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XENON100 (2016)

LUX (2017) PandaX-II (2017)

XENON1T (1 t⇥yr, this work)

XENONnT (20 t year Projection)

Billard 2013, neutrino discovery limit

Bagnaschi 2017

• Located at 
Laboratori 
Nazionali del 
Gran Sasso, IT

• 1500 m rock 
overburden 
(3600 m.w.e.)

• Operated 
2016-2018

• Active water 
Cherenkov 
muon veto

• Removal of 85Kr
• Continuous Xe 

purification

• Dual-phase time 
projection chamber

• ~ 1 m diameter 
and drift

• 2 t LXe active (3.2 
t total)

• 248 3” PMTs
• Radiopure and 

screened materials

• Limits on numerous 
interactions and 
DM candidates

• Ongoing searches 
for 0νββ and more
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PRL 122, 141301 (2019)
PRL 122, 071301 (2019)
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 (2017) 77:881

EPJC
 (2017) 77:275

EPJC
 (2017) 77:890

JIN
ST 9, P11006 (2014)
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Detector with:

• Low background

• Low threshold

• Large exposure (mass, livetime)

Combination of S1 and S2 signals allow:

• Position reconstruction

• Energy reconstruction

• ER/NR discrimination

4Dual-phase time projection chamber
Marco Selvi | selvi@bo.infn.it
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5Signal and background discrimination
Marco Selvi | selvi@bo.infn.it

Detector with:

• Low background: 76 ± 2 events/t/yr/keV

• Low threshold:    ~5 keVNR

• Large exposure (mass, livetime): 1 tonne x year

Combination of S1 and S2 signals allow:

• Position reconstruction

• Energy reconstruction

• ER/NR discrimination
Most stringent result on WIMP Dark Matter 

down to 3 GeV/c2 masses 
[PRL 121, 111302 + PRL 123, 251801]
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Detector with:

• Low background: 76 ± 2 events/t/yr/keV

• Low threshold: 1 keVee

• Large exposure (mass, livetime): 1 tonne x year

Combination of S1 and S2 signals allow:

• Position reconstruction

• Energy reconstruction

• ER/NR discrimination Now use ultra-low ER background to 
search for excesses in ER band.
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7Energy reconstruction and resolution
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S1

S2

WIMPs, X-rays, ɣ (E<200 keV), 
β-electrons

E = W ⋅ ( S1
g1

+
S2
g2 )

nphotons nelectrons

Reconstruct energy from 
combined S1 and S2 signals

Anti-correlation between light 
and charge for optimal resolution

Energy resolution < 5 % at 50 
keV

• ~
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S1

S2

WIMPs, X-rays, ɣ (E<200 keV), 
β-electrons

E = W ⋅ ( S1
g1

+
S2
g2 )

nphotons nelectrons

• ~

Mean energy 

Observed: 2.827 keV

Model: 2.834 keV

37Ar calibration: 2.8 keV x-ray peak

Resolution 

Observed: 18.12%

Model: 18.88%
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226.9 live days

1 tonne fiducial volume

[1, 210] keVee energy range

Consider efficiencies of 
reconstruction and data 
quality cuts

Threshold at 10 % 
detection efficiency

9Data selection and detection efficiency
Marco Selvi | selvi@bo.infn.it

Feb. 2018

Science Run 1

(SR1)

Feb. 2017
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Signal models



Could explain lack of CP violation in the 
strong interaction (strong CP problem)

Could make up the Dark Matter in the 
Universe

Mass anti-proportional to decay constant

Model-dependent couplings to matter

11QCD axions
Marco Selvi | selvi@bo.infn.it

gax ∝ ma ∝
1
fa

gae gaγ gan

axion-electron axion-photon axion-nucleon

Axions would be 
produced in the 
sun with ~ keV 

kinetic energies

To be Dark Matter 
axion masses of 
µeV – meV would 

be required

Relative intensities of components would allow 
to distinguish KSVZ and DFSZ axion models
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12Solar axions
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1. ABC

2. Primakoff

3. 57Fe
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Production 
Solar physics

Detection 
Axioelectric effect

Reconstruction 
XENON1T resolution, efficiency

c.f. photoelectric effect

e

e

a

gae
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Neutrinos acquire magnetic moment in extensions 
of the Standard Model

A larger value would imply new physics and 
Majorana nature of the neutrino

μν ≈ 3 ⋅ 10−19 ( mν

eV ) μB

μν ≳ 10−15μB

13Neutrino magnetic moment
Marco Selvi | selvi@bo.infn.it

Mainly solar pp and pep neutrinos elastically scatter off electrons in XENON1T.
Still subdominant to other backgrounds such as 214Pb or 85Kr.
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14Neutrino magnetic moment
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Production 
Solar neutrinos

Detection 
Elastic scattering off electrons

Reconstruction 
XENON1T resolution, efficiency

dσμ

dEr
= μ2

ν α ( 1
Er

−
1
Eν )

Enhancement of 
elastic electron 

scattering cross-
section
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e.g. axion-like particles (ALPs)

Do not solve strong CP problem, but are 
viable Dark Matter candidates

No strict relationship between mass and 
coupling

Produce monoenergetic peak centered 
around the rest mass

Peak search with unknown position requires 
global rather than local significance

15Bosonic Dark Matter
Marco Selvi | selvi@bo.infn.it
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FIG. 1. Left: Expected signal in energy space for ABC solar axions with a coupling gae = 5 ⇥ 10�12 (blue), for solar axions
produced from the de-excitation of 57Fe with coupling ge↵an = 1⇥ 10�6 (red), and for solar axions produced from the Primako↵
e↵ect with coupling ga� = 2 ⇥ 10�10 (orange). Right: Signature of an enhanced neutrino magnetic moment with magnitude
7 ⇥ 10�11 µB (green) and a 20 keV/c2 ALP with coupling constant gae = 2 ⇥ 10�13 (purple). Both the true deposited energy
spectra in a xenon detector without e�ciency loss (unshaded) and the expected observed spectra in XENON1T including the
specific detector resolution and e�ciency (shaded) are shown.

electrons; small corrections need to be made for the elec-
tron binding energies at O(keV) energies.

We search for an anomalous magnetic moment using
solar neutrinos, predominantly those from the proton-
proton (pp) reaction [43]. The expected energy spectrum
for µ = 7⇥ 10�11

µB is shown in Fig. 1 (right), which was
calculated by folding the expected solar neutrino flux [43]
with Eq. (11) and applying a step-function approxima-
tion to account for the electron binding energies. In the
energy range considered here, this approximation agrees
well with more detailed calculations [44]. Note that this
signal would be added to the SM neutrino elastic scat-
tering spectrum, which we treat as a background as de-
scribed in Sec. III B.

C. Bosonic Dark Matter

Axion-like particles (ALPs), like QCD axions, are
pseudoscalar bosons, but with decay constant and parti-
cle mass (Eq. (7)) decoupled from each other and instead
taken as two independent parameters. This decoupling
allows for ALPs to take on higher masses than QCD ax-
ions; however, it also implies that ALPs do not solve the
strong CP problem.

ALPs are viable dark matter candidates [45], and
could be absorbed in XENON1T via the axioelectric ef-
fect (Eq. (5)) like their QCD counterparts. Assuming
ALPs are non-relativistic and make up all of the lo-
cal dark matter (density ⇢ ⇠ 0.3GeV/cm3 [46]), the ex-
pected signal is a mono-energetic peak at the rest mass of
the particle, ma, with an event rate given by (see [25, 47])

R ' 1.5⇥ 1019

A
g
2
ae

✓
ma

keV/c2

◆⇣
�pe

b

⌘
kg�1d�1

, (12)

where A is the average atomic mass of the detector
medium (A ⇡ 131 u for xenon). The rate coe�cient from
our calculation is consistent with [48] for the dark matter
density used in this work.

In addition to the pseudoscalar ALPs, XENON1T is
also sensitive to vector bosonic dark matter, of which
dark photons are a common example. Dark photons can
couple weakly with SM photons through kinetic mix-
ing [49] and be absorbed with cross section �V given
by [50]

�V ' �pe

�

2
, (13)

where �pe, ↵, and � are the same as in Eq. (5), and 

parameterizes the strength of kinetic mixing between the
photon and dark photon. Similarly to Eq. (12), by fol-
lowing the calculation in [25], the rate for non-relativistic
dark photons in a detector reduces to

R ' 4.7⇥ 1023

A

2

✓
keV/c2

mV

◆⇣
�pe

b

⌘
kg�1d�1

, (14)

where mV is the rest mass of the vector boson. Like the
pseudoscalar above, absorption of a vector boson would
also result in a monoenergetic peak broadened by the
energy resolution of the detector, but with a rate that is
inversely proportional to the particle mass. The expected
spectrum for a 20 keV/c2 ALP with gae = 2 ⇥ 10�13 is
shown in Fig. 1 (right). Vector bosons have the same
signature as ALPs, but the rate scales di↵erently with
mass (see Eqs. (12, 14)).

mailto:selvi@bo.infn.it


Backgrounds



Look for an excess over 
background in [1, 210] keV 
interval

Predicted background 
spectra based on Geant4 
simulations smeared with 
detector effects

Most rates constrained by 
independent 
measurements or time-
dependence

17Background model
Marco Selvi | selvi@bo.infn.it

Solar neutrinos

Intrinsic 
backgrounds

214Pb, 136Xe, 124Xe, 
85Kr, 83mKr

Neutron-activations
131mXe, 133Xe, 125I

Detector material 𝜸

mailto:selvi@bo.infn.it


Fitting the background 
model to measured data



Unbinned maximum likelihood fit profiling over nuisance parameters

Partitioned full exposure into clean and dirty dataset with regard to neutron activations

76 ± 2 events/keV/t/yr in [1, 30] keV interval lowest ever achieved in this 
energy range and consistent with expectations

19Background fit and low-energy excess
Marco Selvi | selvi@bo.infn.it
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X

j

µbj + µs,

where µs and µb are the expected total signal and back-
ground events. Both µb and ✓ are nuisance parame-
ters, where ✓ includes shape parameters for the e�ciency
spectral uncertainty (see Fig. 2), as well as peak loca-
tion uncertainties, specifically for 124Xe (3 peaks), 83mKr,
and 131mXe. Having largely subdominant event rates,
the 3 peak locations from 125I EC are fixed at their
expected positions to save computation time. Index i

runs over all observed events with the total number of
N (=42251 events), and Ei corresponds to the energy of
the ith event. fb and fs are the background and sig-
nal probability distribution functions, and index j runs
over all the background components. Cµ and C✓ are con-
straints on the expected numbers of background events
and the shape parameters. Index m runs over back-
grounds including 85Kr, solar neutrino, 136Xe, 83mKr,
125I, 133Xe, and 131mXe, while index n is for all six shape
parameters.

Due to time-dependent backgrounds, the SR1 data
set is divided into two partitions: SR1a consisting of
events within 50 days following the end of neutron cal-
ibrations and SR1b containing the rest, with e↵ective
live times of 55.8 and 171.2 days, respectively. Including
this time information allows for better constraints on the
time-independent backgrounds and improves sensitivity
to bosonic dark matter, especially as the time-dependent
background from 133Xe impacts a large fraction of its
search region. The full likelihood is then given by

L = La ⇥ Lb, (16)

where La and Lb are evaluated using Eq. (15) in each
partition. Nuisance parameters that do not change with
time, along with all of the signal parameters, are shared
between the two partitions. The constant nuisance pa-
rameters are:

• the e�ciency parameter, which is dominated by de-
tection e�ciency and does not change with time.

• The 214Pb component, which was determined to
have a constant rate in time using detailed studies
of the ↵-decays of the 222Rn and 218Po as well as
the coincidence signature of 214Bi and 214Po.

• The solar neutrino rate, which would vary by ⇠3%
between the two partitions on account of Earth’s
orbit around the Sun. This is ignored due to the
subdominant contribution from this source.

• The decay rates of the intrinsic xenon isotopes
136Xe and 124Xe, as well as the Compton contin-
uum from materials.

The remaining parameters all display time dependencies
that are modeled in the two partitions.
The test statistic used for the inference is defined as

q(µs) = �2ln
L(µs,

ˆ̂µb,
ˆ̂✓)

L(µ̂s, µ̂b, ✓̂)
, (17)

where (µ̂s, µ̂b, ✓̂) is the overall set of signal and nuisance

parameters that maximizes L, while L(µs,
ˆ̂µb,

ˆ̂✓) is the
maximized L by profiling nuisance parameters with a
specified signal parameter µs. The statistical signifi-
cance of a potential signal is determined by q(0). For
the neutrino magnetic moment and bosonic dark mat-
ter searches, a modified Feldman-Cousins method in [80]
was adopted in order to derive 90% C.L. bounds with the
right coverage. We report an interval instead of an upper
limit if the global significance exceeds 3�. For bosonic
dark matter this corresponds to 4� local significance on
account of the look-elsewhere e↵ect, which is not present
for the neutrino magnetic moment search. The 3� signif-
icance threshold only serves as the transition point be-
tween reporting one- and two-sided intervals, and was
decided prior to the analysis to ensure correct coverage.
A two-sided interval does not necessarily indicate a dis-
covery, which in particle physics generally demands a 5�
significance and absence of compelling alternate explana-
tions.
Since the solar axion search is done in the space of

gae, gaega�, and gaeg
e↵
an , we extend its statistical analy-

sis to three dimensions. For this search, we use a stan-
dard profile likelihood construction where the true 90th-
percentile of the test statistic (Eq. (17)) was evaluated
at several points on a three-dimensional grid and in-
terpolated between points to define a 3D ‘critical’ vol-
ume of true 90-percent threshold values. By construc-
tion, the intersection of this volume with the test statis-
tic q(gae, gaega�, gaegan) defines a three-dimensional 90%
C.L. volume in the space of the three axion parameters.
In Sec. IV we report the two-dimensional projections of
this volume, found by profiling over the third respective
signal component.

IV. RESULTS

When compared to the background model B0, the
data display an excess at low energies, as shown in
Fig. 4. The excess rises with decreasing energy, peaks
near 2–3 keV, and then subsides to within ±1� of the
background model near 1–2 keV. Within 1–7 keV, there
are 285 events observed in the data compared to an ex-
pected 232± 15 events from the background-only fit, a
3.3� Poissonian fluctuation. Events in this energy re-
gion are uniformly distributed in the fiducial volume. Al-
though the statistics are limited, the excess events do not

9

spectral uncertainty (see Fig. 2), as well as peak loca-
tion uncertainties, specifically for 124Xe (3 peaks), 83mKr,
and 131mXe. Having largely subdominant event rates,
the 3 peak locations from 125I EC are fixed at their
expected positions to save computation time. Index i

runs over all observed events with the total number of
N (=42251 events), and Ei corresponds to the energy of
the ith event. fb and fs are the background and sig-
nal probability distribution functions, and index j runs
over all the background components. Cµ and C✓ are con-
straints on the expected numbers of background events
and the shape parameters. Index m runs over back-
grounds including 85Kr, solar neutrino, 136Xe, 83mKr,
125I, 133Xe, and 131mXe, while index n is for all six shape
parameters.

Due to time-dependent backgrounds, the SR1 data
set is divided into two partitions: SR1a consisting of
events within 50 days following the end of neutron cal-
ibrations and SR1b containing the rest, with e↵ective
live times of 55.8 and 171.2 days, respectively. Including
this time information allows for better constraints on the
time-independent backgrounds and improves sensitivity
to bosonic dark matter, especially as the time-dependent
background from 133Xe impacts a large fraction of its
search region. The full likelihood is then given by

L = La ⇥ Lb, (15)

where La and Lb are evaluated using Eq. (14) in each
partition. Nuisance parameters that do not change with
time, along with all of the signal parameters, are shared
between the two partitions. The constant nuisance pa-
rameters are:

• the e�ciency parameter, which is dominated by de-
tection e�ciency and does not change with time.

• The 214Pb component, which was determined to
have a constant rate in time using detailed studies
of the ↵-decays of the 222Rn and 218Po as well as
the coincidence signature of 214Bi and 214Po.

• The solar neutrino rate, which would vary by ⇠3%
between the two partitions on account of Earth’s
orbit around the Sun. This is ignored due to the
subdominant contribution from this source.

• The decay rates of the intrinsic xenon isotopes
136Xe and 124Xe, as well as the Compton contin-
uum from materials.

The remaining parameters all display time dependencies
that are modeled in the two partitions.

The test statistic used for the inference is defined as

q(µs) = �2ln
L(µs,

ˆ̂µb,
ˆ̂✓)

L(µ̂s, µ̂b, ✓̂)
, (16)

where (µ̂s, µ̂b, ✓̂) is the overall set of signal and nuisance

parameters that maximizes L, while L(µs,
ˆ̂µb,

ˆ̂✓) is the

maximized L by profiling nuisance parameters with a
specified signal parameter µs. The statistical signifi-
cance of a potential signal is determined by q(0). For
the neutrino magnetic moment and bosonic dark mat-
ter searches, a modified Feldman-Cousins method in [72]
was adopted in order to derive 90% C.L. bounds with the
right coverage. We report an interval instead of an upper
limit if the (global) significance exceeds 3�. For bosonic
dark matter this corresponds to 4� local significance on
account of the look-elsewhere e↵ect, which is not present
for the neutrino magnetic moment search. The 3� signif-
icance threshold only serves as the transition point be-
tween reporting one- and two-sided intervals, and was
decided prior to the analysis to ensure correct coverage.
A two-sided interval does not necessarily indicate a dis-
covery, which would demand a higher significance than
3�.
Since the solar axion search is done in the space of gae,

gaega�, and gaeg
e↵
an , we extend its statistical analysis to

three dimensions. For this search, we use a standard Ney-
man construction where the true 90th-percentile of the
test statistic (Eq. (16)) was evaluated at several points on
a three-dimensional grid and interpolated between points
to define a 3D ‘critical’ volume of true 90-percent thresh-
old values. By construction, the intersection of this vol-
ume with the test statistic q(gae, gaega�, gaegan) defines a
three-dimensional 90% C.L. volume in the space of the
three axion parameters. In Sec. IV we report the two-
dimensional projections of this volume.

IV. RESULTS

When compared to the background model B0, the
data display an excess at low energies, as shown in
Fig. 4. The excess rises with decreasing energy, peaks
near 2–3 keV, and then subsides to within ±1� of the
background model near 1–2 keV. Within 1–7 keV, there
are 285 events observed in the data compared to an ex-
pected 232± 15 events from the background-only fit, a
3.5� Poissonian fluctuation. Events in this energy re-
gion are uniformly distributed in the fiducial volume. Al-
though the statistics are limited, the excess events do not
exhibit a clear time dependence. More detailed studies
of the temporal distribution of these events are described
in Sec. IVE.

Several SM backgrounds and/or systematic e↵ects
were excluded as possible sources of the excess. First,
low-energy X-rays from 127Xe EC, as seen in [73] and
[74], are ruled out for a number of reasons. 127Xe is pro-
duced from cosmogenic activation at sea level; given the
short half-life of 36.4 days and the fact that the xenon
gas was underground for O(years) before the operation
of XENON1T, 127Xe would have decayed to a negligi-
ble level. Indeed, high-energy �s that accompany these
X-rays were not observed, and with their O(cm) mean
free path in LXe they could not have left the O(m)-sized
TPC undetected. For these reasons, we conclude that
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19Background fit and low-energy excess
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Excess between 1-7 keV

285 events observed
vs.

(232 ± 15) events expected (from best-fit)

Would be a 3.3σ fluctuation 
(naive estimate – we use likelihood ratio tests for main analysis)

mailto:selvi@bo.infn.it


Is the excess real or merely 
an artifact?



Fit simulated 220Rn events to calibration data: 
212Pb β-decay as analog to main background 
214Pb from β-decay

Validates efficiency and energy 
reconstruction

g.o.f. p-value 0.58

21Mismodeling of efficiency or energy reconstruction?
Marco Selvi | selvi@bo.infn.it

220Rn calibration data

Unlikely the 
cause of the 

excess

mailto:selvi@bo.infn.it


Atomic effects (e.g. static Coulomb effect of 
nucleus on β-particle) can enhance the rate 
at low energies

These are not properly considered in the 
default Geant4 nuclear decay module or 
spectra from nuclear databases

Teamed up with X. Mougeot (CEA) in order 
to calculate the correct shape of the 
spectrum at low energy

22Shape of the 214Pb background spectrum
Marco Selvi | selvi@bo.infn.it

Rate uncertainty of 6 % cannot 
account for the excess (would require 

a 50 % enhancement)

mailto:selvi@bo.infn.it


Accidental coincidence background events 
and misreconstructed events from detector 

surfaces are not observed

These appear at a different S2/S1 ratio 
compared to true ER events

All observed events fall in the ER band

23Instrumental background?
Marco Selvi | selvi@bo.infn.it

AC
surface

Unlikely the cause of the excess
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24Statistical fluctuations and binning artefacts
Marco Selvi | selvi@bo.infn.it

We use an unbinned profile-
likelihood analysis

Isn’t the dip around 17 keV odd?

Data between 2 keV and 10 keV falling steadily?

Single-bin outliers boosted in local p-value, but 
need to compare to global p-value of excess

mailto:selvi@bo.infn.it
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We use an unbinned profile-
likelihood analysis

Isn’t the dip around 17 keV odd?

Data between 2 keV and 10 keV falling steadily?

Single-bin outliers boosted in local p-value, but 
need to compare to global p-value of excess
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Is it a new background?



Less than three 3H atoms 
per kg Xe

Low energy β-decay with Q-value of 18.6 keV

Long half-life of 12.3 years

Atmospherically abundant and cosmogenically 
produced in xenon

Removed by the continuous gas purification

Best fit: (159 ± 51) events/keV/t/yr

26Tritium background hypothesis
Marco Selvi | selvi@bo.infn.it

Tritium favored over background 
at 3.2σ(6.2 ± 2.0) ⋅ 10−25 mol

mol

mailto:selvi@bo.infn.it


Xe spallation produces 3H: 
31.58/kg/d (C. Zhang et al. 
2016)

Measured H2O abundance in 
Xe bottles suggests HTO as 
dominant species

Estimate concentration from 
activation and its evolution 
through Xe handling

27Tritium from cosmogenic activation
Marco Selvi | selvi@bo.infn.it

SR1

Estimated tritium activity. Not measurements.

Fitted concentration

Expected concentration

mailto:selvi@bo.infn.it


Any 3H in Xe would be 
removed prior to filling

3H could be contained 
within detector 
materials as HT (H2) 
and HTO (H2O)

Could be emanated 
from materials in 
equilibrium with online 
removal?

28Tritium from natural abundance in materials
Marco Selvi | selvi@bo.infn.it

Would require 60 - 120 ppb as 
the combined H2O + H2 

concentration in Xe

H2O/Xe 

O(1) ppb from light yield 
measurement

H2  

Not constrained by 
measurement, but O2 equivalent 
concentration < ppb from Xe 

purity

100 x higher emanation rate 
needed than for electronegative 

impurities
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Unknown radiochemistry of 3H in liquid 
xenon environment

Presence of tritiated molecules?

Underground activation inside the detector 
from fast neutrons?

29Additional tritium uncertainties
Marco Selvi | selvi@bo.infn.it

Cosmogenic activation 

Unlikely

Atmospheric 
abundance in materials 

Maybe

Report significances of other signals 
with and without tritium included in 

the background model

Can neither confirm nor rule out 
tritium hypothesis
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37Ar K-electron capture with 2.8 keV energy 
released as X-rays and Auger electrons

C.f. best fit for bosonic Dark Matter 
(monoenergetic peak) at 2.3 keV

30Background from 37Ar
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Air leak

Thermal 
neutron 

activation

Cosmic 
activation of 
40Ca in PTFE

Kr distillation and 
activity

Under 
investigation, but 

no apparent 
correlation with 

neutron 
calibrations

Under 
investigation
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Time dependence

Threshold effects Spatial 
distribution

S2-only

24.4 additional days of data
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Check the signal models



Three fit parameters for ABC, 
Primakoff and 57Fe couplings

90 % confidence volume

33Solar axion results
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FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.

This is the most sensitive search to date for an en-
hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance over
3� for this search under the background model B0. We
thus set an upper limit on the couplings gae and  as a
function of particle mass.

These upper limits (90% C.L.) are shown in Fig. 10,
along with the sensitivity band in green (1�) and yel-
low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.

Solar axion 
favored over 

background-only 
at 3.5σ

Axion + 3H  
favored over  
3H hypothesis 

at 2.1σ
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-

Project 90 % confidence volume onto 
2D plane

Profile over 57Fe as an example

34Interpreting the confidence volume
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In tension with 
astrophysical constraints, 
e.g. from stellar cooling 

(arXiv 1708.02111)

Excludes either 
ABC=0 or 

Primakoff=0. 

~ABC

~P
ri

m
ak

of
f
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Single fit parameter µν 

Neutrino magnetic moment favored over 
background only at 3.2σ 

Significance decreases to 0.9σ when tritium 
is included in the background model

35Neutrino magnetic moment results
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FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.

This is the most sensitive search to date for an en-
hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance over
3� for this search under the background model B0. We
thus set an upper limit on the couplings gae and  as a
function of particle mass.

These upper limits (90% C.L.) are shown in Fig. 10,
along with the sensitivity band in green (1�) and yel-
low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches with arrows denoting excluded regions, and
the predicted values from the benchmark QCD axion models
DFSZ and KSVZ. The ‘stellar cooling’ region is the 2-� con-
tour of a global fit to several studies that interpreted anoma-
lous cooling in stars as a possible axion signal [93].

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [30]
and Gemma [95], along with astrophysical limits from the
cooling of globular clusters [32] and white dwarfs [94]. Ar-
rows denote excluded regions. The upper boundary of the
interval from this work is about the same as that from Borex-
ino and Gemma. If we interpret the low-energy excess as a
neutrino magnetic moment signal, its 90% confidence interval
is excluded by the astrophysical constraints.

The time dependence of events in the (1, 7) keV region
in SR1 was investigated. The rate evolution does not
show a clear preference for one hypothesis over the others
for several reasons. For one, the event rates have large
uncertainties as a result of the limited statistics and short
exposure time. Additionally, the expected time evolution
of the solar signals (axion and ⌫ magnetic moment) is a
subtle ⇠ 7% (peak-to-peak) rate modulation from the
change in Earth-Sun distance; such a small e↵ect is not
observable with our exposure. Similarly, the expected
exponential decay of the tritium rate cannot be observed
due to its long half-life with respect to the duration of
SR1. Therefore, none of the hypotheses is rejected on
the grounds of time dependence.

Since the excess events have energies near our 1 keV
threshold, where the e�ciency is ⇠ 10%, we consid-
ered higher analysis thresholds to check the impact of
this choice on the results. With the excess most promi-
nent between 2 and 3 keV, where the respective detec-
tion e�ciencies are ⇠ 80% and 94%, changing the analy-
sis threshold has little impact unless set high enough so
as to remove the events in question. This is not well-
motivated, given the high e�ciency in the region of the
excess. For all thresholds considered (namely, 1.0, 1.6,
2.0, 3.0 keV), the solar axion model gives the best fit to
the data. We hence conclude that our choice of analysis
threshold impacts neither the presence nor interpretation
of the low-energy excess.

We also checked data from Science Run 2 (SR2), an
R&D science run that followed SR1, in an attempt to
understand the observed excess. Many purification up-
grades were implemented during SR2, including the re-

Compatible with other experiments, but in 
tension with astrophysical constraints  

arXiv 1910.10568 

arXiv 1907.00115

μν ∈ [1.4, 2.9] ⋅ 10−11μB (90 % C . L.)
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2.3 +/- 0.2 keV 
3.0σ (global)
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37Summary of hypotheses and significances
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Neutrino 
magnetic moment 

favored over 
background-only at 

3.2σ

Tritium 
favored over 

background-only at 
3.2σ

Monoenergetic peak at 2.3 ± 0.2 
keV favored over background-only at 

3.0σ (global)

Solar axion 
favored over 

background-only at 
3.5σ

Axion + 3H  
favored over  3H 

hypothesis at 
2.1σ
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So, to conclude… 

… our results can still be 
interpreted with various 

hypothesis.  

But that might not be for long.
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• Inner region of 
existing muon veto 

• optically separate 
• 120 additional PMTs 
• Gd in the water tank 
• 0.5 % Gd2(SO4)3

Neutron
veto

LXe
purification

• Faster xenon cleaning 
• 5 L/min LXe 

(2500 slpm) 
• XENON1T ~ 100 slpm

TPC
Larger

• Total 8.4 t LXe 
• 5.9 t in TPC 
• ~ 4 t fiducial 
• 248 → 494 PMTs

222Rn
distillation

• Reduce Rn (214Pb) from 
pipes, cables, 
cryogenic system 

• New system, 
PoP in XENON1T

Designed, led and built 
by INFN

Led and built by INFN + others
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Commissioning ongoing

6 tonnes active mass (4 tonne fiducial)

Background reduced to 1/6 of XENON1T 
with 1 µBq/kg concentration of 222Rn

Baseline scenario: search based on energy 
only as presented here

Discriminate axion hypothesis from 
tritium with a few months of data
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First scintillation pulses in gaseous Xe
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Solar axions favoured over background at 3.5 sigma, but
a tritium background at 3.2 sigma can neither be confirmed nor 
excluded, and
there is a discrepancy with stellar constraints for axion-electron 
couplings.
Above holds also for solar axion-like particles.
ALP dark matter peak at 2.3 +/- 0.2 keV has 4.0 local significance, but 
note   3.0 sigma global!

It is too soon to draw any conclusions; however

XENONnT is coming soon!!!

https://arxiv.org/abs/2006.09721 
Please check our official website for updates.

xe-pr@lngs.infn.it 
www.xenonexperiment.org 
Twitter: https://twitter.com/XENONexperiment 
Facebook: https://www.facebook.com/XENONexperiment 
Instagram: https://www.instagram.com/xenon_experiment/

Xe
X E N O N
Dark Matter Project

75 citations in one month

mailto:selvi@bo.infn.it
https://arxiv.org/abs/2006.09721
mailto:xe-pr@lngs.infn.it
http://www.xenonexperiment.org/
https://twitter.com/XENONexperiment
https://www.facebook.com/XENONexperiment
https://www.instagram.com/xenon_experiment/


Thank you for your 
attention.
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DFSZ: two Higgs doublets 
model couplings to 
leptons at tree level

KSVZ: heavy quark model 
couplings to leptons only 

at loop level

quarks/electrons related 
by Beta

photons/electrons related 
by E/N

Relative contributions from each component can allow to distinguish between 
models (Primakoff dominates in KSVZ models); can also constrain βDFSZ

Nuclear transition contribution always relatively small

Kim-Shifman-Vainshtein-Zhakharov (KSVZ)

axion-photon 
coupling same 

for both models

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
axion mass 

proportional to 
decay constant
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3D confidence volume (90% C.L.) 

57
Fe

ABC

Discrepancy with astrophysical 
constraints from stellar cooling

(arXiv:2003.01100)

Poor fit for small 
ABC rate
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Primakoff and 57Fe components can be 
absent if the ABC component is present

No statistical significance for 
Primakoff  or 57Fe on their own
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Please note, these are 
not confidence intervals!

Overlap of specific 
benchmark models with our 
model-independent 
confidence volume.

Should be interpreted as 
approximate, consistent 
mass ranges

DFSZ (GUT)
ma ~ 0.1–4 eV

KSVZ (hadronic)
ma ~ 6–20 eV

E ~ 5-7

Not confidence intervals.

Not confidence intervals.

PRELIMINARY
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Component Expected  
Events

Fitted  
Events

Constant in time?  
(shared across partitions)

214Pb (3450, 8530) 7480 +/- 160 YES
85Kr 890 +/- 50 773 +/- 80 NO

136Xe 2120 +/- 210 2150 +/- 120 YES
133Xe 3900 +/- 410 4009 +/- 85 NO
131Xe 23760 +/- 640 24270 +/- 150 NO
83mKr 2500 +/- 250 2671 +/- 53 NO

Materials 323 (fixed) 323 (fixed) YES
Solar neutrino 220.7 +/- 6.6 220.8 +/- 4.7 YES

124Xe

KK 125 +/- 50 113 +/- 24 YES
KL 38 +/- 15 34.0 +/- 7.3 YES
LL 2.8 +/- 1.1 2.56 +/- 0.55 YES

125I

K 79 +/- 33 67 +/- 12 NO
L 15.3 +/- 6.5 13.1 +/- 2.3 NO
M 3.4 +/- 1.5 2.94 +/- 0.50 NO

unconstrained in the fit
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Axion-like particles Dark photons

If we confirm a peak, is it an ALP or a dark photon?

No strict relationship between mass and coupling

Non-specific mass requires global significance 
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