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Physics aim of dark matter and double beta 
experiments

• Observe the collision of invisible 
particles with atomic nuclei

• Observe an extremely rare 
nuclear decay process
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Main characteristics

• Nuclear recoils: ~ keV-scale ER


• Featureless recoil spectrum


• Very low event rates: < 0.1/(kg y)

• Q-value: ~ MeV-scale


• Peak at the Q-value of the decay


• Very low event rates: <0.1/(kg y)
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Main requirements

• Low energy threshold 


• Ultra-low backgrounds & nuclear 
vs. electronic recoil discrimination


• Large detector masses

• Excellent energy resolution


• Ultra-low backgrounds & 
gamma/beta discrimination


• Large detector masses and 
high isotopic enrichment
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Employed nuclei
Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.040 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6

Nucleus Spin Abund [%]

19F 1/2+ 100

23Na 3/2+ 100

27Al 5/2+ 100

29Si 1/2+ 4.7

73Ge 9/2+ 7.76

127I 5/2+ 100

129Xe 1/2+ 26.4

131Xe 3/2+ 21.2

40Ar — 99.6
70Ge, 72Ge, 74Ge, 

76Ge —

124Xe,126Xe,128Xe,
130Xe, 132Xe, 
134Xe,136Xe

—

…



Main uncertainties (I)

• Structure factors


• Astrophysics: 

• Matrix elements


• Axial-vector coupling (gA)

February 21, 2013 16:18 WSPC/146-MPLA S0217732313500211 5–10

Empirical Survey of Neutrinoless Double Beta Decay Matrix Elements

Fig. 1. Regions in the renormalized specific phase-space g4
A
H0ν = g4

A
ln(2) NA

Am2
e

G
(0)
0ν and matrix

element squared |M0ν |2 that encompass modern theoretical calculations, for the candidate neu-
trinoless double beta decay isotopes 76Ge, 130Te, 136Xe and 150Nd. The vertical span reflects the
range of gA, which differs for the shell-model and other models, leading to nonrectangular bound-
aries. The matrix-element calculational methods are SM, generator-coordinate method (GCM),
quasiparticle random-phase approximation (QRPA), IBM and Projected Hartree–Fock Bogoliubov
method (PHFB), as given in Table 1. The lines indicate the effective Majorana mass that would
correspond to a count rate of one event per tonne per year.

Fig. 2. As Fig. 1 but with the addition of the isotopes 48Ca (2.2, 2143), 82Se (17, 514), 96Zr (13,
889), 100Mo (25, 660), 110Pd (33,181), 116Cd (9, 597) and 124Sn (10, 302). The number pairs are
the coordinates of the upper rightmost corner of each area, in lieu of labeling. It is more difficult
to see the details but the overall trend of a correlation between the phase-space factor and the
square of the nuclear matrix element is brought out.
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4 uncertainty

effective value for the axial 
vector coupling constant gA: ~ 0.6 - 1.269 
(free nucleon value)

structure factor for 19F 
uncertainties from WIMP currents in 
nuclei (in chiral EFT)
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.

0 1 2 3 4 5
u

10-7

10-6

10-5

10-4

0.001

0.01

0.1

1

S i(u
)

Sp(u) 1b currents
Sn(u) 1b currents
Sp(u) 1b + 2b currents
Sn(u) 1b + 2b currents

1 2 3 4
10-7

10-6

10-5

10-4

0.001

0.01

0.1

1

S ij(u
)

S00(u) 1b currents
S11(u) 1b currents
S01(u) 1b currents
S11(u) 1b + 2b currents
S01(u) 1b + 2b currents

19F

19F

FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

P. Klos et al., PRD 88 (2013)

⇢, f(v), vesc

u = q2b2/2

R
. G

. H
. R

obertson, M
od. P

hys. Lett. A
28 (2013) 



Main uncertainties (II)

• Mass and cross section of the 
dark matter particles

• Neutrino mass eigenstates and 
neutrino mixing matrix terms

J. Cao et al., JHEP 10 (2016) 136 G. Benato, EPJ-C (2015) 75

Probability distribution of mββ via random sampling from 
the distributions of mixing angles and Δm2
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neutrino mixing matrix terms. Under the hypothesis that only
the known three light neutrinos participate in the process, the
effective mass is given by

|mββ | =
∣∣∣∣

3∑

i=1

U 2
eimi

∣∣∣∣ (1)

whereU is the PMNS mixing matrix [1], with two additional
Majorana phases. The expansion of Eq. 1 yields

|mββ | =
∣∣c2

12c
2
13m1 + s2

12c
2
13m2eiα + s2

13m3eiβ
∣∣ (2)

where the CP-violating phase present in the PMNS matrix
is hidden in the Majorana phases α and β. In this formula-
tion, the symbols c jk(s jk) stay for cos θ jk(sin θ jk). Expand-
ing Eq. 2 and following the definition of absolute value for
complex numbers:

|mββ | =
√(

c2
12c

2
13m1 + s2

12c
2
13m2 cos α + s2

13m3 cos β
)2

+
(
s2

12c
2
13m2 sin α + s2

13m3 sin β
)2 (3)

The parameters involved are:

– the angles θ12 and θ13, measured with good precision by
the solar and short-baseline reactor neutrino experiments,
respectively;

– the neutrino mass eigenstates m1, m2, and m3, which are
related to the solar and atmospheric squared mass differ-
ences δm2

☼ and %m2
atm:

δm2
☼ ≃ %m2

21

%m2
atm ≃ 1

2

∣∣%m2
31 + %m2

32

∣∣. (4)

These are known with ∼3 % uncertainty thanks to long-
baseline reactor and long-baseline accelerator neutrino
experiments, respectively (see Table 1). The mass eigen-
states are also related to the sum of neutrino masses,

& =
3∑

i=1

mi , (5)

for which several upper limits of about 0.1–0.2 eV are set
by cosmological observations [3–5];

– the two Majorana phases α and β, for which no experi-
mental information is available.

The relation between the mass eigenstates and the squared
mass differences given in Eq. 4 allows two possible orderings
of the neutrino masses [6]. Using the same notation of [7],

Table 1 Parameters for the evaluation of the effective Majorana mass

Parameter Value [2]

δm2
☼ (7.54 ± 0.26) × 10−5 eV2

%m2
atm (NH) (2.43 ± 0.06) × 10−3 eV2

%m2
atm (IH) (2.38 ± 0.06) × 10−3 eV2

s2
12 (3.08 ± 0.17) × 10−1

s2
13 (NH) (2.34 ± 0.20) × 10−2

s2
13 (IH) (2.40 ± 0.22) × 10−2

& (22 ± 62) × 10−3 eV [4,5]

a first scheme, denoted the Normal Hierarchy (NH), corre-
sponds to

m1 = mmin,

m2 =
√
m2

min + δm2
☼,

m3 =

√

m2
min + %m2

atm +
δm2

☼
2

, (6)

wheremmin is the mass of the lightest neutrino. The so-called
Inverted Hierarchy (IH) is given by

m1 =

√

m2
min + %m2

atm −
δm2

☼
2

,

m2 =

√

m2
min + %m2

atm +
δm2

☼
2

,

m3 = mmin. (7)

Present data do not show any clear preference for either of
the two schemes.

3 Effective mass versus lightest neutrino mass

The effective mass can be expressed as a function of the
lightest neutrino mass, as first introduced in [8]. This is nor-
mally done via a χ2 analysis [7], where the uncertainties
on the mixing angles θ12 and θ13, and on the squared mass
differences δm2

☼ and %m2
atm are propagated, while the val-

ues of the Majorana phases leading to the largest and small-
est |mββ | are considered. As a result, the 1σ , 2σ , and 3σ

allowed regions are typically shown (e.g. Fig. 3 of [7]),
but no clear information as regards the relative probabil-
ity of different |mββ | values for a fixed mmin is provided.
This can become of dramatic importance in the case future
experiments prove that nature chose the NH regime. In NH,
the effective mass is distributed within a flat area between
∼ 10−3 and ∼ 5 × 10−3 eV if mmin < 10−3 eV, while

123

Example: Next-to-Minimal MSSM



• Cosmic rays & cosmic activation of detector materials


• Natural (238U, 232Th, 40K) & anthropogenic (85Kr, 137Cs) radioactivity: 


• Ultimately: neutrinos (+          -decays, depending on the energy resolution)

LB et al., JCAP01 (2014) 044

Backgrounds
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Figure 4. (Left): integral background rate in ±3� energy region around the Q-value (2385–2533 keV)
as a function of fiducial LXe mass. (Right): predicted background spectrum around neutrinoless
double beta decay peak for 6 t fiducial mass. We show the overall background (thick black solid)
which includes contributions from detector materials (black), from 0.1µBq/kg of 222Rn in the LXe
(black dashed), from 8B neutrino scatters (green dotted)and 2⌫��-decays with T1/2=2.11⇥1021 y
inside the liquid xenon (blue). The potential signal for the neutrinoless double beta decay (0⌫��,
red) assumes T1/2=1.6⇥1025 y.

The Q-value of the double beta decay of 136Xe is (2458.7±0.6) keV [55]. Employing
an energy scale based on a linear combination of the charge and light signals, which have
been shown to be anti-correlated in liquid xenon TPCs [15, 18, 53], the extrapolated energy
resolution is �/E = 1% in this high-energy region.

The combined e�ciency of the fiducial volume and multi-scatter cut, which rejects
events with a separation larger than 3mm in the z-coordinate [18] is 99.5% in a ±3� energy
interval around the Q-value. The materials background is dominated by 214Bi, followed by
208Tl decays in the photosensors and in the cryostat, and can only be further reduced, for
a given fiducial volume, by identifying detector construction materials with lower 226Ra and
228Th levels. The background contribution from internal radon can be e�ciently rejected
by so-called 214Bi–214Po tagging. It exploits the fact that the 214Bi �-decay (Q�= 3.3MeV)
and the 214Po ↵-decay (Q↵= 7.8MeV) occur close in time, with a mean lifetime of the 214Po
decay of 237µs. At the high energies relevant for the double beta decay, only the �-decay
will contribute to the background. We assume a tagging e�ciency of 99.8%, as achieved
in EXO-200 [38] and confirmed by us in a Monte Carlo simulation, assuming that 214Po
decays can be detected up to 1ms after the initial 214Bi decay. The event rate from radon,
considering the same 0.1µBq/kg contamination level as for the dark matter search region, is
0.035 events/(t·y) in a ±3� energy region around Q�� .

We have also estimated the background from elastic neutrino-electron scatters from 8B
solar neutrinos. As the endpoint of the electron recoil energy spectrum extends up to about
14MeV, such single-site scatters are a potential background source for double beta experi-
ments. Using the 8B neutrino flux of �8B=5.82⇥106 cm�2s�1 [8] and mean scattering cross
sections of �⌫e=59.4⇥10�45 cm2 and �⌫µ=10.6⇥10�45 cm2 for electron- and muon-neutrinos
respectively [22], we obtain an event rate 0.036 events/(t y) in the energy region of interest,
see also table 3. While this is above the expected background from 2⌫��-decays, and similar
to the radon contribution, it is well below the one from detector materials.

The expected total background in a ±3� region around the Q-value is 4.6 events/(t·y)
in 6 t of LXe fiducial mass. With an exposure of 30 t·y, a sensitivity to the neutrinoless

– 10 –
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Experimental techniques: dark matter

Ionisation

PhononsScintillation

Crystals:
CDEX 
CoGeNT

Tracking:
DRIFT, MIMAC, 
DMTPC, NEWAGE

Noble liquids:
DEAP-3600 
XMASS

Bolometer:
CRESST-I

TPC: 
LUX, PandaX, XENON
ArDM, Darkside-50

Scintillating 
bolometers:

CRESST-II 

Crystals:
DAMA/LIBRA 
ANAIS 
SABRE

SuperCDMS
EDELWEISS



Experimental techniques: double beta

Ionisation

PhononsScintillation

Crystals:
GERDA 
Majorana 
COBRA

Tracking:
SuperNEMO

Isotope in LS:
KamLAND-Zen 
SNO+

Bolometer:
CUORE

TPC: 
NEXT (tracking) 
EXO, nEXO

Scintillating 
bolometers:

AMoRE
Lucifer
Lumineu

Crystals:
CANDLES

} CUPID



Experimental status: overview

• No evidence for WIMPs


• Several “anomalies”, mostly gone

• No evidence for the            decay


• Signal claim by HVKK et al. excluded

4S. Fiorucci – LBNL

Eyes on Target

~1 event/tonne/year

~1 event/kg/d Ge

Xe

Possible signal

Dark sector 
models

SUSY models

n

It is also useful to express the parametermββ as a function
of a directly observable parameter, rather than as a function
of the lightest neutrino mass. A natural choice is the
cosmological mass Σ, defined as the sum of the three active
neutrino masses (Σ≡m1 þm2 þm3). The close connec-
tion between the neutrino masses’measurements obtained in
the laboratory and those probed by cosmological observa-
tions was outlined long ago [6]. Furthermore, the measure-
ments of Σ have recently reached important sensitivities, as
discussed below. For these reasons, we also update the plot
of the dependence of the Majorana effective massmββ on the
cosmological mass Σ, using the representation originally
introduced in [7].
From the definition of Σ, we can write

Σ ¼ ml þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ a2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ b2
q

; ð4Þ

whereml is the mass of the lightest neutrino and a and b are
different constants depending on the neutrino mass hier-
archy. Through Eq. (4) one can establish a direct relation
between Σ andml and thus, it is straightforward to plotmββ
as a function of Σ. Concerning the treatment of the
uncertainties, we use again the assumption of Gaussian
fluctuations and the prescription reported in the Appendix.
The result of the plotting in this case is shown in the right
panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds on
t1=2ðexpÞ above 1025 yr. The results are summarized in the
upper part of Table I. They were achieved thanks to the
study of two nuclei: 76Ge and 136Xe. The 90% C.L. bound
from 76Ge, obtained by combining GERDA-I, Heidelberg-
Moscow, and IGEX via the recipe of Eq. (A1), 3.2 · 1025 yr,

is almost identical to the one quoted by the GERDA
Collaboration, 3.0 · 1025 yr [11]. By combining the first
KamLAND-Zen results on 0νββ (namely, KamLAND-
Zen-I [12]), and the new ones obtained after the scintillator
purification (KamLAND-Zen-II [13]), the same procedure
gives2.3 · 1025 yr,whichdiffers a little bit from the combined
limit quoted by the Collaboration [13], 2.6 · 1025 yr. When
we combine the two results of KamLAND-Zen and the one
fromEXO-200 using again the procedure of Eq. (A1), we get
2.6 · 1025 yr, which is equal to the KamLAND-Zen limit
alone. In view of the above discussion and in order to
be as conservative as possible, we will adopt as combined
90% C.L. bounds the following values:

t1=2Ge > 3.0 · 1025 yr and t1=2Xe > 2.6 · 1025 yr: ð5Þ

More experiments are also expected to produce important
new results in the coming years. A few selected ones are also
reported in the lower part of Table I.

B. Nuclear physics and 0νββ

Assuming that the transition is dominated by the
exchange of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is

t1=2i ðthÞ ¼ m2
e

G0ν;iM2
i m

2
ββ

; ð6Þ

where me is the electron mass, G0ν;i the phase space factor
(usually given in inverse years), andMi the nuclear matrix
element, an adimensional quantity of enormous impor-
tance. In recent works, this last term is written emphasizing
the axial coupling gA:

Mi ¼ g2A ·M0ν;i: ð7Þ
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NH m2 0
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FIG. 1 (color online). Updated predictions on mββ from oscillations as a function of the lightest neutrino mass (left) and of the
cosmological mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3σ regions due to error propagation of
the uncertainties on the oscillation parameters.

DELL’ORO, MARCOCCI, AND VISSANI PHYSICAL REVIEW D 90, 033005 (2014)

033005-2

current sensitivities
degenerate 
(m1≈ m2 ≈ m3)

m3<< m1 < m2

m1<< m2 < m3

gA=1.269 (free n)

0⌫��



Dark matter: cryogenic detectors at T ~ mK

EDW II - Run 13EDW II - Run 13

! 3rd July: 4)800 g FID detectors installed at LSM

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector
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FIG. 8. Projected exclusion sensitivity for the SuperCDMS SNOLAB direct detection dark matter experiment. The vertical
axis is the spin-independent WIMP-nucleon cross section under standard halo assumptions [46], and the horizontal axis is the
WIMP mass, where WIMP is used to mean any low-mass particle dark matter candidate. The blue dashed curves represent the
expected sensitivities for the Si HV and iZIP detectors and the red dashed curves the expected sensitivities of the Ge HV and
iZIP detectors. These sensitivity limits are determined using the optimum interval method [47, 48], which does not incorporate
any knowledge of the specific disposition and source of background events observed during the experimental operation. The
solid lines are the current experimental exclusion limits in the low-mass region, from the CRESST-II [49], SuperCDMS [4, 5]
and LUX [50] experiments. The dotted orange line is the dark matter discovery limit from Ref. [51], which represents the
cross-section at which the interaction rate from dark matter particles becomes comparable to the solar neutrino coherent elastic
scattering rate.

VII. DEPENDENCE OF SENSITIVITY ON
INPUT PARAMETERS

In this section, we show the dependence of the exper-
imental sensitivity on some of the less constrained as-
sumptions. We studied variations in cosmogenic back-
ground rates and also in ionization yield modeling. Only
the HV studies are presented because the iZIP sensitiv-
ity curves were found to be largely insensitive to changes
in background and ionization yield modeling for WIMP
masses above ⇠ 2GeV/c2. The iZIP’s insensitivity to
the varied inputs is due to a combination of the excel-
lent ER/NR discrimination, that result in a sensitivity
that is exposure-limited in this mass range, and the low
applied bias voltages that minimize the contribution of
Luke-Neganov phonons to the nuclear recoil signal.

A. Parametric Background Variations

The e↵ect of varying the background assumptions is
shown in Fig. 9, where the black curves are the nominal
SuperCDMS SNOLAB sensitivities presented in Fig. 8.

For the Ge and Si HV detectors, we vary the 3H back-
ground by increasing the sea-level cosmogenic exposure
period from the nominal value of 60 days to 180 days.
This results in an increase of ⇠3⇥ in the 3H rate. We also
consider the limiting case of no 3H background. These
values were chosen to represent the extremes of the pos-
sible 3H contamination. Tritium is a dominant back-
ground for Ge HV detectors in the nominal scenario, thus
the sensitivity at higher WIMP masses is a↵ected by the
increase in 3H background. The zero-tritium sensitiv-
ity curve is limited by the next-highest background, pre-
dominantly the Compton ERs from contamination of the
material surrounding the detectors as described in Sec-
tion IIIA. The e↵ect of varying 3H in Si is small because
it is a sub-dominant background to 32Si.

For the Si HV detectors, we vary the dominant 32Si
background level from a factor of ten higher than nom-
inal to zero, to take into account potential variations in
the 32Si content within the raw Si source material. We
also show a scenario with no 3H or 32Si, which is lim-
ited by the next-highest background, predominantly the
Compton ERs from contamination in the material sur-
rounding the detectors as described in Section IIIA.
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EDW-III  
results 2016 

EDW-III goals 2017 

going beyond  
    (35 kg x 1000 days) 

Conclusions and outlook 

V.Y. Kozlov | Recent EDELWEISS results & outlook | DPG 2016, Darmstadt 27 

� until 2018: 
Low-mass program 
in LSM (350 kg.d) 
 
R&D on 
HV, HEMT, sensors, 
heat-only 

� after 2018: 
EDW detectors  
in SNOLab 

NL 100V 

8V 

(0.1 x Compton, no n-bgd, no heat-only) 

SuperCDMS@SNOLAB 

CRESST-3 phase 1 

CRESST-3 phase 2 350kg-days  
(100V, σheat=100eV, σion=100eV, EDW bckg.)  

 

• Goal: reach energy thresholds ≤ 100 eV

• Probe low-mass WIMP region (sub-GeV to few GeV)

arXiv:1610.00006J.Phys.Conf.Ser. 718 (2016)

SuperCDMS (Ge, Si)EDELWEISS-III (Ge)CRESST-III (CaWO4)

EPJ-C C76 (2016) 10
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Dark matter: single-phase noble liquid detectors
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XMASS at Kamioka:


835 kg LXe (100 kg fiducial), 
single-phase, 642 PMTs

new run since fall 2013

several results

DEAP at SNOLab:


3600 kg LAr (1t fiducial)

single-phase detector

100 t d exposure

first results in 2017



Dark matter: dual-phase noble liquid detectorsIntroduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

XENON100 at LNGS, LUX at SURF, 
PandaX at CJPL


DarkSide-50 at LNGS, ArDM at Canfranc
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Photo sensors
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individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Due to their uncorrelated nature, these events are
modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of the
exposure. Artificial WIMP-like events (‘salt’) were man-
ufactured from sequestered 3H calibration data and intro-
duced into the data at an early stage in the data pipeline,
uniform in time and position within the fiducial volume.
Individual S1 and S2 waveforms from this dataset were
paired to form events consistent with a nuclear recoil S2
vs S1 distribution. Some S2-only salt events were added
as well. The nuclear recoil energy distribution of these
events had both an exponential (WIMP-like) and flat
component. The four parameters describing these dis-
tributions (the exponential slope, the flat population’s
endpoint, the total rate, and the relative ratio of expo-
nential vs. flat rates) were chosen at random within loose
constraints and were unknown to the data analyzers. The
salt event trigger times were sequestered by an individual
outside the LUX collaboration until formally requested
for unblinding, after defining the data selection criteria,
e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after un-blinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two post-unblinding cuts, and additionally includes
31.82 live days of non-blinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (‘LUX WS2013+WS2014–16’). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1- and 2-�) filled regions.

derived from a standard Maxwellian velocity distribu-
tion with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3
GeV/cm3, average Earth velocity of 245 km/s, and a
Helm form factor. Detector response nuisance parame-
ters, describing all non-negligible systematic uncertain-
ties in the signal and background models, are listed with
their constraints and observed fit values in Table I. Sys-
tematic variation of the electric field models in the 16
exposure segments, constrained within the uncertainties

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50 GeV c�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

Minimum at 0.1 zb

LUX collaboration,  PRL 116, 161301 and  arXiv:1608.07648
PandaX collaboration: PRL, August 2016

Talk by P. Agnes



• Acquiring science data: XENON1T 3.2 t LXe 

• In construction (LXe): LUX-ZEPLIN 7t, XENONnT 7t


• Proposed (LAr): DarkSide-20k, DEAP-50T; Proposed LXe: XMASS 5t


• Design & R&D: DARWIN 50 t LXe; ARGO 300 t LAr, DEAP-50T LAr

XENONnT: 7t LXe LZ: 7t LXe DARWIN: 50 t LXe
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rw
in
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ch

DEAP-50T: 50 t LAr

DarkSide 50june 27, 2013 p. 21

Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 20 t LAr

LZ$
Concept$

Liquid$Xenon:$$
48X$LUX$Fiducial$

Gd`LAB$(Daya$Bay)$Gd`LAB$(25$tonne)$2/28/14$ Harry$Nelson$for$LZ$ 10/23$

Dark matter: new & future noble liquid detectors
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Talk by J. Masbou



Dark matter: the XENON1T experiment

• 3.2 t LXe in total; commissioned & acquiring science data since December 2016

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Preliminary

Talk by J. Masbou



Dark matter: directional detectors

• R&D on low-pressure gas detectors to measure the recoil direction 
(~30º resolution), correlated to the Galactic motion towards Cygnus


• Challenge: good angular resolution + head/tail at 30-50 keVnr


• One common technology to be proposed in 2017

DMTPC, MIT 
Optical and charge readout 
CF4 gas 
commissioning 1 m3 module

NEWAGE, Kamioka 
CF4 gas at 0.1 atm 
50 keV threshold

DRIFT, Boulby Mine 
1 m3, negative ion drift 
CS2 +CF4 gas

MIMAC 100x100 mm2 
5l chamber at Modane 
CF4 gas

MIMAC (MIcro-tpc MAtrix of Chambers) 

Strategy :  
!  Matrix of  micro-TPC  (~50 mbar) 
!  Energy (ionization) and  3D track) 
!  Multi-target (1H, 19F, …) 
!  Interaction axiale (spin-spin ) 
!  4He, CH4, C4H10, CF4  has been tested ! 
 

Recoil 19F (measured) 
(E ~ 40 keVee) 
50 mbar   CF4 + CHF3 (30%)  

Prototype Bi-chamber  (5 L) (2x (10x10x25 cm3 ) 
Installed at Modane –Fréjus (France) in June 2012   

25 James Battat     Bryn Mawr College 

3.2 keV Cd 

6.4 keV  Fe 

8.1 keV  Cu   

X-ray calibration by fluorescence 
From Cd , Fe and Cu foils 

Energy (ADC units) 

Get total E from 
charge integral 
 
But don’t know  
energy of  each hit 

NEWAGE 
(New generation WIMP search  

with an advanced gaseous tracker experiment)�

PI: Kentaro Miuchi （KOBE university） 

NEWAGE-0.3a 
detector 

40cm 

30cm µPIC 
(Toshiba) 

30 x 30 x 31 cm3, 400 um pitch 

James Battat     Bryn Mawr College 26 
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DRIFT IIe - a Test-Bed for DRIFT III
New DRIFT IIe final construction

DMTPC: optical (CCD) and charge 
readout of CF4 target; measure 40o 
resolution, commissioning 1m3 module.

DRIFT: MWPC readout, operating 1m3 
detector in Boulby since 2001. Negative 
ion drift of CS2+CF4.

MIMAC: micromegas readout of CF4 
target, in Modane.  Focus on low energy.

NEWAGE: mu-PIX readout of CF4 target, 
in Kamioka.  First directional limit.

CYGNUS: coordination of directional R&D

Directional Detection

      Jocelyn Monroe                                                                                                                                    July 28, 2015 / p. 28

time (s)

V
o

lt
ag

e

charge data, nuclear recoil 

anode
grid

DMTPC n calibration data, 
50 keVr

MC fit templateDMTPC n calibration data, 
150 keVr

R&D towards ~30o resolution, low background, scalable 
detector to positively identify a candidate dark matter 

recoil signal as coming from the galactic dark matter halo

DMTPC

CYGNUS: coordination of directional R&D
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Double beta: cryogenic detectors at T ~ mK

• CUORE:  All 988 crystals (206 kg 130Te) built and assembled in towers


• Cryostat: stable base temperature reached, allows operation of bolometers at 6.3 mK


• Detector installation completed, commissioning now

2

216 g natural CaMoO4 crystal

200 nm thick 
gold film

Metallic light reflector

Copper holder

MMC device

Annealed gold wires

SQUID

FIG. 1: (Color online) Low temperature detector setup with
a 216 g CaMoO4 crystal and an MMC sensor.

the detector, in other words, the region of interest (ROI)
of the energy window at the Q�� value. However, in a
case of a zero-background experiment that observes no
event in ROI during the measurement time, the sensitiv-
ity becomes proportional to the detector mass and the
measurement time,

T 0⌫
1/2 / �"Mt. (4)

To increase the detection sensitivity, it is essential to
have a detector with high concentration of the isotope of
interest, detection e�ciency, energy resolution and e�-
cient background rejection capability as well as to mini-
mize backgrounds from internal and external sources in
the region of interest. High energy resolution and de-
tection e�ciency experiment can be realized with crystal
detectors containing the isotope of interest. The detector
performance of recently developed low temperature de-
tectors (LTDs) that operate at sub-Kelvin temperatures
can perfectly meet the requirements by utilizing state-of-
the-art detector technologies with extreme energy sen-
sitivity, such as neutron transmutation doped (NTD)
Ge thermistors, superconducting transition edge sensors
(TESs), or metallic magnetic calorimeters (MMCs) [8].

The AMoRE (Advanced Mo-based Rare process Ex-
periment) project is an experiment to search for 0⌫��
of 100Mo [9]. AMoRE uses CaMoO4 crystals as the ab-
sorber and MMCs as the sensor [10, 11]. CaMoO4 is a
scintillating crystal that has the highest light output at
room and low temperatures among Mo-containing crys-
tals (molybdates) [12, 13].

Choosing of 100Mo as the source of 0⌫�� is advanta-
geous. The nucleus has a high Q value of 3034.40(17)
keV [14] that is above the intensive 2615 keV gamma
quanta from 208Tl decay (232Th family). The natural
abundance of 100Mo is 9.8% [15], which is comparatively
high. Furthermore, enriched 100Mo can be produced by
centrifugation method in amount of tens of kilograms per
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FIG. 2: (Color online) A typical signal of 2.6 MeV gamma-ray
full absorption events at 40 mK in DC (blue, bigger) and AC
(red, smaller) coupling.

year with a reasonable price. Also, the theoretically es-
timated half life of 100Mo is relatively shorter than that
of other 0⌫�� candidates [16, 17]. However, 2⌫�� of
48Ca with Q�� = 4272 keV (despite rather low concen-
tration of the isotope ⇡ 0.2%) can be an irremovable
background source in the ROI of 100Mo. The AMoRE
collaboration has successfully grown 40Ca100MoO4 crys-
tals using 100Mo enriched and 48Ca depleted materials.
Three of the doubly-enriched crystals with masses in the
range of 0.2-0.4 kg were tested in a low background 4⇡
veto system to determine their internal backgrounds [18].
The present experimental work aims to test the low

temperature detection concept with a CaMoO4 crystal
and an MMC that is suitable for a high resolution ex-
periment to search for 0⌫�� of 100Mo. A 216 g natural
CaMoO4 crystal with an MMC phonon sensor was em-
ployed in this experiment, which was performed in an
over-ground measurement facility. The energy resolution
and linearity of the detector setup, particle and randomly
coinciding events discrimination by pulse shape analysis
for background rejection in a 0⌫�� experiment are dis-
cussed in this report.

II. EXPERIMENTAL DETAILS

The detector setup was structured in a cylindrical
shape with copper support details as shown in Fig. 1. A
CaMoO4 crystal with 4 cm in diameter and 4 cm height
was mounted inside the copper structure using metal
springs. The mass of the crystal was 216 g. It was grown
with natural Ca and Mo elements at the Bogoroditsk
plant in Russia. A patterned gold film was evaporated
on one side of the crystal to serve as a phonon collector.
An MMC device, the primary sensor for detecting the
phonon signals absorbed in the gold film, was placed on
a semi-circular copper plate over the crystal. The ther-
mal connection between the gold film and the MMC was

LUMINEU: First massive ZnMoO4 bolometers 

9 

  ZnMoO4 ∅50×40 mm 

¾ Molybdenum was purified by using double 
recrystallization from aqueous solutions 

  

¾ Advanced quality ZnMoO4 boule was grown by 
directional solidification along [001] using LTG Cz 
(crystal yield ~ 80% of initial charge)  

 

¾ ZnMoO4 crystal boule was melted and then 
crystallized again (to test recrystallization) 

 

¾ Produced ZnMoO4 elements have the size 
expected for a pilot LUMINEU 0ν2β experiment  

     334 g    

Technology of high quality large ZnMoO4 
crystal producing is developed  

[E. Armengaud et al., submitted to JINST] 

ZnMoO4  
~1 kg  

       336 g    

D.V. Poda, LRT-2015, 19 March 2015 

LUMINEU: Zn100MoO4AMoRE: 40Ca100MoO4CUORE: TeO2

T1/2 ⇠ 9.5⇥ 1025y

• Background goal: 0.01 events/(kg keV y)


• Energy resolution goal: 5 keV at 2.6 MeV [FWHM]


• Sensitivity aim (after 5 y):

Talk by V. Singh

L. Gladstone, MIT

Detector Installation, Aug 2016
Towers installed into the cryostat, the process took 1 month
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L. Gladstone, MIT
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form two JAGS fits. In the first fit, the half-Gaussian priors
used in the case of upper limits on source activities are
changed to uniform priors with the minimum at 0 and the
maximum at 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference fit there
are 14 undetermined sources whose activity is quoted as
upper limit. To check the fit stability against the removal
of these sources, we run a minimum model fit with only
43 sources. Once more, the global fit reconstruction and
the 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious subsets of data.
We search for time-related systematics by dividing the
data into alternating datasets or grouping Rn-low and Rn-
high datasets. Each study is performed with at least 1/3
of the total exposure. The Rn-low and Rn-high data are
obtained by grouping the datasets in which the 214Bi lines
are more or less intense than the mean. This allows us to
study if changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible with
the reference fit. The 238U contamination in the CryoExt,
which includes the air volume with the variable 222Rn
source, converges on results compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled the average performance
of bolometers. In all studies, the reconstruction is good,
but we observe variations in the activities of the sources.
In particular, the 2νββ activity varies by about ±10%.

In the tests detailed above, the overall goodness of the fit
remains stable, while we observe variations in the activities
of the individual sources. These variations are used as an
evaluation of the systematic uncertainty on the 57 source
activities (Table 8, sixth column).

There are caveats using the reference fit results as an exact
estimation of the material contamination. Indeed, degenerate
source spectra allow us to use a single source to represent a
group of possible sources. Examples are: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ activity is (3.43 ± 0.09) × 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong anti-
correlation to the 40K contamination in crystal bulk (but not
to other 40K sources). Indeed, this is the only case where
the β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ activity as obtained from the reference fit is shown in
Fig 14. Also shown is the Posterior associated to the fit bias.
This is derived from systematic studies discussed in Sect. 8
and is represented as a flat distribution. Figure 14 also shows

Energy (keV)
500 1000 1500 2000 2500

Co
un

ts 
/ k

eV

−110

1

10

210

310

410 )1Experimental (M
Te 2νββ130

K (Crystals)40

Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk
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Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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CUORE-0 backgrounds and 2νbb
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T 2⌫��
1/2 = [8.2± 0.2(stat.)± 0.6(syst.)] · 1020y
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Fig. 8 Comparison between
the experimental M1 and JAGS
reconstruction (top panel). In
the bottom panel the bin-by-bin
ratios between counts in the
experimental spectrum over
counts in the reconstructed one
are shown; the corresponding
uncertainties at 1, 2, 3 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for

〈
CMC
i j,α

〉
.

We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the

123
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MC-background model separates surface & bulk contamination
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form two JAGS fits. In the first fit, the half-Gaussian priors
used in the case of upper limits on source activities are
changed to uniform priors with the minimum at 0 and the
maximum at 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference fit there
are 14 undetermined sources whose activity is quoted as
upper limit. To check the fit stability against the removal
of these sources, we run a minimum model fit with only
43 sources. Once more, the global fit reconstruction and
the 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious subsets of data.
We search for time-related systematics by dividing the
data into alternating datasets or grouping Rn-low and Rn-
high datasets. Each study is performed with at least 1/3
of the total exposure. The Rn-low and Rn-high data are
obtained by grouping the datasets in which the 214Bi lines
are more or less intense than the mean. This allows us to
study if changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible with
the reference fit. The 238U contamination in the CryoExt,
which includes the air volume with the variable 222Rn
source, converges on results compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled the average performance
of bolometers. In all studies, the reconstruction is good,
but we observe variations in the activities of the sources.
In particular, the 2νββ activity varies by about ±10%.

In the tests detailed above, the overall goodness of the fit
remains stable, while we observe variations in the activities
of the individual sources. These variations are used as an
evaluation of the systematic uncertainty on the 57 source
activities (Table 8, sixth column).

There are caveats using the reference fit results as an exact
estimation of the material contamination. Indeed, degenerate
source spectra allow us to use a single source to represent a
group of possible sources. Examples are: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ activity is (3.43 ± 0.09) × 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong anti-
correlation to the 40K contamination in crystal bulk (but not
to other 40K sources). Indeed, this is the only case where
the β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ activity as obtained from the reference fit is shown in
Fig 14. Also shown is the Posterior associated to the fit bias.
This is derived from systematic studies discussed in Sect. 8
and is represented as a flat distribution. Figure 14 also shows
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Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk

Energy (keV)

Co
un

ts 
/ k

eV

−110

1

10

210

310  - Experimental1M
 - Fit reconstruction1M

Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts 
ra

tio

0.4
0.6
0.8

1
1.2
1.4
1.6 1 σ

2 σ
3 σ

Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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Fig. 8 Comparison between
the experimental M1 and JAGS
reconstruction (top panel). In
the bottom panel the bin-by-bin
ratios between counts in the
experimental spectrum over
counts in the reconstructed one
are shown; the corresponding
uncertainties at 1, 2, 3 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for

〈
CMC
i j,α

〉
.

We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the
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form two JAGS fits. In the first fit, the half-Gaussian priors
used in the case of upper limits on source activities are
changed to uniform priors with the minimum at 0 and the
maximum at 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference fit there
are 14 undetermined sources whose activity is quoted as
upper limit. To check the fit stability against the removal
of these sources, we run a minimum model fit with only
43 sources. Once more, the global fit reconstruction and
the 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious subsets of data.
We search for time-related systematics by dividing the
data into alternating datasets or grouping Rn-low and Rn-
high datasets. Each study is performed with at least 1/3
of the total exposure. The Rn-low and Rn-high data are
obtained by grouping the datasets in which the 214Bi lines
are more or less intense than the mean. This allows us to
study if changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible with
the reference fit. The 238U contamination in the CryoExt,
which includes the air volume with the variable 222Rn
source, converges on results compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled the average performance
of bolometers. In all studies, the reconstruction is good,
but we observe variations in the activities of the sources.
In particular, the 2νββ activity varies by about ±10%.

In the tests detailed above, the overall goodness of the fit
remains stable, while we observe variations in the activities
of the individual sources. These variations are used as an
evaluation of the systematic uncertainty on the 57 source
activities (Table 8, sixth column).

There are caveats using the reference fit results as an exact
estimation of the material contamination. Indeed, degenerate
source spectra allow us to use a single source to represent a
group of possible sources. Examples are: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ activity is (3.43 ± 0.09) × 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong anti-
correlation to the 40K contamination in crystal bulk (but not
to other 40K sources). Indeed, this is the only case where
the β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ activity as obtained from the reference fit is shown in
Fig 14. Also shown is the Posterior associated to the fit bias.
This is derived from systematic studies discussed in Sect. 8
and is represented as a flat distribution. Figure 14 also shows
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Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk
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Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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Fig. 8 Comparison between
the experimental M1 and JAGS
reconstruction (top panel). In
the bottom panel the bin-by-bin
ratios between counts in the
experimental spectrum over
counts in the reconstructed one
are shown; the corresponding
uncertainties at 1, 2, 3 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for

〈
CMC
i j,α

〉
.

We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the
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Double beta: HPGe detectors at 77 K

8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2

GERDA: 76Ge (37 kg HPGe) Majorana: 76Ge (30 kg HPGe)

• GERDA Phase II data: Dec 2015 - June 2016 

• Background in BEGe detectors: 

• (0.7+1.1-0.5 x 10-3) events/(kg y keV)


• No hint for a signal and: 

• T1/2 > 5.3 x 1025 y (90% CL) 

• meff < 0.15 eV - 0.33 eV


• Manuscript accepted in Nature


• Stable running conditions, currently acquiring 
data towards the 100 kg y exposure goal


• GERDA + Majorana = LEGEND: 200 kg 
stage at LNGS; ton-scale experiment 
(location tbd)

Talk by M. Misiaszek

Recent Results from the MAJORANA DEMONSTRATOR. C. Wiseman, 23 Feb. 2017

Module Implementation
Module 1:  16.9 kg (20) enrGe 
                      5.6 kg (9) natGe 

Module 2: 12.9 kg (14) enrGe 
                      8.8 kg (15) natGe

4

9/2014 : Module commissioning 
5/2015 - 10/2015 : In-shield running 
10/2015 - 1/2016 : Offline, upgrades 
1/2016 - Present : In-shield running 

4/2016 : Module commissioning 
7/2016 - Present: In-shield running  

arXiv:1610.01210arXiv:1703.00570



Double beta: liquid scintillators

  

Thank you!

The detector and cavity are currently about half �lled 
with water. 

Camera above water

Camera 
underwater, light 

above water

Camera and light 
underwater

SNO+: 130Te in LS

KamLAND2-Zen

σ(2.6MeV)= 4% → < 2.5％

accommodate various devices 
CaF2, CdWO4, NaI, … Winstone Cone High Q.E. PMT

Photo-coverage >  x2
Light Collection Eff. >  x1.8

x1.4

17”Φ→20”Φ, ε=22% → 30% 

x1.9

General-purpose High performance

1000 kg enriched Xe

New Liquid Scintillator
KamLAND liquid scintillator   8,000 photon/MeV 
typical liquid scintillator        12,000 photon/MeV  　

naive calc. < 2%

larger crane 
strengthen floor 
enlarge opening

target ⟨mββ⟩ ~ 20 meV / 5 year

• Phase 1+2 (179 kg + 383 kg): 


• T1/2 > 2.6 x 1025 y (90% CL)

m�� < 0.14� 0.28 eV

• Started 800 kg phase 


• Sensitivity: 2 x 1026 yr after 2 y exposure

• First phase: 0.3% natural Te (~ 800 kg 130Te)


• Detector and cavity are filled with light water, 
data taking ongoing (24/7 shifts) 

• Commissioning of LS plant ongoing 

• Load 0.3-0.5% Te in 2017


• Future: upgrade PMTs and 3% load -> to cover 
inverted hierarchy scenario

• Dominant backgrounds: 

• 8B solar ν#

• !-rays from detector parts#

• 2νββ decay from 130Te 

• The first two do not scale with 
quantity of isotope#

• 0.3% natural Te in LAB ⟶ 800 kg 
130Te 

• Possibility to go into even 
higher loadings

7

SNO+ backgrounds
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Double beta: SNO+

First neutrino candidate: 2017-02-05, upward-
going, no outward-looking PMTs triggered 

Info from Mark Chen and Nigel Smith



Double beta:  xenon TPCs

D A V I D  W A R K

Discovering a new class of fundamental  
particle is about the biggest bang you 
can make in particle physics. The 

discovery of the Higgs boson was so excit-
ing partly because it is a fundamental parti-
cle with no spin, the first ever seen. Physicists 
have long tried to resolve whether the familiar 
neutrino actually belongs to a class of exotic 
entities called Majorana particles, which are 
their own anti particles. Majorana neutrinos 
might also help to explain why neutrinos are 
so light, and could be a clue to how the Uni-
verse came to contain so much more matter 
than antimatter. Almost the only practical 
way to reveal Majorana neutrinos would be to 
observe the rare nuclear process called neu-
trinoless double-β decay. On page 229 of this 
issue, the EXO-200 Collaboration1 announces 
the result of a high-sensitivity technique to 
search for this decay. Their results show the 
power of their technique, but demonstrate that 
there is still much work to do in the search for 
Majorana neutrinos.

Double-β decay, as the name implies, occurs 
when a nucleus undergoes two β decays simul-
taneously and so emits two β-particles (elec-
trons or antielectrons). This is realistically 
observable only in the few nuclei for which 
single-β decay would lead to a heavier daugh-
ter nucleus but two β decays would lead to a 
lighter one. The standard model of particle 
physics allows two-neutrino double-β decay 
(2νββ decay), which is just two ordinary 
β decays occurring at the same time, lead-
ing to the emission of two electrons and two 
antineutrinos. But what if, as many theorists 
believe, neutrinos are Majorana? Then another 
type of decay could also occur, in which the 
anti neutrino emitted from one of the β decays 
could be absorbed as a neutrino in the other 
β decay, and the process seen from outside the 
nucleus would just be the emission of the two 
electrons, or zero-neutrino double-β decay 
(0νββ decay).

0νββ decay has a beautiful experimental  
signature — the simultaneous emission 
of two electrons with a total energy that 
sums to the difference in mass between the  
parent and daughter nuclei. Furthermore, 
it can happen only if neutrinos have mass. 

Owing to the nature of the weak inter actions 
that cause β decay, the emitted anti neutrino 
will have a spin that is right-handed with 
respect to its direction of motion, and the 
absorbed neutrino must be left-handed. This 
coexistence of the different spin states happens 
only for particles that have mass, and there-
fore makes the observed rate of 0νββ decay a 
sensitive probe of the mass of the neutrino. 
0νββ decay is therefore a ‘two for the price of 
one’ measurement, which is one reason that 
so many groups are attacking it with different 
techniques and different nuclei.

The EXO (Enriched Xenon Observatory)- 
200 team has now moved near to the front of 
the pack with its liquid-xenon ‘time-projection 
chamber’ detector (Fig. 1). The active part of 
the detector is 110 kilograms of liquid xenon 
(which acts both as the double-β-decay source 
and the detector) enriched to 80.6% in the 
potentially double-β-decaying nucleus xenon-
136 (136Xe). Charged particles — either the 
electrons emitted in double-β decay or, much 
less desirably, background events from con-
taminant nuclei in the detector or surround-
ings — produce ionization in the xenon, and 
are drifted in an applied electric field to two 

crossed grids of wires. The grids determine the 
position of the charges in two dimensions. The 
charged particles also make the xenon emit 
scintillation light, and measuring the time dif-
ference between that light and the arrival of 
the charge at the wires gives the drift distance 
(hence the name time-projection chamber), 
allowing reconstruction of the tracks from the 
charged particles in three dimensions.

This reconstruction is crucial because, as 
in all double-β-decay experiments, the main 
challenge in EXO-200 is suppressing the back-
ground events. The first step towards this was 
to minimize the background from cosmic 
rays by locating the detector deep under-
ground in the Waste Isolation Pilot Plant site 
near Carlsbad, New Mexico. More-insidious 
background events arise from radioactive 
contaminants in and around the detector, so 
all materials that make up the detector were 
carefully selected to have the lowest possible 
levels of radioactive contamination, and the 
detector itself is heavily shielded. Background 
events still persist, however, so another advan-
tage of the time-projection chamber comes 
to the fore. By looking for events in which 
almost all of the charge is deposited at a single  
place in the detector (as one would expect for a 
double-β decay) and rejecting those in which it 
comes from more than one place (as would be 
expected for γ-rays from radioactive contami-
nants), the background is suppressed by another 
large factor. Having these separate sets of data 
also helps to validate the properties of the detec-
tor, which is calibrated with an extensive set of 
measurements using radio active sources.

The EXO-200 team has now reported the 
results of two years of running its experiment. 
The main output of the detector is a spectrum 
showing how often a particular energy was 
deposited within it. 2νββ decay produces a 

PA R T I C L E  P H Y S I C S

The hunt for Majorana 
neutrinos hots up
Finding that neutrinos are their own antiparticles would revolutionize particle 
physics. A high-sensitivity technique accelerates the search for the nuclear-decay 
process that would enable such a discovery. SEE ARTICLE P.229 

Figure 1 | Chasing Majorana neutrinos. The EXO-200 Collaboration1 has used a liquid-xenon  
‘time-projection chamber’ detector, half of which is seen here under construction, to search for the 
neutrinoless double-β-decay process that would arise if neutrinos are Majorana-type particles. The 
two crossed grids of wires that were used to determine the position of charged particles in the detector, 
which is roughly 40 cm in diameter, lie above the frame of empty circular holes that were later filled with 
scintillation-light detectors.
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NEW on the seismic support table, inside the Lead Castle at the LSC 

2/19/16& 15 R.&C.&Webb&&DM2016&

NEXT 136Xe (HP gas) (+tracking)

T1/2 ⇠ 6.6⇥ 1027yGoal of nEXO:

14

nEXO Projected Sensitivity 

• Intrinsic background reduction with 
increasing size

• Building on the technology 
demonstrated by EXO-200

• Incremental upgrades to improve 
sensitivity

• energy resolution

• residual natural radioactivity

• cosmic-ray induced backgrounds

• background discrimination

• Ultimate background rejection: 
barium tagging.

• Would explore the inverted neutrino 
mass hierarchy with a 5yr run (even 
w/o Ba tagging)



Can we do both? => DARWIN
• 50 tonnes natXe, 8.9% 136Xe

DARWIN collaboration, JCAP 1611 (2016); LB et al, JCAP 1401 (2014)

• Sensitivity (140 t y exposure, natXe) 

• Assumptions:


• 222Rn: 0.1 µBq/kg (~ 0.036 events/(t y))


• (8B rate is ~ 0.036 events/(t y))


• sigma/E = 1% at Q-value


• materials: sub-dominant background source

T1/2 ⇠ 8.5⇥ 1027y
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Dark-matter searches

Dark matter is one of the greatest mysteries of our cosmos. More 
than 80 years after its postulation in modern form by the Swiss–
American astronomer Fritz Zwicky, the existence of a new unseen 
form of matter in our universe is established beyond doubt. Dark 
matter is not just the gravitational glue that holds together gal-
axies, galaxy clusters and structures on the largest cosmological 
scales. Over the past few decades it has become clear that dark 
matter is also vital to e[plain the observed Áuctuations in cosmic-
microwave-background radiation and the growth of structures that 
began from these primordial density Áuctuations in the early uni-
verse. Yet despite overwhelming evidence, its existence is inferred 
only indirectly via its gravitational pull on luminous matter. As of 
today, we lack the answer to the most fundamental questions: what 
is dark matter made of and what is its true nature?

DARWIN, the ultimate dark-matter detector using the noble ele-
ment xenon in liquid form, will be in a unique position to address 
these fundamental questions. Currently in the design and R&D 
phase, DARWIN will be constructed at the Gran Sasso National 
/aboratory �/1*6� in ,taly and is scheduled to carry out its first 
physics runs from 2024. The DARWIN consortium is growing, 
and currently consists of about 150 scientists from 26 institutions 
in 11 countries. 

Worldwide search
The particles described by the Standard Model of particle phys-
ics are unable to account for dark matter. Although neutrinos, the 
only elementary particles that do not interact with photons, would 
be ideal candidates, they are much too light and do not form the 
observed large-scale structures. Dark matter could, however, be 
made of new elementary particles that were born in the young 
and energetic universe. Such particles would carry no electric or 
colour charge, would be either stable or very long-lived and, simi-
lar to neutrinos, would interact only feebly (if at all) with known 
matter via new fundamental forces. Theories beyond the Stand-
ard Model predict a wealth of viable dark-matter candidates. The 
most popular class has the generic name of weakly interactive 
massive particles (WIMPs), while a different class is axions, 

The DARWIN observatory proposed to be built 
at Gran Sasso in the mid-2020s promises to be 
the ultimate dark-matter detector, probing the 
WIMP paradigm to its limit.

A surface building at Gran Sasso National Laboratory in Italy, which hosts a network of caverns shielded from cosmic radiation.
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Testing WIMPs to 
the limit
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Direct searches for particle dark matter and for the neutrinoless double beta 
decay share many common features 

Due to very low expected event rates: 

- large detector masses, ultra-low backgrounds, good energy resolution, particle ID 

- in general, dm detectors optimised at keV-scale energies, bb-experiments optimised 
at MeV-scale energies 

So far, no convincing evidence for positive signals, however: 

technologies have matured and reached stages where they can be scaled up to 
large masses with unprecedented low backgrounds 

- eventually, limited by solar & atm & diffuse supernovae neutrinos 

- ideally, large detectors which can search for both signals

Conclusions 

25



The end
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Of course, “the probability of success is difficult to estimate, 
but if we never search, the chance of success is zero”

G. Cocconi & P. Morrison, Nature, 1959



Backup slides



What is the observable decay rate?

• with the effective Majorana neutrino mass:


➡ a coherent sum over mass eigenstates with potentially CP violating phases


➡= a mixture of m1, m2, m3, proportional to the Uei2, with α1,α2 = Majorana CPV phases


• Uei = matrix elements of the PMNS-Matrix, mi = eigenvalues of the neutrino mass matrix

Can be 
calculated: ~ Q5

Phase 
space 
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NME
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Experimental requirements

• Experiments measure the half life of the decay, T1/2 with a sensitivity (for non-zero 
background)

Minimal requirements: 

large detector masses

high isotopic abundance

ultra-low background noise

good energy resolution


     Additional tools to distinguish signal 
from background: 

event topology

pulse shape discrimination

particle identification




GERDA phase II and beyond
• Demonstration that a background of ≤ 10-3 events/(keV kg yr) is feasible


• Will explore T1/2 values in the 1026 yr range, probing the degenerate mass region


• A ton-scale experiment (in collaboration with Majorana in the US) is in design phase

 07/10/2014  Mark Heisel, Upgrades for GERDA Phase II 10

a = enrichment fraction
e

eff
 = detection efficiency

M·t = exposure

DE = energy resolution

BI = background index

Sensitivity:

GERDA sensitivity

i.e. “no 

background“
Phase II

Phase I

“1 ton“

1.4∙1026 yr
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Phase II upgrade strategy:

► to collect total exposure: 100 kg·yr within 3 years

→ produce ~20 kg more detectors

► to reach background index: 1 x 10-3 cts/(keV·kg·yr)

→ use improved detector support & electronics

→ use active background suppression (PSD & LAr veto)
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Claim

Theory: neutrino mixing and masses from a minimum principle

GERDA Phase II

GERDA Phase I

Alonso, Gavela, Isidori,Maiani, JHEP 1311 (2013) 187
Blankenburg,Isidori, Jones-Perez, EPJC 72 (2012) 2126



Physics reach

• Ton-scale experiments are required to explore the inverted mass hierarchy scale


• Several other technologies also move into this direction


• 76Ge experiments have the advantage of an excellent energy resolution coupled to ultra-low 
backgrounds

Future experiments 
(ton-scale)

10 meV

Experiments in 
construction40 meV

Advances in High Energy Physics 27
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Figure 19: (a) Allowed regions for !!! as a function of Σ with constraints given by the oscillation parameters. The darker regions show
the spread induced by Majorana phase variations, while the light shaded areas correspond to the 3# regions due to error propagation of
the uncertainties on the oscillation parameters. (b) Constraints from cosmological surveys are added to those from oscillations. Different
CL contours are shown for both hierarchies. Notice that the 1# region for the IH case is not present, being the scenario disfavored at this
confidence level.The dashed band signifies the 95% CL excluded region coming from [136]. Figure from [211].

The impact of the new constraints onΣ appears to be even
more evident by plotting!!! as a function of the mass of the
lightest neutrino. In this case, (62) becomes(% − !!! (!))2((# [!!! (!)])2 + !2!(Σ")2 < 1. (63)

The plot in Figure 20 globally shows that the next generation
of experiments will have small possibilities of detecting a
signal of 0]-- due to light Majorana neutrino exchange.
Therefore, if the new results from cosmology are confirmed
or improved, ton or even multi-ton-scale detectors will be
needed [124].

On the other hand, a 0]-- signal in the near future could
either disprove some assumptions of the present cosmologi-
cal models or suggest that a different mechanism other than
the light neutrino exchange mediates the transition. New
experiments are interested in testing the latter possibility by
probing scenarios beyond the SM [118, 122, 213].

7.2. Measurements Scenario. Here we consider the implica-
tions of the following nonzero value of Σ [135]:Σ = (0.320 ± 0.081) eV. (64)

We focus on the light neutrino exchange scenario and assume
that 0]-- is observed with a rate compatible with

(1) the present sensitivity on !!!; in particular, we use
the limit coming from the combined 136Xe-based
experiments [81]; we refer to this as to the “present”
case;

(2) a value of!!! that will be likely probed in the next few
years; in particular, we use the CUORE experiment
sensitivity [83], as an example of next generation of

0]-- experiments; we refer to this as to the “near
future” case.

For the sake of completeness, it is useful to recall a few
definitions and relations. The likelihood of a simultaneous
observation of some values for Σ and!!! (resp., with uncer-
tainties #(Σmeas) and #(!meas!! ) and distributed according to
Gaussian distributions) can be written as follows:

L

∝ exp[−(Σ − Σmeas)22# (Σmeas)2 ] exp[[[−(!!! − !
meas!! )22# (!meas!! )2 ]]] . (65)

Recalling the relation between 92 and the likelihood, namely,
L ∝ e−$2/2, we obtain

92 = (Σ − Σmeas)2# (Σmeas)2 + (!!! − !meas!! )2# (!meas!! )2 (66)

which represents an elliptic paraboloid. Since we are dealing
with a two-parameter 92, we need to find the appropriate
prescription to define the confidence intervals. At the desired
confidence level, we get

CL =∬$2<$20 ;< ;% 12=#%#& e−%2/2'2!−&2/2'2" (67)

and thus 920 = −2 ln (1 − CL) . (68)

This defines the value for 92 correspondent to the confidence
level CL.



Bubble chambers

• Detect single bubbles induced by high dE/dx NRs in superheated liquid target:


• acoustic and visual readout; measure integral rate above threshold


• large rejection factor (~1010) for MIPs; scalable to large masses; high spatial granularity


• New results: PICO-2L (PICASSO + COUP), 2.9 kg C3F8 target, best SD WIMP-proton limit


• PICO-60L running since 2016; proposed: PICO-250L C3F8 target at SNOLAB

PRD 93, 061101 (2016)

PICO-2L n-calibration 32



Coherent neutrino-nucleus scatters in XENON1T

• Total rates: 

• 90 events/(t yr) > 1 keVnr


• 9 x 10-2 events/(t y) > 3 keVnr


• 1.8 x 10-2 events/(t y) > 4 keVnr


• 1.2 x 10-2 events/(t y) > 5 keVnr

XENON collaboration: JCAP04(2016)027
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Figure 3. Spatial distribution of the ER back-
ground events from the detector materials inside
the active LXe volume, in the (1, 12) keV energy
range. The thick black line indicates the refer-
ence 1 t super-ellipsoid fiducial volume. With the
purple, red and brown lines, we indicate the FVs
corresponding to 800 kg, 1250 kg and 1530 kg,
respectively. The white regions present a back-
ground rate smaller than 1 ·10�6 (kg ·day ·keV)�1.
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Figure 4. The total ER background rate as a
function of the fiducial mass (black line), together
with the separate contributions from the detector
components (purple), 10 µBq/kg of 222Rn (red),
0.2 ppt of natKr (blue), solar neutrinos (green)
and 136Xe double-beta decay (brown). With the
dashed violet line we show the sum of the back-
ground sources uniformly distributed inside the
LXe volume. The rate is averaged over the en-
ergy range (1, 12) keV.

A lower bound in the background level can be evaluated by setting to zero all the
contaminations that are reported as upper limits in table 1. In this case the total background
rate is (6.7 ± 0.7) · 10�6 (kg · day · keV)�1, corresponding to (27 ± 3) y�1 in 1 t FV, about
10% smaller than the previous estimate.

The spatial distribution of the background events inside the whole active volume, in the
energy range (1, 12) keV, is shown in figure 3 together with some fiducial volumes (corres-
ponding to 800, 1000, 1250 and 1530 kg). The background rate as a function of the fiducial
mass is shown in figure 4.

3.2 222Rn

In XENON1T, the main intrinsic source of background in LXe comes from the decays of 222Rn
daughters. Being part of the 238U decay chain, 222Rn can emanate from the components of
the detector and the gas system, or diffuse through the vacuum seals. Due to its relatively
large half-life (3.8 days), it can homogeneously distribute inside the LXe volume (on the
contrary, the background from 220Rn is negligible due to its short half-life). Considering
222Rn daughters, down to the long-lived 210Pb, the most dangerous contribution comes from
the � decay of 214Pb to the ground state of 214Bi, with an end-point energy of 1019 keV,
where no other radiation is emitted. According to GEANT4, version 10.0, the branching
ratio for this channel is 10.9% 2. However, especially if the decay occurs close to the borders
of the active region, decays to other energy levels are also potentially dangerous since the
accompanying � can exit the detector undetected. This is responsible for the slightly higher
background rate from 222Rn seen at larger fiducial masses in figure 4. Given the increased
target mass in XENON1T, this effect is less relevant than what was observed in XENON100
[19]. The only other � emitter in the chain (214Bi), also a potential source of background, can

2Note that up to version 9.6 the branching ratio coded in GEANT4 was significantly smaller: 6.3%.

– 10 –

XENON1T background predictions
• Materials: based on screening results for all detector components


• 85Kr: 0.2 ppt of natKr with 2x10-11 85Kr; 222Rn: 10 µBq/kg; 136Xe double beta: 2.11x1021 y


• ER vs NR discrimination level: 99.75%; 40% acceptance for NRs


➡ Total ERs: 0.3 events/year in 1 ton fiducial volume, [2-12] keVee


➡ Total NRs: 0.6 events/year in 1 ton, [5-50] keVnr (muon-induced n-BG < 0.01 ev/year)

Materials
Double beta 136Xe

Total

Solar neutrinos

Beta decay 85Kr

222Rn decays (214Pb —>214Bi)

XENON collaboration: JCAP04(2016)027
34



WIMP physics: complementarity with the LHC
• Minimal simplified DM model with only 4 variables: mDM, Mmed, gDM, gq


• Here DM = Dirac fermion interacting with a vector or axial-vector mediator; equal-strength 
coupling to all active quark flavours

�DD /
g2DMg2qµ

2

M4
med

Spin independent Spin dependent
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines), LZ (red lines) and
DARWIN (purple lines) in the cross section vs mDM plane for SI and SD interactions appropriate
for the vector and axial-vector mediators respectively. The collider limits are defined for coupling
scenarios with gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach of DD exper-
iments accounting for the neutrino scattering background is also displayed (green lines). For the
spin-independent interaction we also show a projection of the SuperCDMS limit (orange line).

among the DD community. However, when comparing the two planes care must be taken

in the interpretation of the relative sensitivities of the di↵erent scenarios. For example,

whereas in the (M
med

,m
DM

) plane the mono-jet limits get stronger with increasing cou-

pling, the same results displayed in the (�0

DD

,m
DM

) plane show that for DM masses below

a few hundred GeV more parameter space is ruled out for the weaker coupling scenarios.

This is explained by the fact that the planes use di↵erent observables to benchmark the

performance of the search. In one case the mediator mass M
med

is the benchmark, whereas

in the other case it is the nucleon-WIMP scattering cross section �0

DD

. As explained above,

the cross section scales as (gqgDM

)2/M4

med

for DD experiments, and approximately like

(gqgDM

)2/(M4

med

�
med

) for the collider search. It is important to take these relations into

account when translating between the two planes. For the example mentioned above, this

implies that, whereas the collider limit on M
med

gets stronger with increasing coupling,

when taking into account the factor (gqgDM

)2, it rules out less parameter space in �0

DD

as

the coupling increases. Therefore, the results displayed in these two planes are fully consis-

tent but represent di↵erent ways to benchmark the search. Depending on what observable

is more relevant for the question at hand, either the (M
med

,m
DM

) plane or the (�0

DD

,m
DM

)

plane might be more appropriate to answer it.

We emphasize that the results and sensitivity projections presented here are valid for

single vector or axial-vector mediator exchange, assuming equal coupling to all quarks.

Experimentally, DD experiments probe a combination of the couplings to u and d quarks

for vector exchange and to u, d and s quarks for axial-vector mediator exchange. This

is in contrast to the mono-jet search. Although the production of the vector or axial-
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines), LZ (red lines) and
DARWIN (purple lines) in the cross section vs mDM plane for SI and SD interactions appropriate
for the vector and axial-vector mediators respectively. The collider limits are defined for coupling
scenarios with gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach of DD exper-
iments accounting for the neutrino scattering background is also displayed (green lines). For the
spin-independent interaction we also show a projection of the SuperCDMS limit (orange line).

among the DD community. However, when comparing the two planes care must be taken

in the interpretation of the relative sensitivities of the di↵erent scenarios. For example,

whereas in the (M
med

,m
DM

) plane the mono-jet limits get stronger with increasing cou-

pling, the same results displayed in the (�0

DD
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DM

) plane show that for DM masses below

a few hundred GeV more parameter space is ruled out for the weaker coupling scenarios.

This is explained by the fact that the planes use di↵erent observables to benchmark the

performance of the search. In one case the mediator mass M
med

is the benchmark, whereas

in the other case it is the nucleon-WIMP scattering cross section �0
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. As explained above,
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) for the collider search. It is important to take these relations into

account when translating between the two planes. For the example mentioned above, this

implies that, whereas the collider limit on M
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gets stronger with increasing coupling,

when taking into account the factor (gqgDM

)2, it rules out less parameter space in �0

DD

as

the coupling increases. Therefore, the results displayed in these two planes are fully consis-

tent but represent di↵erent ways to benchmark the search. Depending on what observable

is more relevant for the question at hand, either the (M
med

,m
DM

) plane or the (�0

DD

,m
DM

)

plane might be more appropriate to answer it.

We emphasize that the results and sensitivity projections presented here are valid for

single vector or axial-vector mediator exchange, assuming equal coupling to all quarks.

Experimentally, DD experiments probe a combination of the couplings to u and d quarks

for vector exchange and to u, d and s quarks for axial-vector mediator exchange. This

is in contrast to the mono-jet search. Although the production of the vector or axial-
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