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Weare thus naturally lead to discuss alternativemechanisms of double beta decay, to be addressed in the
following section.

3.Neutrinoless double beta decay and short-rangemechanisms

Apart from the standard interpretationwhere amassiveMajorana neutrino is being exchanged between SM
V−A vertices, in principle any operator converting two d-quarks into two u quarks, two electrons and nothing
else and thereby violating lepton number by two units will trigger the decay. This does notmean, however, that
neutrinoless double beta decay and the questionwhether the neutrino possesses aMajoranamass are totally
decoupled: the observation of neutrinoless double beta decay demonstrates that lepton number is violated by
two units. Such LNV implies that neutrinos have to beMajorana particles. This has been proven by the so-called
black box theorem [60–64]which states that the 0nbb diagram can always be inserted in an SM loop diagram
giving rise to radiatively generated neutrinomasses (seefigure 4): thus if neutrinoless double beta decay is
observed, aMajorana neutrinomass term is generated at four-loop order, even if the underlying particle physics
model does not contain a tree-level neutrinomass. Of course this contribution to the neutrinomass is rather
small [65], namely of order G m16 10F u d e

4 2 4
, ,

5 25( )p ~ - eV, and thus clearly neither the dominant contribution to
neutrinoless double beta decay nor to neutrinomass itself. Note that this four-loop contribution is only the
minimal, guaranteed connection between neutrinomass and double beta decay arising in any scenario with

L 2eD = LNV. Explicitmodels leading to 0nbb can generate neutrinomass at tree, 1-, 2- or 3-loop level.
Depending on themodel, the neutrinomasses generated in this way can lead to a comparable, sub-dominant or
dominant neutrino contribution to the decay, and/or to amain, sub-leading or negligible contribution to
neutrinomass. For a comparative analysis of all scalar-mediatedmodels based on the SMgauge group see [66].

Themost general decay rate contains all combinations of leptonic and hadronic currents induced by the
operators

1 , 1 ,
i

2
, 1 , 14V A S P T5 5 5L R( ) ( ) [ ]( ) ( )' ' 'g g g g g g= = =m

m nB B BB B

allowed by Lorentz invariance. Themost general operator inducing the decay can be parametrized in terms of
effective couplings ε parametrizing interactionswhich appear point-like at the nuclear Fermimomentum scale
(the inverse size of the nucleon) 100 MeV.( )' Figure 5 displays the decomposition of the general decay
amplitude into the standard interpretation (contribution (a)with a lightMajorana neutrino being exchanged
between two SMweak interaction vertices), contribution (b)with a lightMajorana neutrino being exchanged
between one effective operator vertex and an SMweak interaction vertex, contribution (c), which contains two
non-SMvertices and can be neglectedwhen compared to contribution (b), and contribution (d)with a single
point-like dimension nine operator [67, 68].

We can estimate the energy scale of short-range diagramswhich can lead to comparable double beta decay
lifetimes comparedwith the standard interpretation. The standard diagramdiscussed in section 2 has an
amplitude of order G m q .F ee

2 2∣ ∣ If the decay ismediated by particles heavier than the characteristicmomentum
scale of q 100 MeV,� then the corresponding amplitude is c M ,5 whereM is themass of those particles and c a
combination offlavor and possible gauge coupling parameters. Hence, for c of order one andM of order TeV
this amplitude equals the current limit on the standard amplitude (ignoring here a small suppression of the
nuclearmatrix elements for short-range diagrams):

T m T M1 eV 1 TeV . 151 2
0

1 2
0( ) ( ) ( )= =nbb

n
nbb�

In the case where variousmass scales enter the decay amplitude the sensitivity of 0nbb decay can be significantly
enhanced, for example the bound of the standard interpretation extrapolated into the heavymass regime

Figure 4.Black box theoremdepicted as a Feynman diagram: neutrinoless double beta decay always induces a neutrinoMajorana
mass (from [12]).
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translates into a lower bound of 107GeVon the effectivemass of a super-massive neutrino eigenstatemixing
with the ordinary SU(2) doublet neutrinos.We thus can test short-range diagrams for double beta decaywith the
LHCor lepton flavor violation experiments, which are also sensitive to the TeV scale. For the possibility to study
the inverse neutrinoless double beta decay at linear colliders, see e.g. [69].

There exist variousUV complete realizations for the different contributions, for example leptoquark andR-
parity violating SUSY accompanied decaymodes (contribution (b)) or short-range decaymodeswhere only
SUSYparticles or heavy neutrinos and gauge bosons in left–right-symmetricmodels are exchanged between the
decaying nucleons (contribution (d)). Present experiments have a sensitivity to the effective couplings of

few 10 10 . 167 10· ( – ) ( )e < - -

For amore detailed, recent overview on this approach to double beta decay see [12].
As has been pointed out above any observation of the short-range contribution d)will typically involve TeV

scale particles and thusmay be probed in the search for LNV interactions at the LHC. To discuss such a
phenomenon of ‘0nbb-LHC complementarity’ though it is necessary to distinguish between the various
mechanismswhichmay be responsible for the decay.While this is a difficult task there exist several ideas which
at least in principle and for some of themechanismsmay allow for an experimental discrimination of 0nbb
decaymechanisms. These include the observation of neutrinoless double beta decay inmultiple isotopes
[45, 70–72], ormeasuring the decay distribution, for example in the SuperNEMOexperiment [72]. In principle
one could distinguishmechanisms also by comparing double beta decay rates to processes such as double
positron decay or double electron capture, whose observation is however unlikely as their rates are heavily
suppressed [74]. Another possibility exsits at at the LHC itself is to identify the invariantmass peaks of particles
produced resonantly in the intermediate state or to analyze the charge asymmetry between final states involving
particles and/or anti-particles [75, 76].

3.1. Left–right symmetry
In this sectionwewill discuss various contributions to double beta decay in left–right symmetricmodels which
embed the SMgauge group into an SU(3) c Ä SU(2) L Ä SU(2) R Ä U(1) .B L- Such theories necessarily
predict right-handed neutrinos which are included in an SU(2)R doublet as a consequence of the left–right
symmetry. The extendedHiggs sector contains a bidoubletf and two triplets LD and .RD TheVEV vR of the
neutral component of RD breaks SU(2) R ÄU(1) B L- toU(1)Y and generatesmasses for the right-handedWR

andZR gauge bosons, and the heavy neutrinos. Tomake these new gauge bosons and interactions compatible
with experimental constraints, they have to be sufficiently heavy andweak, respectively, resulting froma
sufficiently large vev vR.

Neutrinomasses are then generatedwithin a type-I+II seesaw,

m m m M m , 17D D
T

L R
1 ( )= -n

-

Figure 5.Decomposition of themost general 0nbb amplitude in terms of effective operators; contributions include diagramswith SM
vertices and effective vertices being point-like at the nuclear Fermimomentum scale 100 MeV( )' (from [67]).
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tests. The connection between 0nbb decay, LNV at colliders and baryogenesis is discussed in section 4, beforewe
conclude6 in section 5.

2.Neutrinoless double beta decay andneutrinomasses

Webeginwith the arguably bestmotivated possibility for the decay, the ‘standard interpretation’ or ‘mass
mechanism’, namely that the lightmassive neutrinos thatwe observe to oscillate in terrestrial experiments
mediate double beta decay. In this case, searches for the process are searches for neutrinomass, complementing
the other approaches to determine neutrinomasses. Those approaches include direct searches in classical Kurie-
plot experiments like the upcomingKATRIN [23], Project 8 [24], ECHo [25] orMARE [26] experiments, and
cosmological observations, see [27] for a review in this Focus Issue. Cosmology probes the sumof neutrino
masses

m , 4i ( )åS =

Kurie-plot experiments test the incoherent sum

m U m , 5ei i
2 2 ( )å=b

whereas neutrinoless double beta decay in the standard interpretation tests the quantity (seefigure 1)

m U m , 6ee ei i
2 ( )å=

which is usually called the effectivemass and coincides with the ee element of the neutrinomassmatrix inflavor
space.

Heremi are the neutrinomasses, andUei are elements of the leptonicmixing, or PMNS,matrix that is usually
parametrized as

U
c c s c s

s c c s s c c s s s s c

s s c c s c s s c s c c

P
e

e e

e e

, 7
12 13 12 13 13

i

12 23 12 23 13
i

12 23 12 23 13
i

23 13

12 23 12 23 13
i

12 23 12 23 13
i

23 13

( )
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟= - - -

- - -

d

d d

d d

-

where s sin ,ij ijq= c cosij ijq= and δ is the ‘Dirac phase’ responsible for CP violation in neutrino oscillation
experiments. The diagonal phasematrix P diag 1, e , ei i( )( )= a b d+ contains the twoMajorana phasesα andβ,
which are associatedwith theMajorana nature of neutrinos and thus only showup in lepton number violating
processes (a review on properties ofMajorana particles can be found in [28]). For three neutrinos we have
therefore 9 physical parameters, threemasses m ,1,2,3 threemixing angles , ,12 13 23q q q and three phases , , .d a b
The effectivemass depends thus on 7 out of those 9 physical neutrino parameters:

Figure 1. Feynman diagram for the standard interpretation (massmechanism) of neutrinoless double beta decay.

6
Topics that are not covered in this review are the experimental and nuclear physics aspects, where the interested reader should consult e.g.

the review articles [7, 14, 16] and [13], respectively.
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2νββ de-
cay rates for Period-1 and Period-2 are 100.1+1.1

−1.5 (ton·day)−1

and 100.1+1.1
−0.8 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties.
We assess the systematic uncertainty of the FV2ν cut based

on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [12],
and with the result obtained by EXO-200, T 2ν

1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [13].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.6 (kton·day)−1 and <3.2 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.6 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [2] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 4.9× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 11%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 3.7× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.1 × 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (60 – 161)meV us-
ing an improved phase space factor calculation [14, 15] and
commonly used NME calculations [16–22] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-
nism is dominated by exchange of a pure-Majorana Standard

* 137Xe production rate was overestimated by ~2 in the e-print (arXiv:1605.02889v1[hep-ex]10 May 2016). 137Xe 
production is almost from neutron captures, but we misunderstood part of the calculations in FLUKA.

Corrected numbers and figures are presented which are slightly changed as follows.* 

Old version 
Table I, arXiv:1605.02889v1[hep-ex]10 May 2016)
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TABLE I: Summary of the number of observed events, and the es-
timated and best-fit background contributions in the energy region
2.3 < E < 2.7MeV (0νββ window) within the 1-m-radius spheri-
cal volume for each of the two time periods.

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2νββ - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23 ± 0.04 0.25 0.028 ± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.0 - 0.002
External (Radioactivity in IB)

214Bi (238U series) - 2.55 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.002 - 0.001
Spallation products

10C 2.7± 0.7 3.2 2.6± 0.7 2.7
6He 0.07 ± 0.18 0.08 0.07 ± 0.18 0.08
12B 0.15 ± 0.04 0.16 0.14 ± 0.04 0.15

137Xe 0.9± 0.5 1.1 0.9± 0.5 0.8

LS circulation line during the purification campaign may ex-
plain this discrepancy as well as the non-uniform source dis-
tribution observed on the IB. Figure 1 (a) shows the vertex
distribution of candidate events, and the predicted 214Bi back-
ground events from a Monte Carlo (MC) simulation in the
0νββ window. The z-distribution of 214Bi decays on the IB
is evaluated from the data, and used for the radioactive decay
model in the MC. For the 214Bi background, the vertex disper-
sion model was constructed from a full MC simulation based
on Geant4 [7, 8] including decay-particle tracking, scintilla-
tion photon processes, and finite PMT timing resolution. This
MC reproduces the observed vertex distance between 214Bi
and 214Po sequential decay events from the initial 222Rn con-
tamination within the Xe-LS.

An enlarged 3.5-m-radius spherical volume was used to
study a high statistics sample of muon spallation products
and better constrain their background contributions. This in-
cluded a region outside the IB. We assess a 22% system-
atic uncertainty on the calculated spallation yields in the
Xe-LS, taking account of the observed (20 ± 2)% increase
in the spallation neutron flux in the Xe-LS relative to the
outer LS. In the 0νββ window, events from 10C decays (β+,
τ = 27.8 s, Q = 3.65MeV) dominate the contribution from
muon spallation. A triple-coincidence tag of a muon, a neu-
tron identified by neutron-capture γ-rays, and the 10C de-
cay [9], reduces the 10C background with an efficiency of
(64± 4)%. Post-muon spallation-neutron events are recorded
by newly introduced dead-time free electronics. We apply
spherical volume cuts (∆R < 1.6m) around the recon-
structed neutron vertices for 180 s after the preceding muon.

We estimate that the remaining 10C background after cuts
is (1.01 ± 0.26) × 10−2 (ton·day)−1, where ton is a unit of
Xe-LS mass. Other shorter-lived products, e.g., 6He and 12B,
are also reduced by the triple-coincidence tag and have a mi-
nor contribution to the background. The dead-time intro-
duced by all the spallation cuts is 7%. In the Xe-LS, long-
lived 137Xe (β−, τ = 5.5min, Q = 4.17MeV) is a back-
ground source produced by neutron capture on 136Xe. The
production yield of 137Xe from neutrons is estimated to be
(3.7±0.3)×10−3 (ton·day)−1, based on the spallation neutron
rate and the 136Xe capture cross section. Other possible reac-
tions that can produce 137Xe are studied with FLUKA [10, 11]
and their contribution is added to the production yield with
an uncertainty taken to be 100%. The estimated total yield of
137Xe is (7.6±3.9)×10−3 (ton·day)−1, which is only a small
fraction of the 10C background in the 0νββ window.

We perform the 0νββ decay analysis using a 2-m-radius FV
as described above to utilize the deployed 136Xe mass. How-
ever, the sensitivity is dominated by the innermost 1-m-radius
spherical volume due to the background from the IB. The re-
gion outside this radius serves to strongly constrain the tails of
the IB background extending into the innermost region. Fur-
ther, anticipating the decay of the 110mAg background identi-
fied in Phase-I, we divide the Phase-II data set into two equal
time periods (Period-1 and Period-2) each roughly equal to
one average lifetime of the 110mAg decay rate. Table I lists
the number of observed events, and the estimated and best-
fit background contributions in the 0νββ window within a 1-
m-radius spherical volume for each of the two time periods.
The fit is described in detail below. We find a precipitous de-
crease in the event rate in the 0νββ window in Period-2. The
Period-2 background components are well-constrained near
the values listed in Table I with the exception of 110mAg.
The hypothesis of standard radioactive decay of the 0νββ
window background with the decay rate of 110mAg is disfa-
vored relative to the hypothesis of a faster reduction at 95%
C.L. The origin of this apparent reduction of 110mAg is un-
known, but we speculate that much of it settled to the bot-
tom of the IB where only a small fraction of 110mAg decays
are reconstructed in the inner Xe-LS volume. In order to al-
low the 0νββ window background the greatest freedom in the
fit, the 0νββ decay analyses are performed independently for
Period-1 and Period-2.

The 2νββ decay rate can in principle be estimated from
the same analysis used to derive the 0νββ decay limits, but
the region outside of 1-m radius contributes negligibly to
the 2νββ decay rate estimate and is dominated by system-
atic uncertainty arising from the IB background. To ob-
tain a 2νββ decay rate free of such systematic uncertainty,
we perform a separate estimate using a likelihood fit to the
binned energy spectrum of the selected candidates between
0.5 MeV and 4.8 MeV, limited to a volume within the 1-
m-radius spherical fiducial volume (FV2ν). The correspond-
ing fiducial exposure of 136Xe is 126 kg-yr. The contribu-
tions from major backgrounds in the Xe-LS, such as 85Kr,
40K, 210Bi, and the 228Th-208Pb sub-chain of the 232Th se-
ries are free parameters and are left unconstrained in the spec-
tral fit. The contributions from the 222Rn-210Pb sub-chain of
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TABLE I: Summary of the number of observed events, and the es-
timated and best-fit background contributions in the energy region
2.3 < E < 2.7MeV (0νββ window) within the 1-m-radius spheri-
cal volume for each of the two time periods.

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2νββ - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23± 0.04 0.25 0.028± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.5 - 0.0
External (Radioactivity in IB)

214Bi (238U series) - 2.56 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.003 - 0.002
Spallation products

10C 2.7± 0.7 3.3 2.6± 0.7 2.8
6He 0.07± 0.18 0.08 0.07± 0.18 0.08
12B 0.15± 0.04 0.16 0.14± 0.04 0.15

137Xe 0.5± 0.2 0.5 0.5± 0.2 0.4

rium, while the ex situ measurement by ICP-MS yielded 2 ppt.
The non-uniform 214Bi event distribution observed on the IB
indicates that this discrepancy is caused by dust contamination
rather than decay chain non-equilibrium. Figure 1 (a) shows
the vertex distribution of candidate events, and the predicted
214Bi background events from a Monte Carlo (MC) simula-
tion in the 0νββ window. The z-distribution of 214Bi decays
on the IB is evaluated from the data, and used for the ra-
dioactive decay model in the MC. For the 214Bi background,
the vertex dispersion model was constructed from a full MC
simulation based on Geant4 [9, 10] including decay-particle
tracking, scintillation photon processes, and finite PMT tim-
ing resolution. This MC reproduces the observed vertex dis-
tance between 214Bi and 214Po sequential decay events from
the initial 222Rn contamination within the Xe-LS.

An enlarged 3.5-m-radius spherical volume was used to
study a high statistics sample of muon spallation products and
better constrain their background contributions. This included
a region outside the IB. We assess a 22% systematic uncer-
tainty on the calculated spallation yields in the Xe-LS, tak-
ing account of the observed (20 ± 2)% increase in the spal-
lation neutron flux in the Xe-LS relative to the outer LS. In
the 0νββ window, events from 10C decays (β+, τ = 27.8 s,
Q = 3.65MeV) dominate the contribution from muon spalla-
tion. A triple-coincidence tag of a muon, a neutron identified
by neutron-capture γ-rays, and the 10C decay [11], reduces
the 10C background with an efficiency of (64 ± 4)%. Post-
muon spallation-neutron events are recorded by newly intro-
duced dead-time free electronics. We apply spherical volume
cuts (∆R < 1.6m) around the reconstructed neutron ver-

tices for 180 s after the preceding muon. We estimate that
the remaining 10C background after cuts is (1.01 ± 0.26) ×
10−2 (ton·day)−1, where ton is a unit of Xe-LS mass. Other
shorter-lived products, e.g., 6He and 12B, are also reduced by
the triple-coincidence tag and have a minor contribution to the
background. The dead-time introduced by all the spallation
cuts is 7%. In the Xe-LS, long-lived 137Xe (β−, τ = 5.5min,
Q = 4.17MeV) is a background source produced by neutron
capture on 136Xe. Based on the spallation neutron rate and
the 136Xe capture cross section [12], the production yield of
137Xe is estimated to be (3.9±2.0)×10−3 (ton·day)−1, which
is consistent with the simulation study in FLUKA [13, 14].

We perform the 0νββ decay analysis using a 2-m-radius FV
as described above to utilize the deployed 136Xe mass. How-
ever, the sensitivity is dominated by the innermost 1-m-radius
spherical volume due to the background from the IB. The re-
gion outside this radius serves to strongly constrain the tails of
the IB background extending into the innermost region. Fur-
ther, anticipating the decay of the 110mAg background identi-
fied in Phase-I, we divide the Phase-II data set into two equal
time periods (Period-1 and Period-2) each roughly equal to
one average lifetime of the 110mAg decay rate. Table I lists
the number of observed events, and the estimated and best-
fit background contributions in the 0νββ window within a 1-
m-radius spherical volume for each of the two time periods.
The fit is described in detail below. We find a precipitous de-
crease in the event rate in the 0νββ window in Period-2. The
Period-2 background components are well-constrained near
the values listed in Table I with the exception of 110mAg.
The hypothesis of standard radioactive decay of the 0νββ
window background with the decay rate of 110mAg is disfa-
vored relative to the hypothesis of a faster reduction at 96%
C.L. The origin of this apparent reduction of 110mAg is un-
known, but we speculate that much of it settled to the bot-
tom of the IB where only a small fraction of 110mAg decays
are reconstructed in the inner Xe-LS volume. In order to al-
low the 0νββ window background the greatest freedom in the
fit, the 0νββ decay analyses are performed independently for
Period-1 and Period-2.

The 2νββ decay rate can in principle be estimated from
the same analysis used to derive the 0νββ decay limits, but
the region outside of 1-m radius contributes negligibly to the
2νββ decay rate estimate and is dominated by systematic un-
certainty arising from the IB background. To obtain a 2νββ
decay rate free of such systematic uncertainty, we perform a
separate estimate using a likelihood fit to the binned energy
spectrum of the selected candidates between 0.5 MeV and
4.8 MeV, limited to a volume within the 1-m-radius spheri-
cal fiducial volume (FV2ν). The corresponding fiducial ex-
posure of 136Xe is 126 kg-yr. The contributions from major
backgrounds in the Xe-LS, such as 85Kr, 40K, 210Bi, and the
228Th-208Pb sub-chain of the 232Th series are free parameters
and are left unconstrained in the spectral fit. We confirmed
that the 134Cs contribution in the Xe-LS is negligible from
a fit. The contributions from the 222Rn-210Pb sub-chain of
the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2νββ de-
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〈mββ〉limit reaches below 100meV 
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KamLAND-Zen

•  (BG	reducYon)	
–  214Bi (KL2-Z)	
–  10C: muon coincidence 	
– 2νββ KamLAND2-Zen 	

•  (signal	enhancement)	
–  00kg	à 800kg 	
– 800kg	à	1000kg KamLAND2-Zen 	
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CaF2 Module 
CaF2(Pure) ; 96 Crystal Æ 305 kg 
WLS Phase ; 280 nm Æ 420 nm 

Thickness ; 5 mm 
Composition ; Mineral Oil＋bis-MSB (0.1 g/L) 
 

Liquid Scintillator (LS) 
1.37 m f x 1.4 m height 
Volume ; 2.1 m3 (1.65 ton) 
Composition 

Solvent；Mineral Oil(80%)+PC(20%) 
Solutes (WLS’s)；PPO (1.0g/L) + bis-MSB (0.1g/L) 
 

Acrylic Tank 
Container for LS  
 

Water Buffer 
Pure Water Î Passive Shield 

（Pre,Final-filter, Chacoal-filter, UV-lamp, Ion-Exchanger） 
Distance PMT – LS ; 50 cm 
 

PMTs + Light pipe 
13 inch (Side) ; x 48 
20 inch (Top and Bottom) ; x 14 
Reflector Film : reflectivity ~93% @ 420nm 

Main detector 
CaF2 scintillators 
(305kg) 

PMTs 
 13 inch (side) ; x 48 
 20 inch (top & bottom) ; x 14 
Light pipe 
 Photoelectron yield  x ~1.75 

Liquid scintillator  
acrylic tank (2.1 m3) 

 4π Active shield 

48Ca~300g	
enrich 	

Q	value (4.27MeV)	
kinemaYcal	factor	

	
	

CaF2 	
	

alpha

500meV



CANDLES

(n,γ) 	
BG

BG
500meV

Statistics 
Before shielding: 60.3 days (2013 data) 
After shielding: 8.3 days (July 2016) 
 

0νββ analysis 
CaF2 Crystal x 26 

Th contents within crystal < 10 μBq/kg 
All BG cut are applied, but cut condition 
is not optimized yet. 

LS veto & β-events cut 
212Bi-Po sequential decay cut 
208Tl veto after 212Po-decay 

Obtained spectrum 
(n,γ)BG events above 5 MeV is much 
reduced, as expected. 

    Î reduction factor will be estimated 
40K, 208Tl rates are also reduced.  

    Î expect to improve 208Tl veto efficiency   Energy (keV) 
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0νββ解析ではCutする事象を使う 
CaF2 + LS hit事象を残す (Loose-cut) 

 Æ 外部からのγ線事象 
 

シールド構築前後でSpectrumを比較 
5.5 MeV以上の事象が大幅に低減！～2桁低減 
正確な見積もりには、少し統計が必要 
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Preliminary 

Before 
After 

CaF2 + LS 

Compton事象 

～2ケタ低減  

252Cf中性子線源データと物理Runデータの解析から、目標値はほぼ到達 
Q	value	4.27MeV



CANDLES

•  48Ca enrich 	
•  NH

2νββ BG 	
– 

25g 2 	

Exploring  Inverted hierarchy  Æ Normal hierarchy region 

Development 1 : 48Ca Enrichment, to increase the ββ source amount 
Difficulties of 48Ca enrichment 

Centrifuge Æ Not possible since Ca has no gas compound. 
Laser (ionization) Æ  not yet to be of practical use. 
Commercial Æ  expensive (~ M$/10g),  too small amount for ton-scale. 

Challenges in CANDLES: cost effective  
Multi-channel counter current electrophoresis  
Crown ether resin + chromatography 
Crown ether liquid + micro reactor  
Laser: recoil by laser light 
 

 

The enrichment techniques were established for 
the small amount of Calcium. The techniques are 
promising, we are on the stage of stable driving. 

The technique (scintillating bolometer) was already established,  
CRESST-II (CaWO4),  Lucifer,  AMoRE 
CaF2(Eu) scintillating bolometer was also demonstrated by Milano group.  
 Ref; NIMA386 (1997) 453, small size (~ 0.3 g) of CaF2(Eu) 
 

Simultaneous measurement both heat and scintillation enables to identify the 
particle types (α/β particle ID) 
It is possible to reject alpha decay events of 238U 

Q-value; 4.27MeV = Q-value of 48Ca 0νββ 
 Î Chance to achieve “BG free measurement” 

 

Scintillation 

Heat 

β / γ 

α peaks 

4.27MeV 

β-α sequential decay 
4.27MeV 

0νββ region 
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•  	
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SUSY	 IMPs,	axion,	…	
•  	

	



•  	
– weakly	interacYng	massive	
parYcles	(WIMPs)	

–  axions	
–  	ALP,	dar photons,	
electron	interacYng	
WIMPs,	DAMA	ad	hoc..	G.	Bertone	

•  WIMPs 	
–  	
–  	
–  	

•  	
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Interaction with matter
� Neutralino (χ) interaction with matter consists of
Spin-independent (SI): H, h, squark exchange
Spin-dependent  (SD): Z, squark exchange 

In
di

re
ct

co
lli

de
r

Direct

These interactions make it possible to detect DM by
Annihilation products             Î Indirect search
Missing energy/particles        Î Collider
Recoils of laboratory targets  Î Direct search



•  6 LUX PANDA-X negaYve SUSY	~TeV 	
•  DAMA lower	threshold 	
•  ENON1T LZ 2020 	
•  Standard	WIMPs 	

–  DAMA 	
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		1609.06154	
LUX	
		1608.07648	
PANDA-X	
		PRL117	121303	
	(2016)

low	threshold	det.	
SuperCDMS

XENON
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LZ	(202
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BG 	

Large	det.	
Noble	liquid

~1ton	

~10ton
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PICO-LON (NaI(Tl)~DAMA )

•  101.6	mm	
76.2	mm NaI(Tl) 	

•  ~	3	dru	at	5	keVee
	

•  127	mm 127	mm
NaI(Tl) 	

•  	OK.		
•  	

•  (A) 54	kg	NaI(Tl)	
à	DAMA/LIBRA

	

DAMA DM-
Ice

PICO-LON	
(2016)	

Goal	of	
PICO-LON

natK	(ppb) <20 660 <200	 <20
232Th(ppt) 0.5-0.

7
2.5 0.3±0.5 <4

238U(ppt) 0.7-10 1.4 4.7±0.3	 <10	
210Pb	
(μBq/kg)

5-30 1470 29.4±6.6 <	5

	
	

NaI(Tl) 	
	

	

NaI(Tl)



NEWAGE 	
ICRR,	KEK

•  	
•  (0.4mm	ó	 	2mm)

R&D
SD 	

(400µm)	
X-Y 	

:	µ-TPC

-	 5 10
	

- 10~20 		

	

	
BG DRIFT

CYGNUS
	

Aè	 	



NEWS / 	
G.	de	Lellis

• 

40nm AgBr 	
	 (	CCD

10-100	 )		

500	nm	

Nano	Imaging	Tracker		

CYGNUS

2015 	
	

	

		
2,3 1kg 	

DAMA )		
	 10 10-100kg 	

まとめ

�地下実験施設でのハンドリング試験、および新施設（hall A,Bの間のT-hall@LNGS)の建設が
進行中

�内部放射性同位体は概ね理解→ 今後の極低バックグラウンドデバイス開発も進める
�外部バックグラウンドのシミュレーションスタディを進行中→シールドのデザイン検討
�解析システムの実装試験を実行、さらなる効率化を進める ⇒まずは10g程度のスケールに
対応させる

�精密解析システムを開発中 ⇒ ナノスケール情報を取り出す新たなシステムの実装（今年
中には）

�長期特性の理解と検出器マウントの開発→低温での実装

2016年度：小スケールでのバックグラウンドランとシステム開発を並行。検出器の理解
2017年度：10gスケールでのラン ⇒ kgスケールへ目途をつける
2018年度：kgスケール実験の立ち上げ

13



ANKOK AMA
ANKOK実験（早稲田大学グループ）① 

DAMA 

WARP 
(Liq.Ar2007) 

DarkSide-50 
(Liq.Ar 2015) LUX 2016 

CoGeNT  
(2013) 

� First Target:  
     低質量WIMP（DAMA領域）の検証 
  → コンパクトかつ高感度の検出器で、 
         低エネルギー閾値での探索を実現 
  → 数年以内にArで世界初の結果を目指す 

DS-50 (2014) 

� アルゴン気・液２相型 → 蛍光と電離電子の両方検出 

e- e- 
e- 

e- 
e- e- 

DM 

Cathode 

Anode 

↑Drift 

気相 

液相 

2次蛍光 

> 3 kV 

PMT PMT 

~ 
kV

/c
m

 

1次蛍光 

PMT 

PMT PMT PMT 



ANKOK実験（早稲田大学グループ）② 
本実験検出器（製作中） 

有効質量30kg 

� VUV128nmに感度のあるMPPCの開発・実装   
  NIM A833 (2016) 239-244 

� さらなる将来発展の可能性  
     - 大型化・高感度化 
     - 長期観測（軽元素による季節変動検証） 
   - 多地点での同時観測（北／南半球） 
   - 柱状再結合を利用した方向感度化R&D 
     - ν物理（米国）との技術共有と相互発展 等々 

� 地上実験の完遂（2016年～2017年迄） 
   → その後、地下施設での本格探索実験へ 

�意義と課題 
      安価 → 実行性の高さ・将来性（大型化等） 
      軽元素 → Xeとの相補性・核種依存性の検証 

Ar39問題 → 高いγ線除去力（PSDとS1/S2） 
発光位置同定問題→ TPCと新型MPPC実装 



XMASS	project

l  Xenon MASSive detector for solar neutrino (pp/7Be) 
l  Xenon neutrino MASS detector (ββ decay) 
l  Xenon detector for Weakly Interacting MASSive Particles (DM search) 

Multi purpose low-background experiment with liq. Xe 

Phase I: 0.1t fiducial 
mass (Total 835kg) 

XMASS-I 

Final goal:10t fiducial 
(total 25t) 

XMASS-II 

Y.	Suzuki,	hep-ph/0008296�

XMASS-1.5 

3t fiducial 
(total 6t) 
<10-46cm2 

x10 FM

x10 FM

<10-47cm222	



���	���
�������

U-chain	gamma	rays	

80cm	dia.	
800	kg	

γ

§  キセノンの自己遮蔽能力	(large	atomoic	number)	 
§  発光量大~NaI(Tl),	-100C,	高密度	(3	g/cm3	) 

• 	サイズが大きいのは、外
部バックグラウンドを抑え
るのに都合が良い	
• 	中央部だけを取り出すこ
とができれば高感度探索が
可能。 
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photo	
electron

vertex

into account the quantum efficiency of each PMT. The response of
each PMT for single photon detection is also simulated on the basis
of a single photon distribution measured using low-intensity LEDs.

Although our MC considers the non-linearity of the scintillation
efficiency, some deviations exist in the total nPE from data
obtained for gamma rays with energies less than 122 keV. Fig. 8
shows the ratios of the observed n PE and predicted n PE by the
MC. This deviation is treated as the systematic error at the energy
scale of our detector.

13. Vertex reconstruction

The vertex positions and energies of events were reconstructed
using n PE information from the PMTs. For various grid positions
inside the ID, expected n PE distributions in each PMT were
calculated in the MC. We use positions on a Cartesian grid, on
radial lines from the centre of the detector, and on the inner
surface of the detector including gaps between PMTs. These
distributions are normalized so that they can be used as the
probability density functions (PDFs) for each grid position. The
probability, pi(n), that the ith PMT detects n PE is calculated using
the PDF. The likelihood that the vertex is in the assumed position x
is the product of all piðniÞ

LðxÞ ¼ ∏
642

i ¼ 1
piðniÞ ð1Þ

where ni represents n PE for the ith PMT. The most likely position
is obtained by maximizing L.

The performance of the vertex and energy reconstruction was
evaluated using several types of radioactive sources. The upper
panel of Fig. 9 shows the energy spectrum reconstructed using the
same data set in Fig. 7. The energy resolution for 122 keV gamma
rays is 4% (rms). The lower panel of Fig. 9 shows the reconstructed

Table 7
Calibration sources and energies. The 8 keV (n1) in the 109Cd and 59.3 keV (n2) in
the 57Co source are Kα X-rays from the copper and tungsten, respectively, used for
source housing.

Isotopes Energy (keV) Shape

55Fe 5.9 Cylinder
109Cd 8(*1), 22, 58, 88 Cylinder
241Am 17.8, 59.5 Thin cylinder
57Co 59.3(*2), 122 Thin cylinder
137Cs 662 Cylinder

Table 6
Special commissioning run summary.

Run condition Operation term

High-pressure run (0.23 MPa (abs.)) From March 25, 2011 to April 10, 2011
Low-pressure run (0.13 MPa (abs.)) From April 13, 2011 to May 4, 2011
O2 injection run From September 28, 2011 to January 11, 2012
Boiling run From January 4, 2012 to January 10, 2012
Gas run From January 13, 2012 to January 24, 2012

OFHC copper rod and source

gate valve

source exchange

OFHC copper rod

stepping motor

Flange for

moved
along z−axis

guide pipe

Calibration system
on the tank top

ID

Fig. 5. Calibration system on top of the tank. Source placed on the edge of the copper rod is inserted into the ID and can be moved along the z-axis.

Outside view Inside view

PMT (R10789−11)PMTs and PMT holder

Fig. 6. ID geometry, excluding vessels, in MC. Upper right: geometry of one
hexagonal PMT. Upper left: part of PMT holder and some PMTs. Bottom: entire
PMT holder and PMTs: outside and inside view.

K. Abe et al. / Nuclear Instruments and Methods in Physics Research A 716 (2013) 78–8584
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•  2008 	
•  2010 commissioning	run 	

– PMT 	

•  2013 	



	 BG
•  	 	
• 

85Kr

XMASS-I

XMASS	line	overlaid	
with	a	Rick’s	slide

	
	

LUX,	XENON 	
nuclear	recoil selecYon 	



BG
•  XMASS-I 	 	
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Search for Bosonic Superweakly Interacting Massive Dark Matter
Particles with the XMASS-I Detector
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Bosonic superweakly interacting massive particles (super-WIMPs) are a candidate for warm dark matter.
With the absorption of such a boson by a xenon atom, these dark matter candidates would deposit an energy
equivalent to their rest mass in the detector. This is the first direct detection experiment exploring the vector
super-WIMPs in the mass range between 40 and 120 keV. With the use of 165.9 day of data, no significant
excess above background was observed in the fiducial mass of 41 kg. The present limit for the vector
super-WIMPs excludes the possibility that such particles constitute all of dark matter. The absence of a
signal also provides the most stringent direct constraint on the coupling constant of pseudoscalar super-
WIMPs to electrons. The unprecedented sensitivity was achieved exploiting the low background at a
level 10−4 kg−1 keV−1

ee day−1 in the detector.

DOI: 10.1103/PhysRevLett.113.121301 PACS numbers: 95.35.+d, 12.60.Cn, 14.70.Pw, 14.80.Va

There is overwhelming evidence for the existence of dark
matter in the Universe. Since all the evidence is gravita-
tional, the nature of dark matter is not well constrained
and various models have been considered. For a model to
be falsifiable in a direct detection experiment, it needs to
allow at least one interaction beyond the gravitational one.
A well motivated model that guides most experimental
searches imagines the dark matter particle as a weakly
interacting thermal relic, candidates for which are provided
by various extensions of the standard model of particle
physics. In the case that dark matter is such a weakly
interacting massive particle (WIMP), thermal decoupling
after the big bang automatically ensures the right relic
abundance to account for the observed dark matter. Such a
WIMP fits the cold dark matter (CDM) paradigm.

On the other hand, simulations based on this CDM
scenario expect a richer structure on galactic scales than
those observed. Furthermore, there is so far no evidence
of supersymmetric particles at the LHC, and therefore,
it is important to investigate various types of dark matter
candidates. These facts strengthen an interest to consider
lighter and more weakly interacting particles such as super-
WIMPs, a warm dark matter candidate [1,2]. If the mass of
the super-WIMPs is above∼3 keV, there is no conflict with
structure formation in the Universe [3]. Bosonic super-
WIMPs are experimentally interesting since their absorp-
tion in a target material would deposit an energy essentially
equivalent to the super-WIMP’s rest mass.
Here, we present direct detection limits obtained with the

XMASS-I liquid xenon detector for the vector and the
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Fig. 1. Light yield stability was monitored with a 57Co 122 keV gamma ray source. 
The relative intrinsic scintillation light yield (R yield) was obtained by comparing to 
calibration data with the Monte Carlo simulation by considering optical parameters 
such as absorption and scattering length.

Fig. 2. (Color online.) Observed count rate as a function of time in the 1.1–1.6 keVee
(= 4.8–6.8 keVnr) energy range. The black error bars show the statistical uncer-
tainty of the count rate. Square brackets indicate the 1σ systematic error for each 
time bin. The solid and dashed curves indicate the expected count rates assuming 7 
and 8 GeV/c2 WIMPs respectively with a cross section of 2 × 10−40 cm2 where the 
WIMP search sensitivity closed to DAMA/LIBRA.

length remains stable at 52 cm with a standard deviation of ±0.6%. 
We then re-evaluate the absorption length and the relative intrin-
sic light yield to see the stability of the scintillation light response 
by fixing the scattering length at 52 cm. The absolute absorption 
length varied from about 4 m to 11 m, but the relative intrinsic 
light yield (R yield) stayed within ±0.6% over the entire data taking 
period (see Fig. 1).

The time dependence of the photoelectron yield affects the ef-
ficiency of the cuts. Therefore, we evaluate the absorption length 
dependence of the relative cut efficiencies through Monte Carlo 
simulation. If we normalize the overall efficiency at an absorp-
tion length of 8 m, this efficiency changes from −4% to +2% 
over the relevant absorption range. The position dependence of 
the efficiency was taken into account as a correlated systematic 
error (∼ ±2.5%). This is the dominant systematic uncertainty in 
the present analysis. The second largest contribution comes from a 
gain instability of the waveform digitizers (CAEN V1751) between 
April 2014 and September 2014 due to a different calibration 
method of the digitizers used in that period. This effect contributes 
an uncertainty of 0.3% to the energy scale. Other effects from LED 
calibration, trigger threshold stability, timing calibration were neg-
ligible. The observed count rate after cuts as a function of time in 
the energy region between 1.1 and 1.6 keVee is shown in Fig. 2. 
The systematic errors caused by the relative cut efficiencies are 
also shown.

To retrieve the annual modulation amplitude from the data, the 
least squares method for the time-binned data was used. The data 
set was divided into 40 time-bins (tbins) with roughly 10 days 
of live time each. The data in each time-bin were then further 
divided into energy-bins (Ebins) with a width of 0.5 keVee. Two fit-
ting methods were performed independently. Both of them fit all 
energy- and time-bins simultaneously. Method 1 used a ‘pull term’ 
α with χ2 defined as:

χ2 =
Ebins!

i

tbins!

j

"
(Rdata

i, j − Rex
i, j − αKi, j)

2

σ (stat)2
i, j + σ (sys)2

i, j

#

+ α2, (1)

where Rdata
i, j , Rex

i, j , σ (stat)i, j and σ (sys)i, j are data, expected event 
rate, statistical and systematic error, respectively, of the (i-th 
energy- and j-th time-) bin. The time is denoted as the number 
of days from January 1, 2014. Ki, j represents the 1σ correlated 
systematic error on the expected event rate based on the relative 
cut efficiency in that bin. Method 2 used a covariance matrix to 
propagate the effects of the systematic error. Its χ2 was defined 
as:

χ2 =
Nbins!

k,l

(Rdata
k − Rex

k )(V stat + V sys)
−1
kl (Rdata

l − Rex
l ), (2)

where Nbins(= Ebins × tbins) was the total number of bins and 
Rdata(ex)

k is the event rate where k = i · tbins + j. The matrix V stat
contains the statistical uncertainties of the bins, and V sys is the co-
variance matrix of the systematic uncertainties as derived from the 
relative cut efficiency.

4. Results and discussion

We performed two analyses, one assuming WIMP interactions 
and the other independent of any specific dark matter model. 
Hereafter we call the former case the WIMP analysis and the latter 
a model independent analysis.

In the case of the WIMP analysis, the expected modulation 
amplitudes become a function of the WIMP mass Ai(mχ ) as the 
WIMP mass mχ determines the recoil energy spectrum. The ex-
pected rate in a bin then becomes:

Rex
i, j =

t j+ 1
2 $t j$

t j− 1
2 $t j

%
Ci + σχn · Ai(mχ ) cos 2π

(t − t0)

T

&
dt, (3)

where σχn is the WIMP–nucleon cross section. To obtain the 
WIMP–nucleon cross section the data was fitted in the energy 
range of 1.1–15 keVee. We assume a standard spherical isother-
mal galactic halo model with the most probable speed of v0 =
220 km/s, the Earth’s velocity relative to the dark matter dis-
tribution of v E = 232 + 15 sin2π(t − t0)/T km/s, and a galactic 
escape velocity of vesc = 650 km/s, a local dark matter density of 
0.3 GeV/cm3, following [13]. In the analysis, the signal efficiencies 
for each WIMP mass are estimated from Monte Carlo simulation 
of uniformly distributed nuclear recoil events in the liquid xenon 
volume. The systematic error of the efficiencies comes from the 
uncertainty of liquid xenon scintillation decay time of 25 ±1 ns [5]
and is estimated as about 5% in this analysis. The expected count 
rate for WIMP masses of 7 and 8 GeV/c2 with a cross section of 
2 × 10−40 cm2 for the spin independent case are shown in Fig. 2
as a function of time after all cuts. This demonstrates the high 
sensitivity of the XMASS detector to modulation. As both meth-
ods found no significant signal, the 90% C.L. upper limit by the 
‘pull term’ method on the WIMP–nucleon cross section is shown 
in Fig. 3. The exclusion upper limit of 4.3 × 10−41 cm2 at 8 GeV/c2

was obtained. The −1σ scintillation efficiency of [22] was used to 
obtain a conservative limit. To evaluate the sensitivity of WIMP–
nucleon cross section, we carried out a statistical test by applying 
the same analysis to 10,000 dummy samples with the same sta-
tistical and systematic errors as data but without modulation by 
the following procedure. At first, the time-averaged energy spec-
trum was obtained from the observed data. Then, we performed a 
toy Monte Carlo simulation to simulate time variation of event rate 

832kg ó250kg NaI(Tl)	
+ 	
~1yr	data	ó	14yrs	data	
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Fig. 3. (Color online.) Limits on the spin-independent elastic WIMP–nucleon cross 
section as a function of WIMP mass. The solid line shows the XMASS 90% C.L. ex-
clusion from the annual modulation analysis. The ±1σ and ±2σ bands represent 
the expected 90% exclusion distributions. Limits as well as allowed regions from 
other searches based on counting method are also shown [2,3,23,8–10,5].

of background at each energy bin assuming the same live time as 
data and including systematic uncertainties. The ±1σ and ±2σ
bands in Fig. 3 outline the expected 90% C.L. upper limit band 
for the no-modulation hypothesis using the dummy samples. The 
result excludes the DAMA/LIBRA allowed region as interpreted in 
[8] for the WIMP masses higher than 8 GeV/c2. The difference 
between two fitting methods is less than 10%. The upper limit 
of 5.4 × 10−41 cm2 is obtained under different astrophysical as-
sumptions of vesc = 544 km/s [24]. The best fit parameters in 
a mass range between 6 and 1000 GeV/c2 is a cross section of 
3.2 × 10−42 cm2 for a WIMP mass of 140 GeV/c2. This yields a 
statistical significance of 2.7σ , however, in this case, the expected 
unmodulated event rate exceeds the total observed event rate by a 
factor of 2, therefore these parameters were deemed unphysical.

For the model independent analysis, the expected event rate 
was estimated as:

Rex
i, j =

t j+ 1
2 "t j!

t j− 1
2 "t j

"
Ci + Ai cos 2π

(t − t0)

T

#
dt, (4)

where the free parameters Ci and Ai were the unmodulated event 
rate and the modulation amplitude, respectively. t0 and T were 
the phase and period of the modulation, and t j and "t j was the 
time-bin’s center and width, respectively. In the fitting procedure, 
the 1.1–7.6 keVee energy range was used and the modulation pe-
riod T was fixed to one year and the phase t0 to 152.5 days 
(∼2nd of June) when the Earth’s velocity relative to the dark mat-
ter distribution is expected to be maximal. Fig. 4 shows the best 
fit amplitudes as a function of energy for ‘pull term’ after correct-
ing the efficiency. The efficiency was evaluated from gamma ray 
Monte Carlo simulation with a flat energy spectrum uniformly dis-
tributed in the sensitive volume (Fig. 4 inset). Both methods are 
in good agreement and find a slight negative amplitude below 
4 keVee. The ±1σ and ±2σ bands in Fig. 4 represent expected 
amplitude coverage derived from same dummy sample above by 
the ‘pull term’ method. This test gave a p-value of 0.014 (2.5σ ) 
for the ‘pull term’ method and of 0.068 (1.8σ ) for the covariance 
matrix method. To be able to test any model of dark matter, we 
evaluated the constraints on the positive and negative amplitude 
separately in Fig. 4. The upper limits on the amplitudes in each 
energy bin were calculated by considering only regions of positive 
or negative amplitude. They were calculated by integrating Gaus-
sian distributions based on the mean and sigma of data (=G(a)) 

Fig. 4. (Color online.) Modulation amplitude as a function of energy for the model 
independent analyses using the ‘pull term’ method (solid circle). Solid lines rep-
resent 90% positive (negative) upper limits on the amplitude. The ±1σ and ±2σ
bands represent the expected amplitude region (see detail in the text). DAMA/LI-
BRA result (square) is also shown [11].

from zero. The positive or negative upper limits are satisfied with 
0.9 for 

$ aup
0 G(a)da/ 

$ ∞
0 G(a)da or 

$ 0
aup

G(a)da/ 
$ 0
−∞ G(a)da, where a

and aup are the amplitude and its 90% C.L. upper limit, respectively. 
The ‘pull term’ method obtained positive (negative) upper limit of 
2.1(−2.1) × 10−2 events/day/kg/keVee between 1.1 and 1.6 keVee
and the limits become stricter at higher energy. The energy reso-
lution (σ /E) at 1.0 (5.0) keVee is estimated to be 36% (19%) com-
paring gamma ray calibrations and its Monte Carlo simulation. As a 
guideline, we make direct comparisons with other experiments not 
by considering a specific dark matter model but amplitude count 
rate. The modulation amplitude of ∼ 2 × 10−2 events/day/kg/keVee
between 2.0 and 3.5 keVee was obtained by DAMA/LIBRA [11]
and we estimate a 90% C.L. upper limit for XENON100 as 3.7 ×
10−3 events/day/kg/keVee (2.0–5.8 keVee) based on [17] as it was 
not claimed as a signal. XMASS obtained positive upper limits of 
(1.7–3.7) × 10−3 events/day/kg/keVee in same energy region and 
gives the more stringent constraint. This fact is important when 
we test the dark matter model.

5. Conclusions

In conclusion, XMASS with its large exposure and high photo-
electron yield (low energy threshold) conducted an annual mod-
ulation search. For the WIMP analysis, the exclusion upper limit 
of 4.3 × 10−41 cm2 at 8 GeV/c2 was obtained and the result ex-
cludes the DAMA/LIBRA allowed region for WIMP masses higher 
than that. In the case of the model independent case, the analy-
sis was carried out from the energy threshold of 1.1 keVee which 
is lower than DAMA/LIBRA and XENON100. The positive (negative) 
upper limit amplitude of 2.1 (−2.1)×10−2 events/day/kg/keVee be-
tween 1.1 and 1.6 keVee and (1.7–3.7) × 10−3 counts/day/kg/keVee
between 2 and 6 keVee were obtained. As this analysis does not 
consider only nuclear recoils, a simple electron or gamma ray in-
terpretation of the DAMA/LIBRA signal can also obey this limit.
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The data are compatible with the background model,
and no excess is observed for the background only
hypothesis.
Figure 5 shows the new XENON100 exclusion limit on

gAe at 90% C.L. The sensitivity is shown by the green/
yellow band (1σ=2σ). As we used the most recent and
accurate calculation for solar axion flux from [10], which is
valid only for light axions, we restrict the search to
mA < 1 keV=c2. For comparison, we also present other
recent experimental constraints [31–33]. Astrophysical

bounds [34–36] and theoretical benchmark models [4–7]
are also shown. For solar axions with masses below
1 keV=c2, XENON100 is able to set the strongest con-
straint on the coupling to electrons, excluding values of gAe
larger than 7.7 × 10−12 (90% C.L.).
For a specific axion model, the limit on the dimension-

less coupling gAe can be translated to a limit on the axion
mass. Within the DFSZ and KSVZ models [4–7],
XENON100 excludes axion masses above 0.3 eV=c2

and 80 eV=c2, respectively. For comparison, the CAST
experiment, testing the coupling to photons, gAγ , has
excluded axions within the KSVZ model in the mass range
between 0.64 and 1.17 eV=c2 [37,38].

B. Galactic ALPs

Figure 6 shows the XENON100 data after the selection
cuts in the larger energy region of interest used for the
search for nonrelativistic galactic ALPs (1422 surviving
events), along with their statistical errors. Also shown is the
expected signal for different ALP masses, assuming a
coupling of gAe ¼ 4 × 10−12 and that ALPs constitute all
of the galactic dark matter. The width of the monoenergetic
signal is given by the energy resolution of the detector at the
relevant S1 signal size [19]. As for the solar axion search,
the data are compatible with the background hypothesis,
and no excess is observed for the background-only hypoth-
esis for the various ALP masses.
The XENON100 90% C.L. exclusion limit for galactic

ALPs is shown in Fig. 7, together with other experimental
constraints [31,39,40]. Astrophysical bounds [34–36] and
the KSVZ benchmark model [6,7] are also presented.
The expected sensitivity is shown by the green/yellow
bands (1σ=2σ). The steps in the sensitivity around 5 and
35 keV=c2 reflect the photoelectric cross section due to
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Fig. 1. Light yield stability was monitored with a 57Co 122 keV gamma ray source. 
The relative intrinsic scintillation light yield (R yield) was obtained by comparing to 
calibration data with the Monte Carlo simulation by considering optical parameters 
such as absorption and scattering length.

Fig. 2. (Color online.) Observed count rate as a function of time in the 1.1–1.6 keVee
(= 4.8–6.8 keVnr) energy range. The black error bars show the statistical uncer-
tainty of the count rate. Square brackets indicate the 1σ systematic error for each 
time bin. The solid and dashed curves indicate the expected count rates assuming 7 
and 8 GeV/c2 WIMPs respectively with a cross section of 2 × 10−40 cm2 where the 
WIMP search sensitivity closed to DAMA/LIBRA.

length remains stable at 52 cm with a standard deviation of ±0.6%. 
We then re-evaluate the absorption length and the relative intrin-
sic light yield to see the stability of the scintillation light response 
by fixing the scattering length at 52 cm. The absolute absorption 
length varied from about 4 m to 11 m, but the relative intrinsic 
light yield (R yield) stayed within ±0.6% over the entire data taking 
period (see Fig. 1).

The time dependence of the photoelectron yield affects the ef-
ficiency of the cuts. Therefore, we evaluate the absorption length 
dependence of the relative cut efficiencies through Monte Carlo 
simulation. If we normalize the overall efficiency at an absorp-
tion length of 8 m, this efficiency changes from −4% to +2% 
over the relevant absorption range. The position dependence of 
the efficiency was taken into account as a correlated systematic 
error (∼ ±2.5%). This is the dominant systematic uncertainty in 
the present analysis. The second largest contribution comes from a 
gain instability of the waveform digitizers (CAEN V1751) between 
April 2014 and September 2014 due to a different calibration 
method of the digitizers used in that period. This effect contributes 
an uncertainty of 0.3% to the energy scale. Other effects from LED 
calibration, trigger threshold stability, timing calibration were neg-
ligible. The observed count rate after cuts as a function of time in 
the energy region between 1.1 and 1.6 keVee is shown in Fig. 2. 
The systematic errors caused by the relative cut efficiencies are 
also shown.

To retrieve the annual modulation amplitude from the data, the 
least squares method for the time-binned data was used. The data 
set was divided into 40 time-bins (tbins) with roughly 10 days 
of live time each. The data in each time-bin were then further 
divided into energy-bins (Ebins) with a width of 0.5 keVee. Two fit-
ting methods were performed independently. Both of them fit all 
energy- and time-bins simultaneously. Method 1 used a ‘pull term’ 
α with χ2 defined as:

χ2 =
Ebins!

i

tbins!

j

"
(Rdata

i, j − Rex
i, j − αKi, j)

2

σ (stat)2
i, j + σ (sys)2

i, j

#

+ α2, (1)

where Rdata
i, j , Rex

i, j , σ (stat)i, j and σ (sys)i, j are data, expected event 
rate, statistical and systematic error, respectively, of the (i-th 
energy- and j-th time-) bin. The time is denoted as the number 
of days from January 1, 2014. Ki, j represents the 1σ correlated 
systematic error on the expected event rate based on the relative 
cut efficiency in that bin. Method 2 used a covariance matrix to 
propagate the effects of the systematic error. Its χ2 was defined 
as:

χ2 =
Nbins!

k,l

(Rdata
k − Rex

k )(V stat + V sys)
−1
kl (Rdata

l − Rex
l ), (2)

where Nbins(= Ebins × tbins) was the total number of bins and 
Rdata(ex)

k is the event rate where k = i · tbins + j. The matrix V stat
contains the statistical uncertainties of the bins, and V sys is the co-
variance matrix of the systematic uncertainties as derived from the 
relative cut efficiency.

4. Results and discussion

We performed two analyses, one assuming WIMP interactions 
and the other independent of any specific dark matter model. 
Hereafter we call the former case the WIMP analysis and the latter 
a model independent analysis.

In the case of the WIMP analysis, the expected modulation 
amplitudes become a function of the WIMP mass Ai(mχ ) as the 
WIMP mass mχ determines the recoil energy spectrum. The ex-
pected rate in a bin then becomes:

Rex
i, j =

t j+ 1
2 $t j$

t j− 1
2 $t j

%
Ci + σχn · Ai(mχ ) cos 2π

(t − t0)

T

&
dt, (3)

where σχn is the WIMP–nucleon cross section. To obtain the 
WIMP–nucleon cross section the data was fitted in the energy 
range of 1.1–15 keVee. We assume a standard spherical isother-
mal galactic halo model with the most probable speed of v0 =
220 km/s, the Earth’s velocity relative to the dark matter dis-
tribution of v E = 232 + 15 sin2π(t − t0)/T km/s, and a galactic 
escape velocity of vesc = 650 km/s, a local dark matter density of 
0.3 GeV/cm3, following [13]. In the analysis, the signal efficiencies 
for each WIMP mass are estimated from Monte Carlo simulation 
of uniformly distributed nuclear recoil events in the liquid xenon 
volume. The systematic error of the efficiencies comes from the 
uncertainty of liquid xenon scintillation decay time of 25 ±1 ns [5]
and is estimated as about 5% in this analysis. The expected count 
rate for WIMP masses of 7 and 8 GeV/c2 with a cross section of 
2 × 10−40 cm2 for the spin independent case are shown in Fig. 2
as a function of time after all cuts. This demonstrates the high 
sensitivity of the XMASS detector to modulation. As both meth-
ods found no significant signal, the 90% C.L. upper limit by the 
‘pull term’ method on the WIMP–nucleon cross section is shown 
in Fig. 3. The exclusion upper limit of 4.3 × 10−41 cm2 at 8 GeV/c2

was obtained. The −1σ scintillation efficiency of [22] was used to 
obtain a conservative limit. To evaluate the sensitivity of WIMP–
nucleon cross section, we carried out a statistical test by applying 
the same analysis to 10,000 dummy samples with the same sta-
tistical and systematic errors as data but without modulation by 
the following procedure. At first, the time-averaged energy spec-
trum was obtained from the observed data. Then, we performed a 
toy Monte Carlo simulation to simulate time variation of event rate 
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5 >10
•  5 	

–  KamLAND-Zen 750kg KamLAND2-Zen 	
–  CANDLES enrich ScinYllaYng	bolometer 	
–  XMASS1.5 LZ,	XENONnT 	

•  >10 	
–  	
–  NH/IH 	
–  0νββ meV DM
10-47cm2 NH,	neutrino	floor

	
–  	



•  	
– DAMA XMASS

	
–  50GeV 2x10-46cm2

10-47cm2 	
–  non-WIMPs
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–  amLAND

	
–  8Ca

	




