xe for

di!erent matrix element calculations (GCM [22], NSM [23],
IBM-2 [24], RQRPA-1 [25] and QRPA-2 [5]). For each matrix
element !m""" is also shown (eV). The claim [4] is represented
by the grey band, along with the best limit for 76Ge [21]. The
result reported here is shown along with that from [7].

shapes and/or small contributions. A possible energy
o!set and the resolution of the !-like spectra are param-
eters in the fit. They are constrained by the results of
the source calibrations. The fraction of events that are
classified as SS for each of the !-like PDFs is constrained
within ±8.5% of the value predicted by MC. This un-
certainty is set by the largest such deviation measured
with the source calibration spectra. The SS fractions for
"- and ""-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 2#"" SS fraction is released
in a separate fit of the low background data. The SS frac-
tion is found to agree within 5.8% of the value predicted
by the MC.
The "" energy scale is a free parameter in the fit, so

that it is constrained by the 2#"" 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 di!erences between !- and ""-
like energy deposits. The 2#"" PDF is produced using
the Fermi function calculation given in [18]. Tests using
a slightly di!erent spectral form [19] were performed and
found to contribute <0.001% to the predicted location
of Q!!. Finally, the stability of this energy scale cor-
rection was verified by repeating the fit with increasing
thresholds up to 1200keV.
For the best-fit energy scale and resolution the ±1$

and ±2$ regions around Q!! are shown in Figure 5. The

number of events observed in the SS spectrum are 1 and
5, respectively, with the 5 events in the ±2$ region ac-
cumulating at both edges of the interval. Therefore, no
evidence for 0#"" decay is found in the present data set.
The upper limit on T 0"!!

1/2 is obtained by the profile likeli-
hood fit to the entire SS and MS spectra. Systematic un-
certainties are incorporated as constrained nuisance pa-
rameters. The fit yields an estimate of 4.1 ± 0.3 back-
ground counts in the ±1$ region, giving an expected
background rate of (1.5 ± 0.1) ! 10!3 kg!1yr!1keV!1.
It also reports 0#"" decay limits of < 2.8 counts at
90% CL (< 1.1 at 68% CL). This corresponds to a
T 0"!!
1/2 > 1.6! 1025 yr at 90% CL (T 0"!!

1/2 > 4.6! 1025 yr

at 68% CL). Toy MC studies confirm the coverage of this
method as suggested by [20]. The same fit also reports
T 2"!!
1/2 = (2.23±0.017 stat.±0.22 sys.)!1021 yr, in agree-

ment with [6] and [7]. The levels of contamination from
!-emitting nuclides are found to be consistent with ma-
terial screening estimates [12]. The addition to the fit of
a PDF for 137Xe produces a 13% higher limit on T 0"!!

1/2

at 90% CL. In the absence of an independent constraint
on this cosmogenic background, the smaller limit is re-
ported.

The result from the likelihood fit is shown in Figure 6,
along with the recent constraint for 136Xe [7] and the
best limit [21] and claimed detection [4] for 76Ge. The
present result contradicts [4] at 68% CL (90% CL) for all
(most) matrix element calculations considered [5, 22–25]
and provides upper bounds to Majorana neutrino masses
between 140 and 380meV at 90% CL.
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Current experimental 
situation

EXO result has excluded the claim of KK for all but one of the NME’s sets. It 
appears that KK claim will not hold water. GERDA should settle the matter soon.

The region of mbb between 50-300 meV corresponds to the so-called 
degenerated hierarchy.

EXO: T1/2 ~1025 y (mbb ~150 meV). To reach mbb~50 meV needs T12~1026y
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T1/2 = log 2

NA Mt

A N��

Get a large mass of double beta 
decay source (N = MtNA/A).

Measure the energy of the emitted 
electrons. 

Select those with (T1+T2)/Qbb = 1

Count the number of events and 
calculate the corresponding half-life. 

Ideal bb0nu experiment
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If detector resolution is not 
perfect, energy spike around Q 
becomes a Gaussian.

Background events, both from 
bb2n process and from U & Th 
radioactive chains will leak into 
the Gaussian region (the ROI)

Everything else (radiopurity, extra 
handles) being the same, 
experiments with superb energy 
resolution are preferred, to 
minimize the impact of 
background events. 

Energy resolution
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Radioactive backgroundDatos preliminares (10 días): acero 15 mm y acero 10 mm

• Mayor masa, menor eficiencia

Energy (keV)
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¾ 15 mm

channel

Medidas de aceros

Signal is in this region!

Due to the radioactive chains of U and Th.

Earth is a very radioactive planet. About 1 gr 
of U and 3 gr of Th per ton of rock.

Lifetime of U-238 is 4.5×109 yr to be 
compared with a signal lifetime of ~1026 
(1027) yr
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Main backgrounds: high-energy gammas from Tl-208 and Bi-214 
(natural radioactivity in detector materials).

Radioactive background in 
Xenon

Arbitrary normalization
Assumed resolution: 1% 
Qbb

Bi-214

Tl-208
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Signal & Background
Imagine that signal is at a level of T1/2 ~1025 y. How 
many events per year and kg?

T1/2 = log 2

NA Mt

A N��

N��(Xe136
) = log 2

6 · 10

23 · 10

3
(g) · 1(y)

10

25 · 136

⇠ 0.1

Need a large mass to see the signal (100 kg yr for 
T1/2=1025 y)

Imagine that natural background for Bi-214 line is of the 
order of 1muBq. This is one count of background every 
106 seconds. One year has 3 107 seconds. Thus 30 
counts of Bi-214 go into the Bi-214 peak which 
overlaps at 50 % with signal peak. B/S ~1!!! 
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K   ➝  isotope yield
ε    ➝ detection efficiency
M   ➝ isotope mass
t     ➝ running time
b    ➝ background rate
ΔE ➝ energy resolution

T1/2
−1 ∝ a ⋅ ε ⋅ M ⋅ t

ΔE ⋅ B Assume a, ε and ΔE 
constant.

To improve T1/2 by 10 one 
needs to: a) Increase Mt by 
102 or decrease B by 102 or 
increase Mt by 10 and 
decrease B by 10. 

CHALLENGE: Build a 
detector with 10 times the 
mass and 10 times less 
background.

Improving T is difficult

miércoles 11 de julio de 12



m�� = K
p

1/"
⇣b �E

Mt

⌘1/4

Improving m is VERY 
difficult

Today: 150 meV. Degenerated: 50 meV. Inverse: 20 meV

First jump: Improve ( ) by 34 ~100 Second jump: Improve by 64 ~1000

EXO: ~100 kg yr: Fist jump: 10,000 kg yr, second jump: 100,000 kg yr

No go, unless one reduces B at the same time by a factor 10 (100). 
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Calorimeters/Bolometers

T1/2
−1 ∝ a ⋅ ε ⋅ M ⋅ t

ΔE ⋅ B
ΔE   ➝  0 initial reach OK

b    ➝ S/V large, alpha particles. 

M   ➝ expensive an modular (no scale)
b    ➝ Can improve by a factor 10 with advanced techniques.

Main limitation: S/V and Mass. 
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Enriched xenon dissolved in 
liquid scintillator.

Poor resolution, 10% FWHM 
at the Q-value.

Easy to pile up large mass

Difficult to control 
backgrounds (K-ZEN initial 
run 102 larger than expected)

Low resolution calorimeters
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Modular/non-homogenous

Thin source foil (Se-82) within 
a tracking chamber 
surrounded by a calorimeter.

Mediocre resolution, 4% 
FWHM at Q-value.

Low efficiency (~30%).

Extra handles (tracks)
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Price & effort scales linearly

Backgrounds (proportional
to surfaces) scale linearly

Not homogenous detector

Not suited even for current modest scale

Best feature of detector: Propaganda.

No-go technique
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Time Projection Chamber: invented by D. Nygren in the 1970’s. 
Can be seen as an electronic bubble chamber.

μ
e-

E

re
ad

o

requires a noble gas to operate

charged particles traversing TPC ionize 
gas leaving a track

If track stops inside TPC then its energy 
is calorimetrically measured (with good 
resolution)

Large volume possible (thus large mass)

No surfaces in fiducial volume for 
background ions to attach to

The TPC detector
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Ionization and Scintillation in Xenon can be recorded in Xe 
chambers

Imaging Xe chambers

high-pressure gaseous Xenon (HPGXe) or LXe
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NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Large TPC
Mass goes with L3

Large mass and good fiduciality
Backgrounds scale with L2.
Improve (doing nothing) as you make 
it larger. 

T1/2
−1 ∝ a ⋅ ε ⋅ M ⋅ t

ΔE ⋅ B

Xe chambers are an 
homogenous detector
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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

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

Easy to enrich to >90% 
and “cheap”.T1/2

−1 ∝ a ⋅ ε ⋅ M ⋅ t
ΔE ⋅ B
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EXO-200

200 kg of liquid Xenon TPC
~4 % FWHM at Qbb
70% efficiency (hard fiducial cut needed 
for self-shielding)
Bkgnd --> ~ 10 -3 c/(kg kev y)

Large mass easy to achieve (liquid Xenon 
is very dense).

Strong points: compact, self-shielding, 
mass, scalability.

Weak points: mediocre resolution, low 
efficiency for effective shielding.
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FIG. 4: MS (top) and SS (bottom) energy spectra from the
2,896.6 hours of low background data used for this analysis.
The best fit line (solid blue) is shown. The background com-
ponents are 2!"" (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
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows. There are no overflows in the SS
spectrum.

These variations are used as measures for the systematic
uncertainties in the final fit. The 71% MC estimate for
the 0!"" e!ciency is further verified over a broad en-
ergy range by comparing the 2!"" MC e!ciency with
low-background data. Although the 2!"" spectrum has
vanishing statistical power at Q!!, the e!ciency is found
to be a smooth function of the energy and agrees with
the simulated e!ciency to within the ±9.4% overall scale
uncertainty mentioned above.
The fiducial volume used in this analysis contains

79.4 kg of 136Xe (3.52!1026 atoms), corresponding to
98.5 kg of active enrLXe. The trigger is fully e!cient
above 700keV. The cut represented by the dashed diago-
nal line in Figure 1 eliminates a population of events due
to interactions in the enrLXe region for which the charge
collection e!ciency is low, leading to an anomalous light-
to-charge ratio. This cut also eliminates # decays from
the low background data, but causes only a negligible
loss of e!ciency for $- and "-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%
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FIG. 5: Energy spectra in the 136Xe Q!! region for MS (top)
and SS (bottom) events. The 1 (2)# regions around Q!! are
shown by solid (dashed) vertical lines. The 0!"" PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

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 "-
# 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 "" events are MS. The MC predicts that 82.5% of
0!"" events are SS. Using a maximum likelihood estima-
tor, the SS and MS spectra are simultaneously fit with
PDFs of the 2!"" and 0!"" of 136Xe along with PDFs
of various backgrounds. Background models were devel-
oped for various components of the detector. Results
of the material screen campaign, conducted during con-
struction, provide the normalization for the models. The
contributions of the various background components to
the 0!"" and 2!"" signal regions were estimated using
a previous generation of the detector simulation [8]. For
the reported exposure, components found to contribute
< 0.2 counts (0!"") and < 50 counts (2!""), respec-
tively, were not included in the fit. For the current ex-
posure, 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

Expects 4 events in 1 sigma.

Observes 4.

Got lucky.

Hard to improve with 
exposure (could get worse).

Limitations: energy 
resolution lack of extra 
handles, expensive self-
shielding.

EXO-Limitations
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inner volume
(enriched LXe)

outer volume
(natural LXe)

cryostat

photosensors

graphene balloon ropes

Cu container

Figure 2. In the simplest version of GraXe, a graphene balloon, ⇧ 45 cm in radius and filled with
1 ton of 136Xe-enriched liquid xenon, is fixed in the center of a large LXe scintillation detector.

the total activity of the mesh would be less than 10 µBq.1 The graphene balloon would
include an inlet tube for the LXe filling and recirculation. Notice, however, that there are
no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.

– 8 –

GRAXE: A concept to 
improve LXe reach

GraXe is an spherical TPC. Conceptually 
identical to EXO.

But EXE isolated from background by a 
buffer of pure NXE (no radioactive 
background)

EXE enclosed in a graphene baloon that 
lets UV light through (also perfect metallic 
conductor, for spherical TPC).

20 tons of NXE will kill PMT radioactive 
background (and make up for a nice DM 
experiment)

1 ton extremely isolated EXE.

Sci only (mediocre due to poor resolution: 
KZEN is a no-go in the long run)

100 1000 100000
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80
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Sci
Sci+Ion

m
��

 (
m

eV
)

exposure (kg year)

Figure 4. Sensitivity (at 90% CL) of GraXe to m�� as a function of the exposure (isotope mass
times data-taking time) for the two operation modes described in the text. The shaded band marks
the inverted hierarchy of neutrino masses.

levels, neutron-induced backgrounds, not considered previously, might become a concern.
For instance, 137Xe, a short-lived isotope resulting from the activation of xenon by neutrons,
decays ⇥ with a high Q-value. Nevertheless, the neutron flux can be easily suppressed by
adding neutron shielding material surrounding the detector [45], resulting in background
rates below 10�7 counts/(keV · kg · y) [55].

The sensitivity to m�� has been calculated as well for this operation mode, and it is
shown in figure 4 (red, dashed curve). Notice that the improvement is not only due to the
lower background rate, but also to the higher signal e⇤ciency (the selection cut to half of
the energy window is no longer needed, thanks to the improved energy resolution).

7 Conclusions and outlook

We have proposed a new experimental approach to search for neutrinoless double beta decay,
the GraXe concept. We have shown that the combination of properties of xenon and graphene
allows the construction of an extremely sensitive detector, able to fully explore the inverse
hierarchy (see figure 4).

All components of GraXe are standard technology save for the graphene balloon. There-
fore, the obvious milestone towards a realistic detector would be the construction of a proto-
type of the balloon. A second milestone would be to test the whole GraXe concept at small
scale. We suggest that some of the existing small LXe detectors (such as XMASS phase I)

– 13 –
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Intrinsic resolution (Fano factor) at Qββ (2458 keV): 3×10-3 FWHM.

Best experimental result: 5×10-3 FWHM.

Energy resolution in HPXe

T1/2
−1 ∝ a ⋅ ε ⋅ M ⋅ t

ΔE ⋅ B
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Emission of scintillation light by atoms excited by a charge accelerated by a 
moderate electric field. 
Linear process, sub-poissonian fluctuations, huge gain at 3 < E/p < 6 kV/cm/bar.  

Electroluminescence
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Electrons travel on average ~15 cm each. Trajectories 
highly affected by multiple scattering. Electrons behave 

as MIPs except near the endpoints (blobs).

Tracking in HPXe

T1/2
−1 ∝ a ⋅ ε ⋅ M ⋅ t

ΔE ⋅ B
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The SOFT concept
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NEXT concept
NEXT-100 Pressure Vessel Detector Overall Cross Section

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

D. Shuman (LBNL) NEXT-100 Pressure Vessel, Nov. 1, 2011 November 2, 2011 13 / 20
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HPGXe SOFT

Energy resolution Topological signature
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NEXT-1 prototypes

!

NEXT-DBDM
Energy resolution in HPXe NEXT-DEMO

NEXT detector concept
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Energy resolution demonstrated
•Experience and results from prototypes

•Testing ground for all foreseeable technical hurdles in NEXT-100
•0.5-1% FWHM energy resolution at Qββ demonstrated 

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

3

Energy, 662 keV gammas from 137Cs  in NEXT-DBDM prototype

Photo-
electric

Compton

x-ray

Energy, 511 keV gammas from 22Na in NEXT-DEMO prototype

Photo-
electric

x-ray 
escape

x-ray

Compton

1% FWHM at Qbb in full fiducial0.5% FWHM at Qbb in central region
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Track reconstruction with SiPMs:

Reconstructed → 

← MC Truth

TRACK RECONSTRUCTION
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Signal 214Bi 208Tl

1 track cut 0.48 6.0 × 10-5 2.4 × 10-3

ROI 0.33 2.2 × 10-6 1.9 × 10-6

Topological 
cut 0.25 1.9 × 10-7 1.8 × 10-7

Rejection Potential ~10-7

Background 2.0 × 10−4 counts/keV/kg/yr

NEXT-100 performance
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Outlook
A large detector (1 ton) capable of exploring periods > 1025 y 
(inverse hierarchy ~1026 - 1027 y) requires a homogenous 
cheap isotope.  Xenon is a noble gas and the cheapest in the 
market, it has no radioactive isotopes, is a great calorimeter 
and in the gas phase has excellent resolution. 

There are two ways to reach the 1 ton mass, T1/2 ~1026 - 1027 
y, with manageable background (1 event per ton per year)

LXe, if a way to kill all radioactive background is implemented 
(Ba++ tagging, Graxe concept). 

HPGXe, taking advantage of excellent resolution and extra 
handle.
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NEXT Collaboration

U. Girona • IFIC (Valencia) • U. Santiago de Compostela 
• U. Politécnica Valencia • U. Zaragoza

UAN (Bogotá)

JINR (Dubna)

U. Coimbra • U. Aveiro

CEA (Saclay)

LBNL • Texas A&M

Spain provides:
Most collaborators
Most of secured funding
Host laboratory (LSC)

Key contributions from international groups:
TPC detector design
Gaseous detectors
Xe supply and enrichment
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Spain: Beyond soccer?
http://next.ific.uv.es/
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