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• Phase & Period consistent with dark matter 

• Two generations:

• DAMA/NaI: 100 kg (1996 - 2003)
• DAMA/LIBRA-phase1: 250 kg (2003 - 2010)

• Background: ~ 1 count/keV/kg/day
• 1.33 ton-yr  over 14 annual cycles 
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• Modulation persists in DAMA Phase 2

• 6+ additional years / 1.13 ton-year
• Threshold lowered to 1 keV

• (1 – 6) keV: 9.5σ from 1.13 ton- year
• (2 – 6) keV: 12.9σ from 2.46 ton-year
• Modulation amplitude: (0.0103 +/- 0.0008) cpd/

kg/keV
• Phase: (145 +/- 5) days
• period: (0.999 +/- 0.001) year
• Data from Nov. 2011 - Sept. 2017

DAMA Persists
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Nucl. Phys. At. Energy 19 (2018) 307
arXiv:1805.10486
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Discovery of Dark Matter

Rotation Curve of Galaxies

“What you see in a spiral galaxy ... 
is not what you get.”

1970‘s: Vera Rubin and co. found that rotation 
curves are flat, indicating presence of dark matter

4

95% of the matter in galaxies is95% of the matter in galaxies is
unknown dark matterunknown dark matter

!! Rotation Curves of Galaxies:Rotation Curves of Galaxies:

EXPECTED
FROM STARS

OBSERVED:
FLAT ROTATION
CURVE

Vera RubinVera Rubin

Studied rotation curves 
 of galaxies, and found
 that they are FLAT

Measured

Calculated from 
visible stars
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Evidence for Dark Matter
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All consistent with ~25% 
dark matter

ESA Planck

WMAP

Rotational Curves
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An ultralow background spectrometer is used as a detector of cold dark matter candidates from the halo of our galaxy Using a 
realistic model for the galactic halo, large regions of the mass-cross section space are excluded for important halo component 
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spm-lndepen- 
dent Z ° exchange interactions) with masses between 20 GeV and 1 TeV is excluded. The local density of heavy standard Dirac 
neutrinos is <0.4 GeV/cm 3 for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level. 

Galact ic  ro ta t ion curves suggest that  most  o f  the 
mat te r  in the universe is non- luminous  [ 1 ]. A vari-  
ety of  arguments suggest that  this mat ter  may  be non- 
baryonic  [2] .  This let ter  discusses the use o f  an 
ul t ralow background ge rmanium spect rometer  as a 
detector of  cold dark mat ter  particles interacting with 
Ge nuclei. Since only 73Ge, with a natura l  abundance  
o f  7.8%, has a non-zero spin, our  best  bounds  apply  
to sp in- independent  (s.i .)  interact ions.  Bounds on 
dark  mat te r  candidates  coupling to baryons  through 
Z ° exchange, l ike stable massive Dirac  neutr inos [ 3 ] 
and scalar neutr inos  [4] ,  are presented.  Our  results 
exclude a halo domina ted  by  part icles with scatter- 
ing cross section 0"Sl =O'weak with masses 20 GeV 
~m~< 1 TeV ( thei r  local densi ty  is <0 .4  GeV/cm 3 
for 17.5 GeV ~m~<2.5 TeV at the 68% confidence 
level) and  apply  to s.i. react ions in the range o f  
O "SI ~ 10--10"weak to 0 "Sl ~ 10 .28 cm 2 (for which the 
dark  mat te r  part icles would be s topped in the ear th 's  

On leave of absence from Department of Physics, University 
of Rome II, Via Orazlo Ralmondo, 1-00173 Rome, Italy 

crust before arr iving at the detector)  where 0"weak is 
the weak scattering cross section o f  a s tandard  heavy 
Dirac  neutr ino f rom a Ge nucleus. This range 
includes neutral  technibaryons,  recently proposed  as 
dark mat te r  candidates  [5] ,  having cross sections 
-~ 100weak , which are, therefore, excluded for masses 
larger than 16 GeV. The 73Ge in the detector  with 
s = 9/2, allows us to obta in  a bound  on part icles with 
spin-dependent  (s.d.) interactions, which case applies 
to particles in the range a--- 4 s a 10  O'~,ea k t o  O',~, 10  - 2 8  c m  2 

(where O'weakSd" corresponds to a s tandard  heavy 
Majorana  neut r ino) .  

The measurement  o f  the nuclear  recoil,  due to the 
scattering o f  heavy weakly interact ing massive par-  
t ides  (WIMPs) ,  requires a detector with a low energy 
threshold and excellent background reject ion [6 -8 ] .  
In  this paper,  the use of  a ge rmanium diode  detector  
to search for dark mat te r  is discussed. The low band  
gap (0.69 eV at 77 K)  and high efficiency for con- 
vert ing electronic energy loss to e lec t ron-hole  ( e - h )  
pairs  (2.96 eV per  e - h  pa i r  at 77 K)  make germa- 
n ium detectors  probably  the best  existing detectors  

0370-2693/87/$ 03.50 © Elsevier Science Publishers  B.V. 
(Nor th -Hol land  Physics Publ ishing Div i s ion)  
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First publication on an underground experimental search for cold dark matter

Ahlen et al. Phys. Lett. B 195, 603 (1987) 

(2012)
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Sun

(Modified from: NASA/CXC/M.Weiss)Earth

1. Count individual nuclear recoils

2. Look for annual modulation - peak in June

3. Diurnal directional modulation
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Direct Detection Dark Matter Search Strategies
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Sun

(Modified from: NASA/CXC/M.Weiss)Earth

1. Count individual nuclear recoils

2. Look for annual modulation - peak in June

3. Diurnal directional modulation

Drukier, Freese & Spergel PRD33 3495 (1986)
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Annual Modulation
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(Modified from: NASA/CXC/M.Weiss)

Earth (30 km/s)

Sun: 220 km/s

June

December

Rates Peak in June.
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Characteristics of dark matter

Naturally give right cosmic density

• thermal production in hot primordial plasma. 

Matches requirements from DM evidence

• Non-baryonic 
• non-relativistic and exerts gravity 
• Interact little with ordinary matter  
• Stable and long-lived 
• local density: ρ = 0.39 ± 0.03 GeV/cm3

10
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3
There are abundant candidates for DM

H. Baer, Phy. Rep. 555, 1(2015) 
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Many candidates in 
many orders of 
magnitude of mass.

DM should be ;
1. Neutral 
2. Stable or lifetime much 

longer than the Universe. 
3. Massive enough for 

structure formation 

Leading Candidates: 

WIMPs: Weakly Interacting Massive Particles  
• mass of 1 GeV – 10 TeV

• weak scale cross sections results in 

observed abundance

• DAMA, CDMS, LUX/LZ, XENON, PICO, 

DarkSide, PandaX, …

• Recent developments for low-mass … 


Axions 
• mass ~10-3 – 10-6 eV

• Arises in the Peccei-Quinn solution to the 

strong-CP problem

• ADMX, HAYSTAC, Radio-DM, ABRA, 

CASPEr, …
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IDM 2012

Carsten Rott Latest IceCube Results

Dark Matter at all scales
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local

Milky Way

Local Group

Universe

~1kpc

~100kpc

~Mpc

~Gpc

“Evidence”
CMB

Structure 
formation

Rotation curves

Extra-galactic

gravitational 
lensing

Gravitational Lensing in the 
Galaxy Cluster Abell 2218
NASA / A. Fruchter / STScI

A. Kravtsov

Begeman, Broels & Sanders (1991) 

WMAP 7years

Sub-halos

Halo

Galaxies

Galaxy 
clusters

Dwarf 
spheriodals

Galactic
Center

Earth
Sun

Figure from C. Rott (IDM2012)

Where Can We Find Dark Matter?

Indirect Search CandidatesWhat(could(dark(maQer(annihilate/decay(to?(

•  Neutrinos(
•  Gamma(rays(
•  Electrons,(positrons(
•  Protons,(an=protons(
•  Deuterons,(an=deuterons(

IceCube(Collabora=on(Mee=ng( Jus=n(Vandenbroucke:(Fermi(LAT(highlights( 33(

Direct Detection

Collider Production
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Dark Matter Distribution
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v0 ~ 230 km/s, vesc ~ 550 km/s, ρχ = 0.39 GeV / cm3

ρDM = 0.39 ± 0.03 GeV/cm3

Dark Matter: spherical halo

Milky Way
Remember…

nDM =  ρDM/mDM 

       = 0.004/cm3

       = 4/liter

Assume:   mDM = 100 GeV/c2

Sun’s velocity: ~220 km/s
~10 million wimps pass 
thru a hand per second
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Direct Detection of WIMPs

• Elastic collision between WIMPs and target nuclei
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WIMP WIMP

The recoil energy of the nucleus:

q = momentrum transfer

μ = reduced mass 


(mN = nucleus mass, mX = WIMP mass)

μ = mNmN/(mN+mN)


v = mean WIMP-velocity w.r.t target

θ = scattering angle in center of mass system 

~30 keV recoil

X
WIMP

X

nuclear recoil
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Direct Detection of WIMPs
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Nuclear/Particle Physics
Astrophysics

WIMP distribution in the galaxy

Interaction Rate:

ρ0 = 0.39 GeV/cm3 
vrms ≈ 230 km/s 
vmax ≈ 550 km/s

σSI ~ σ0 A2 |F(q)|2
~ 10-45 cm2

vmin : detector threshold

f(v)

v

~ 30 keV  
< 1 event/kg/year

• Elastic collision between WIMPs and target nucleiWIMP WIMP
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Nuclear/Particle Physics
Astrophysics

WIMP distribution in the galaxy

Interaction Rate:

ρ0 = 0.39 GeV/cm3 
vrms ≈ 230 km/s 
vmax ≈ 550 km/s

σSI ~ σ0 A2 |F(q)|2
~ 10-45 cm2

vmin : detector threshold

f(v)

v

~ 30 keV  
< 1 event/kg/year

• Elastic collision between WIMPs and target nucleiWIMP WIMP

Volume 195, number 4 PHYSICS LETTERS B 17 September 1987 

energy of 0.7 eV to an electron in a direct collision, 
i.e. the band gap is regarded as a sharp threshold). 
In this way the sensitivity of  the calculations to 
threshold phenomena is tested. The theoretical val- 
ues were compared to data from Chasman et al. [ 10 ] 
who measured e-h  yields of  neutron induced recoil 
nuclei within a Ge detector (fig. 2). Good agreement 
between the calculation and the data gives us confi- 
dence that the theoretical predictions should be valid 
down to several keV. A similar experiment, on sili- 
con instead of Ge, by Sattler [ 11 ], and other cal- 
culations of  the expected response in Ge and Si, by 
Linhard et al. [ 12], support our results. Linhard's 
calculations, which do not include higher than sec- 
ond-order nuclear collisions and use older data on 
cross sections, give lower values for the R.E.F. of  Ge 
than the present calculation, by at most 12% for 
nuclear recoil energies between 20 and 100 keV. 

The PNL/USC group has developed a 135 cm 3 
intrinsic Ge detector [ 13,14] having a background 
reduced by about three orders of  magnitude over 
conventional low background gamma-ray spectrom- 
eters. The detector is located in the Homestake mine 
at a depth equivalent to 4000 m of water to eliminate 
the cosmic ray induced background. The detector 
cryostat is constructed from high-purity copper and 
is surrounded by 11 tons of  lead, sheet cadmium and 
neutron moderator, to eliminate the radioactive 
background and neutrons from the rock. The inner 
shield was made from high purity copper, when the 
14 d of data used in this work were taken. These data 
were selected because they correspond to a period of 
decreased level of  mining operations in the vicinity 
of  the detector. This resulted in fewer microphonic 
noise pulses. For this analysis, the absence of low 
energy noise is more important than the quantity of  
data. However, 1000 h of data are shown in fig. 2 to 
better display the X-ray and T-ray peaks used for 
energy calibration. 

The energy threshold was reduced to an incident 
electron energy of 4 keV. According to fig. 1, this 
permitted the detection of  Ge nuclei-WlMP scat- 
terings with nuclear recoil energies greater than 15 
keV. The count rates of  1000 h of low energy data 
are shown in fig. 2, as function of incident electron 
energy (to be multiplied by the appropriate R.E.F to 
get the corresponding nuclear recoil energy). The 
following photon peaks, clearly in evidence, were 

102 

> 

c5 
E 
o t.j 

101 

65Zn X-ray 
~( Pb L X-ray 

Sn K X-rays 
11 21Opb y-ray 

[ Pb K X-ray 
\ 

!!, 
2O 

I I I. 
40 60 80 100 

keY 
Fig. 2. 1000 h of data from the Ge spectrometer are shown The 
width of each channel is 0.2 keV. The identified peaks result from 
the decay products of radioactivity m the exposed solder. 

used to calibrate the detector: the 8.9805 keV Cu X- 
ray from the electron capture of  65Zn, the 10.551 keV 
Ga X-ray from the electron capture of  68Ge plus Pb- 
L, the 25.2713 keV Sn K X-ray, the 46.503 keV T- 
ray in 2~°Bi from the decay of  2~°pb and the 74.969 
keV Pb X-ray. The Pb and Sn X-rays came from a 
solder connection in the proximity of  the detector. 
The Cu and Ga X-rays are sums of  X-rays from all 
shells, since the sources were cosmogenically created 
within the crystal. Each line was fitted with a mod- 
ified gaussian to obtain its centroid. Then the ratio 
of  the channel to energy of the peak was fitted to a 
quadratic function. There is a 0.1% non-linearity. The 
spectrum was then adjusted until the best fit was 
achieved. The non-linearity accounts for about one 
channel in one thousand. The maximum error in the 
calibration at 4 keV is one half of  a channel, which 
is 0.1 keV. 

605 

Phys. Lett. B 195, 603 (1987) 
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Direct evidence for dark matter particles?
The DAMA signal seems incompatible with other experiments

Bi
lla

rd
 e

t a
l 2

01
3,

 S
no

w
m

as
s 

20
13

, L
U

X
 2

01
3,

 C
D

M
Sl

ite
 2

01
5

so
la

r 
7 B

e 
ne

ut
ri

no
s

CURRENT
LIMITS

SuperCDMS

LUX

SuperCDMS

CDMSlite

CRESST

Spin-independent

Excluded

Atmospheric and supernova neutrinos

so
la

r 
8 B

 n
eu

tr
in

os

DARWIN

DAMA signal Spin-independent interactions  
Standard halo model

Excluded

Direct WIMP Searches ca. 2016

16
Gondolo, IDM 2016



Reina Maruyama

DAMA Incompatible with Other Experiments

• No signal observed in Xenon

• e.g. axial-vector, annual modulation

17

Aprile et al (XENON100) 2015

Interactions 
with electrons

The DAMA signal seems incompatible with other experiments

Direct evidence for dark matter particles?

DAMA signal

Excluded

axial A⨂A interaction

Aprile et al (XENON) 2015 

No dark matter-induced 
modulation observed by 

XENON

Direct evidence for dark matter particles?
The DAMA signal seems incompatible with other experiments

Aprile et al (XENON) 2015

XENON100 finds an 
annual modulation in 
single- and multiple-

electron scattering events

NOT due to dark matter
NOT compatible with DAMA’s A

m
pl

itu
de

Phase
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Current status of Direct Dark Matter Searches

• No sign of WIMPs down to >10-46 cm2 @ 30 GeV from XENON1t, LUX, Panda X


• No sign of spin-dependent WIMPs for >10-40 cm2 from COUPP/PICO/IceCube


• Experiments driving innovations toward low mass dark matter searches


• DAMA’s signal remains unresolved

arXiv:1802.06994PRL 121, 111302 (2018)

http://xenon1t.org


Zachary Pierpoint (Yale University), DNP

Seasonally spooky dark matter 

… Since the late 1990s, however, 
physicists on the DAMA experiment  
… have been detecting what could be the 
interactions of dark matter with crystals 
of sodium iodide. 

“Nobody has been able to come up with a 
conclusive argument as to what they’re seeing,” 
says Reina Maruyama, a physicist at Yale 
University in New Haven, Connecticut. 

Two planned experiments in the southern 
hemisphere, where the seasons are reversed, 
could bring a resolution: one called DM-Ice…

http://www.nature.com/news/zombie-physics-6-baffling-results-that-just-won-t-die-1.18685
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https://twitter.com/ktfreese/status/888730718477713408
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Interpretation of the DAMA Result

21

P. Belli,  
IDM2016

R. Bernabei
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Summary$of$the$results$obtained$in$the$additional$investigations$
of$possible$systematics$or$side$reactions$–$DAMA/LIBRA?phase18

Source  Main comment  Cautious upper 
  limit (90%C.L.) 

 
RADON  Sealed Cu box in HP Nitrogen atmosphere,  <2.5×10-6 cpd/kg/keV 

 3-level of sealing, etc. 
 
TEMPERATURE  Installation is air conditioned+ 

 detectors in Cu housings directly in contact  <10-4 cpd/kg/keV 
 with multi-ton shield→ huge heat capacity 

  + T continuously recorded 
 
NOISE  Effective full noise rejection near threshold  <10-4 cpd/kg/keV  
 
ENERGY SCALE  Routine + intrinsic calibrations  <1-2 ×10-4 cpd/kg/keV 
 
EFFICIENCIES  Regularly measured by dedicated calibrations  <10-4 cpd/kg/keV  
 
BACKGROUND  No modulation above 6 keV; 

 no modulation in the (2-6) keV  <10-4 cpd/kg/keV  
 multiple-hits events; 
 this limit includes all possible  
 sources of background 

 
SIDE REACTIONS  Muon flux variation measured at LNGS  <3×10-5 cpd/kg/keV   

+ they cannot  
satisfy all the requirements of  
annual modulation signature 

Thus, they cannot mimic the 
observed annual 
modulation effect 

(NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf. ser. 203(2010)012040, arXiv:0912.0660, 
S.I.F.Atti Conf.103(211), Can. J. Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, 

arxiv:1210.6199 & 1211.6346, IJMPA28(2013)1330022, EPJC74(2014)3196) 

TAUP 2015, P. BelliDAMA Says…
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Summary$of$the$results$obtained$in$the$additional$investigations$
of$possible$systematics$or$side$reactions$–$DAMA/LIBRA?phase18

Source  Main comment  Cautious upper 
  limit (90%C.L.) 

 
RADON  Sealed Cu box in HP Nitrogen atmosphere,  <2.5×10-6 cpd/kg/keV 

 3-level of sealing, etc. 
 
TEMPERATURE  Installation is air conditioned+ 

 detectors in Cu housings directly in contact  <10-4 cpd/kg/keV 
 with multi-ton shield→ huge heat capacity 

  + T continuously recorded 
 
NOISE  Effective full noise rejection near threshold  <10-4 cpd/kg/keV  
 
ENERGY SCALE  Routine + intrinsic calibrations  <1-2 ×10-4 cpd/kg/keV 
 
EFFICIENCIES  Regularly measured by dedicated calibrations  <10-4 cpd/kg/keV  
 
BACKGROUND  No modulation above 6 keV; 

 no modulation in the (2-6) keV  <10-4 cpd/kg/keV  
 multiple-hits events; 
 this limit includes all possible  
 sources of background 

 
SIDE REACTIONS  Muon flux variation measured at LNGS  <3×10-5 cpd/kg/keV   

+ they cannot  
satisfy all the requirements of  
annual modulation signature 

Thus, they cannot mimic the 
observed annual 
modulation effect 

(NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf. ser. 203(2010)012040, arXiv:0912.0660, 
S.I.F.Atti Conf.103(211), Can. J. Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, 

arxiv:1210.6199 & 1211.6346, IJMPA28(2013)1330022, EPJC74(2014)3196) 

TAUP 2015, P. BelliDAMA Says…arXiv:1006.5255
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Source  Main comment  Cautious upper 
  limit (90%C.L.) 

 
RADON  Sealed Cu box in HP Nitrogen atmosphere,  <2.5×10-6 cpd/kg/keV 

 3-level of sealing, etc. 
 
TEMPERATURE  Installation is air conditioned+ 

 detectors in Cu housings directly in contact  <10-4 cpd/kg/keV 
 with multi-ton shield→ huge heat capacity 

  + T continuously recorded 
 
NOISE  Effective full noise rejection near threshold  <10-4 cpd/kg/keV  
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EFFICIENCIES  Regularly measured by dedicated calibrations  <10-4 cpd/kg/keV  
 
BACKGROUND  No modulation above 6 keV; 

 no modulation in the (2-6) keV  <10-4 cpd/kg/keV  
 multiple-hits events; 
 this limit includes all possible  
 sources of background 

 
SIDE REACTIONS  Muon flux variation measured at LNGS  <3×10-5 cpd/kg/keV   

+ they cannot  
satisfy all the requirements of  
annual modulation signature 

Thus, they cannot mimic the 
observed annual 
modulation effect 

(NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf. ser. 203(2010)012040, arXiv:0912.0660, 
S.I.F.Atti Conf.103(211), Can. J. Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, 

arxiv:1210.6199 & 1211.6346, IJMPA28(2013)1330022, EPJC74(2014)3196) 

TAUP 2015, P. BelliDAMA Says…arXiv:1006.5255

arXiv:1102.0815
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 3-level of sealing, etc. 
 
TEMPERATURE  Installation is air conditioned+ 

 detectors in Cu housings directly in contact  <10-4 cpd/kg/keV 
 with multi-ton shield→ huge heat capacity 

  + T continuously recorded 
 
NOISE  Effective full noise rejection near threshold  <10-4 cpd/kg/keV  
 
ENERGY SCALE  Routine + intrinsic calibrations  <1-2 ×10-4 cpd/kg/keV 
 
EFFICIENCIES  Regularly measured by dedicated calibrations  <10-4 cpd/kg/keV  
 
BACKGROUND  No modulation above 6 keV; 

 no modulation in the (2-6) keV  <10-4 cpd/kg/keV  
 multiple-hits events; 
 this limit includes all possible  
 sources of background 

 
SIDE REACTIONS  Muon flux variation measured at LNGS  <3×10-5 cpd/kg/keV   

+ they cannot  
satisfy all the requirements of  
annual modulation signature 

Thus, they cannot mimic the 
observed annual 
modulation effect 

(NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf. ser. 203(2010)012040, arXiv:0912.0660, 
S.I.F.Atti Conf.103(211), Can. J. Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, 

arxiv:1210.6199 & 1211.6346, IJMPA28(2013)1330022, EPJC74(2014)3196) 

TAUP 2015, P. BelliDAMA Says…arXiv:1006.5255

arXiv:1102.0815

PRL 113, 081302 (2014)
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What is Dark Matter?
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Dark matter candidates
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US Cosmic vision
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DM-Ice17

Astropart. Phys. 35 (2012) 749
Phys. Rev. D 90 092005 (2014)
Phys. Rev. D 93 042001 (2016) 
Phys. Rev. D 95 032006 (2017)

Eur.Phys.J. C 78 107 (2018)
Eur.Phys.J. C 77 437 (2017)
Phys.Rev. D 90 052006 (2014) (CsI) 
Nature 564 83-86 (2018)
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DM-Ice17 + IceCube Below

IceCube Lab

SPT/BICEP-II

IceTop

DM-Ice17



Reina Maruyama

South Pole

• Opposite seasons between Northern 
and Southern Hemispheres

• Overburden: 2450 m ice (2200 m.w.e.)
- Clean Ice
- H2O “tank”

• Stable “underground” environment
• South Pole Station + IceCube 

= Science Infrastructure + muon tag

27

Cherwinka et al.  Astropart. Phys. 35 (2012) 749



Zachary Pierpoint (Yale University), DNP

DM-Ice17

10/30/15
28

● 17 kg, NaI(Tl)
● Deployed December 2010
● 2200 m.w.e. overburden
● >99% uptime
● 3.5 years physics data
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DM-Ice17 establishes… 
• Feasibility

• Environmental Stability

• Radiopurity of the antarctic ice / hole ice



DM-Ice-17 Construction & Deployment

29

Shipment to  Antarctica

Detector in the hole

Deployment

Detector assembly

July 2010

Revive NAIAD xtals

Sep - Oct. 2010 Dec. 1, 2010

Dec. 11, 2010

Design begin Feb. 2010
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IceCube Detector Completion

December 2010
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DM-Ice17
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http://dm-ice.yale.edu
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DM-Ice17
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DM-Ice17
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DM-Ice17
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DM-Ice17
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•  Proof of principle
• Southern Hemisphere operations
• Awaiting for IceCube upgrade
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COSINE-100

33

http://cosine.yale.edu

+

• Joint effort between KIMS & DM-Ice
• 8 NaI(Tl) crystals with 106 kg in total
• Located at Yangyang Underground 

Laboratory (Y2L), South Korea
• ~700 m rock overburden
• Physics run started September 2016

http://cosine.yale.edu
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COSINE-100 Experimental Setup

34

Lead Shielding (20 cm) Cu Box (3 cm)

2000 L Liquid Scintillator

40 cm

34

Plastic Scintillators Tag 40K to veto 3 keV 
background events

Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Shielding design of COSINE-100

14
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COSINE-100 NaI(Tl) Crystals
• 8 crystals, total 106 kg

• Culmination of R&D program with Alpha Spectra

• U/Th/K below DAMA, 210Po very close

• High Light yield

• Challenge: putting it all together

• Total Background: 2 - 4 x DAMA’s avg.

• Crystal 5 & 8 used primarily for veto due to low light yield

35

Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

COSINE-100 crystals

• Alpha rate corresponds to 210Po (210Pb )
• 210Pb and 40K level are still a bit higher than DAMA/LIBRA

Crystal
Mass 
(kg)

Powder
Alpha rate 
(mBq/kg)

40K 
(ppb)

238U 
(ppt)

232Th
(ppt)

Light yield 
(p.e./keV)

Crystal 1 8.3 AS-B 3.20 ± 0.08 43.4 ± 13.7 < 0.02 1.31 ± 0.35 14.88 ± 1.49

Crystal 2 9.2 AS-C 2.06 ± 0.06 82.7 ± 12.7 < 0.12 < 0.63 14.61 ± 1.45

Crystal 3 9.2 AS-WS� 0.76 ± 0.02 41.1 ± 6.8 < 0.04 0.44 ± 0.19 15.50 ± 1.64

Crystal 4 18.0 AS-WS� 0.74 ± 0.02 39.5 ± 8.3 < 0.3 14.86 ± 1.50

Crystal 5 18.0 AS-C 2.06 ± 0.05 86.8 ± 10.8 2.35 ± 0.31 7.33 ± 0.70

Crystal 6 12.5 AS-WS� 1.52 ± 0.04 12.2 ± 4.5 < 0.018 0.56 ± 0.19 14.56 ± 1.45

Crystal 7 12.5 AS-WS� 1.54 ± 0.04 18.8 ± 5.3 < 0.6 13.97 ± 1.41

Crystal 8 18.3 AS-C 2.05 ± 0.05 56.15 ± 8.1 < 1.4 3.50 ± 0.33

DAMA < 0.5 < 20 0.7 - 10 0.5 – 7.5 5.5 – 7.5

§ Hamamatsu R12669 PMTs

quantum efficiency: 35% @ 420 nm 

AS: Alpha Spectra (company)

WS: WIMPScint (powder grade)

10

Eur.Phys.J. C 78 107 (2018)
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DAMA < 0.5 < 20 0.7 - 10 0.5 – 7.5 5.5 – 7.5

§ Hamamatsu R12669 PMTs

quantum efficiency: 35% @ 420 nm 

AS: Alpha Spectra (company)

WS: WIMPScint (powder grade)

10
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C1
C2 C3 C4

C5
C6 C7 C8

Eur.Phys.J. C 78 107 (2018)
arXiv:1806.09788

• Two PMTs coupled to each 
crystal


• Waveform for all crystals + liquid 
scintillator recorded when both 
PMTs cross ~0.2 p.e. threshold


• Calibration via sources through 
tubes
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Background in Data vs. Simulations
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Simulation within R&D array (C3)

Data
Sim Total

Surface 210Pb
40K

COSINE-100
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10

210
Data Total simulation Internal

Cosmogenic Surface External

Crystal C7 single hit low energy spectrum + model 

• Data compares well with Geant4 simulation
• Dominant backgrounds from 210Pb & 40K

Eur.Phys.J. C 78 (2018) 490
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Spin-Independent WIMP Search

• Exclude interpretation of DAMA/LIBRA-phase1’s signal as spin-independent 
WIMP with NaI(Tl) with 59.5 days of exposure


• Confirms null results from other direct detect experiments with different target 
medium

39
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Update on Spin-Independent WIMP Search 

• 10x increased sensitivity with improved:

• exposure: 59.5 live days → 1.7 years

• threshold: 2 keV → 1 keV

41

arXiv:2104.03537

3

To search for evidence of WIMP signal from the data,
a Bayesian approach with a likelihood function based on
Poisson probability is used. The likelihood fit is per-
formed to the measured single-hit energy spectra be-
tween 1 and 15 keV for each WIMP model for several
masses. Each crystal is fitted with crystal-specific back-
ground model and crystal-correlated WIMP signal for
the combined fit by multiplying the five crystals’ likeli-
hoods. Means and uncertainties for background compo-
nents, which are determined from the modeling [19], are
used to set Gaussian priors for the background. The sys-
tematic uncertainties are included in the fit as nuisance
parameters with Gaussian prior (see Appendix).

A good fit to the DAMA/LIBRA-phase2 data was
obtained with the isospin-violating interaction [14, 25].
We simultaneously use the DAMA/LIBRA-phase1 and
phase2 data to fit three parameters: the WIMP mass,
the WIMP-proton cross-section, and fn/fp. The best
fits were obtained for two di↵erent values of fn/fp
favoring WIMP-sodium and WIMP-iodine interactions
as fn/fp = �0.76 and �0.71, respectively. For the
best fit values of fn/fp, the 3� allowed regions in the
WIMP-mass and the WIMP-proton cross-section param-
eter spaces are obtained [14].

The COSINE-100 data are fitted to each of the dif-
ferent WIMP masses for each fn/fp value using only
the new QF values. An example of a maximum likeli-
hood fit with a 11.5 GeV/c2 and fn/fp = �0.76 WIMP
signal is presented in Fig. 1. The summed event spec-
trum for the five crystals is shown together with the
best-fit result. For comparison, the expected signal for
a 11.5 GeV/c2 WIMP with a spin-independent WIMP-
proton cross section of 2.5⇥10�2 pb, the central value of
the DAMA/LIBRA best fit using the DAMA QF values
for the WIMP-sodium interaction, is shown by the red
solid line. No excess of events that could be attributed to
WIMP interactions are found for the considered WIMP
signals. The posterior probabilities of signals are con-
sistent with zero in all cases and 90% confidence level
limits are determined (see Fig.A 5). Figure 2 shows the
3� contours of the DAMA/LIBRA data in the best fit
values of fn/fp using the new QF values and the DAMA
QF values together with the 90% confidence level upper
limits from the COSINE-100 data using the same fn/fp
and the new QF values. The 90% confidence level lim-
its from the 1.7 years COSINE-100 data show approxi-
mately an order of magnitude better limits than those of
our previous results using 59.5 days data and exclude the
DAMA/LIBRA allowed 3� regions for both of the two
di↵erent QF values.

Even though the DAMA/LIBRA-phase2 data do
not fit with the canonical model, the DAMA/LIBRA-
phase1 data has been shown to be well fit with an
isospin-conserving spin-independent WIMP-nuclei inter-
action [14, 29]. The 90% confidence level upper limits
from the COSINE-100 data for the canonical model are
also obtained. Figure 3 shows the 3� allowed regions
that are associated with the DAMA/LIBRA-phase1 sig-
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FIG. 1. Example fit results for a 11.5GeV/c
2
WIMP

mass in the case of fn/fp = �0.76 . Presented here are
the summed energy spectrum for the five crystals (black filled
circles shown with 68% confidence level error bars) and the
best fit (blue line) for which no WIMP signals are obtained.
Fitted contributions to the background from internal radionu-
clide contaminations, the surface of the crystals and nearby
materials, cosmogenic activation, and external backgrounds
are indicated. The green (yellow) bands are the 68% (95%)
confidence level intervals of the systematic uncertainty ob-
tained from the likelihood fit. As a presentation purpose, we
indicate the signal shape (red line) assuming a WIMP-proton
cross section of 2.5⇥10�2 pb corresponding to the DAMA best
fit value for the WIMP-sodium interaction using the DAMA
QF values.

nal using the new QF values and the DAMA QF values
together with the 90% confidence level upper limits from
the COSINE-100 data using the new QF values. These
limits mostly exclude the DAMA/LIBRA allowed region
even though di↵erent QF values are considered for each
experiment.
In addition, we have checked each operator in non-

relativistic e↵ective field theory models where previous
null results from the 59.5 days COSINE-100 data do not
fully cover the 3� regions of the DAMA/LIBRA data for
a few operators [12]. The 1.7 years data is now found to
fully cover the 3� allowed regions assuming same DAMA
QF values as one can see in Fig. 4.
After releasing the initial 59.5 days COSINE-100 data

with null observations using the same NaI(Tl) target ma-
terial, a few possibilities have been raised to allow consis-
tency between the DAMA/LIBRA and COSINE-100 re-
sults [12–14]. The results of this analysis, with 1.7 years
accumulated COSINE-100 data and improved analysis
technique with 1 keV energy threshold, do not favor the
suggested possibilities. A model independent data analy-
sis of the annual modulation with several years COSINE-
100 data is required for an unambiguous conclusion, nev-
ertheless these results provide strong constraints on the
dark matter interpretation of the DAMA/LIBRA annual
modulation signals with the same NaI(Tl) target mate-
rials.

– 11.5 GeV/c2 WIMP @ 
2.5x10-40cm2
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FIG. 2. Exclusion limits on the WIMP-proton spin-independent cross section for the isospin-violating inter-

action. The 3� allowed regions of the WIMP mass and the WIMP-proton cross-section associated with the DAMA/LIBRA-
phase1+phase2 data (blue solid coutours) using the new QF values in their best fit for (a) sodium scattering and (b) iodine
scattering hypotheses are compared with the 90% confidence level exclusion limits from the COSINE-100 data (black-solid-line),
together with the 68% and 95% probability bands for the expected 90% confidence level limit assuming the background-only
hypothesis. The dashed blue contours show the allowed regions of the DAMA/LIBRA-phase1+phase2 data using the DAMA
QF values. For comparison, limits from the initial 59.5 days COSINE-100 data [8] are shown by the purple-solid-line. In each
plot, we fix the e↵ective coupling ratios to neutrons and protons fn/fp to the best fit values of the DAMA data.
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FIG. 3. Exclusion limits on the WIMP-nucleon spin-

independent cross section of the isospin-conserving

interaction. The observed (filled circles with black solid
line) 90% confidence level exclusion limits on the WIMP-
nucleon spin-independent cross section from the COSINE-100
are shown together with the 68% and 95% probability bands
for the expected 90% confidence level limit, assuming the
background-only hypothesis. The limits are compared with
a WIMP interpretation of the DAMA/LIBRA-phase1 3� al-
lowed region using the new QF (blue-solid-contours) and the
DAMA QF (blue-dashed-contours) [29].
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Stay tuned for updated search
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Phys. Rev. Lett. 123 031301 (2019)
Update w/ 3 years: arXiv:2103.01175 3
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FIG. 1. Left panel: Artistic view of ANAIS-112 set-up showing the 9 NaI(Tl) modules inside a shielding made of lead, antiradon box, active
muon vetoes, polyethylene and water tanks. Right panel: the black line represents the accumulated exposure since August 2017 with the nine
ANAIS-112 modules. For comparison, the red line corresponds to a 100% live time for 112.5 kg detection mass.

Time period Live time Live time Down time Dead time
(days) (%) (%) (%)

08/03/2017 – 07/31/2018 341.722 94.40 2.84 2.76
08/01/2018 – 08/28/2019 374.302 95.48 2.44 2.07
08/29/2019 – 08/13/2020 333.791 95.10 2.62 2.28

TABLE I. Distribution of live, dead and down time during ANAIS-112 data taking and total live time accumulated per operation year.

It can be observed that trigger rate is dominated by events
having only one peak at each PMT signal, which are not asso-
ciated with bulk scintillation in the sodium iodide material. It
is worth remarking that our event selection protocol (see next
section for more details) requires more than 4 peaks in each
PMT signal to be considered a bulk scintillation event. We can
conclude from Fig. 2 that although a few high trigger rate pe-
riods along the three years of operation occurred, they do not
affect the total rate of selected events, as shown by the remark-
ably stable rate of events having more than one peak at each
PMT. All of these anomalous high rate periods are associated
to changes in the supply of gas flushing into the ANAIS-112
shielding used to prevent the radon entrance. However, the
abnormal trigger rate increases cannot be explained by the en-
trance of radon into the shielding: it does not correlate with
any increase in background events in any energy region, and
it also appears when using radon-free air provided by LSC for
the flushing.

ANAIS-112 modules were specifically designed to have a
Mylar window in the copper housing to allow low-energy cal-
ibration with external x-ray/gamma sources down to 10 keV.
This particular feature of ANAIS detectors allows periodical
calibration of all the detectors using several 109Cd external
sources mounted on flexible wires which are introduced into
the shielding and positioned in front of the Mylar windows,
irradiating simultaneously the nine modules for a period of
about 4 hours every two weeks. Lines of 88.0, 22.6 and

Time
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FIG. 2. ANAIS-112 trigger rate from August 2017 until August
2020. Total rate is shown in black, and the rate of events having more
than one peak in every PMT detected by the peak-finding algorithm
is shown in red.

11.9 keV2 are used for the control of the modules’ response
stability below 100 keV. The latter is not directly produced by
109Cd decay, but it is the result of the subsequent Br x-rays
produced in the flexible wire containing the sources by the
photoelectric absorption of the x-rays and gammas produced
in the 109Cd decay. The modules’ response can be thought
as the combination of two independent factors: the light col-
lection and the PMTs gain, which can be studied separately.
Changes in light collection and in PMT gain combine to mod-

2 22.6 and 11.9 keV are average energies, corresponding to the weighted
average of the different x-rays produced following EC decay in the first of
them, and photoelectric absorption in the second.
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FIG. 12. Upper panels: ANAIS-112 fit results for three years of data in [1-6] keV (left) and [2-6] keV (right) energy regions, both in the
modulation (blue) and null hypothesis (red) when the background is described by Eq. 4. Lower panels: same, but using the background
described by Eq. 5. Best fit Sm, c2 and p-values are also shown.

Energy region Model c2/NDF nuisance Sm p-value mod p-value nullnull hyp params cpd/kg/keV

[1-6] keV
eq. 4 132 / 107 3 -0.0045±0.0044 0.051 0.051
eq. 5 143.1 / 108 2 -0.0036±0.0044 0.012 0.013
eq. 6 1076 / 972 18 -0.0034±0.0042 0.011 0.011

[2-6] keV
eq. 4 115.7 / 107 3 -0.0008±0.0039 0.25 0.27
eq. 5 120.8 / 108 2 0.0004±0.0039 0.17 0.19
eq. 6 1018 / 972 18 0.0003±0.0037 0.14 0.15

TABLE III. Summary of the fits searching for an annual modulation with fixed phase in the three years of ANAIS-112 data for different
background modelling (see text for more details).

of 0.265 and 0.189). Smaller p-values (0.051 and 0.013) are
obtained in [1-6] keV region. We will comment on this later.
For the modulation hypothesis, we obtain in all cases best fit
modulation amplitudes compatible with zero at 1s . The stan-
dard deviation of the modulation amplitude s(Sm) is the same
for the two background modelling approaches in [1-6] keV
(0.0044 cpd/kg/keV) and [2-6] keV (0.0039 cpd/kg/keV) en-
ergy regions.

In order to account for systematic effects related to the dif-
ferences in background and efficiency among detectors, we
apply a third approach in which the number of measured

events of every module, ni,d , is considered independently. The
summation in the c2 expression is therefore performed also
over detectors and the expected number of events for every
time bin ti and detector d is written as

µi,d = [R0,d(1+ fdf MC

bkg,d(ti))+Smcos(w(ti � t0))]MdDEDt,
(6)

where Md is the mass of every module, f MC

bkg,d is the PDF sam-
pled from the MC background evolution in time calculated
independently for every module and R0,d and fd are free pa-
rameters. In this case, the number of nuisance parameters is
18. The results of the fit are displayed in Figs. 13 and 14 and
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FIG. 12. Upper panels: ANAIS-112 fit results for three years of data in [1-6] keV (left) and [2-6] keV (right) energy regions, both in the
modulation (blue) and null hypothesis (red) when the background is described by Eq. 4. Lower panels: same, but using the background
described by Eq. 5. Best fit Sm, c2 and p-values are also shown.

Energy region Model c2/NDF nuisance Sm p-value mod p-value nullnull hyp params cpd/kg/keV

[1-6] keV
eq. 4 132 / 107 3 -0.0045±0.0044 0.051 0.051
eq. 5 143.1 / 108 2 -0.0036±0.0044 0.012 0.013
eq. 6 1076 / 972 18 -0.0034±0.0042 0.011 0.011

[2-6] keV
eq. 4 115.7 / 107 3 -0.0008±0.0039 0.25 0.27
eq. 5 120.8 / 108 2 0.0004±0.0039 0.17 0.19
eq. 6 1018 / 972 18 0.0003±0.0037 0.14 0.15

TABLE III. Summary of the fits searching for an annual modulation with fixed phase in the three years of ANAIS-112 data for different
background modelling (see text for more details).

of 0.265 and 0.189). Smaller p-values (0.051 and 0.013) are
obtained in [1-6] keV region. We will comment on this later.
For the modulation hypothesis, we obtain in all cases best fit
modulation amplitudes compatible with zero at 1s . The stan-
dard deviation of the modulation amplitude s(Sm) is the same
for the two background modelling approaches in [1-6] keV
(0.0044 cpd/kg/keV) and [2-6] keV (0.0039 cpd/kg/keV) en-
ergy regions.

In order to account for systematic effects related to the dif-
ferences in background and efficiency among detectors, we
apply a third approach in which the number of measured

events of every module, ni,d , is considered independently. The
summation in the c2 expression is therefore performed also
over detectors and the expected number of events for every
time bin ti and detector d is written as

µi,d = [R0,d(1+ fdf MC

bkg,d(ti))+Smcos(w(ti � t0))]MdDEDt,
(6)

where Md is the mass of every module, f MC

bkg,d is the PDF sam-
pled from the MC background evolution in time calculated
independently for every module and R0,d and fd are free pa-
rameters. In this case, the number of nuisance parameters is
18. The results of the fit are displayed in Figs. 13 and 14 and

No Modulation Observed
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FIG. 19. c2
0 � c2 periodograms for three years of data in [1-6] keV (upper panels) and [2-6] keV (lower panels) energy regions. Left, middle

and right panels correspond to best fits to functions 4, 5, and 6, respectively. Local and global significances are calculated as described in the
text.
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FIG. 20. ANAIS-112 sensitivity to the DAMA/LIBRA signal in
s C.L. units (see text) as a function of real time in the [1-6] keV
(lower panel) and [2-6] keV (upper panel) energy regions. The black
dots are the sensitivities measured experimentally. The blue bands
represent the 68% C.L. DAMA/LIBRA uncertainty.

Appendix A

Under the hypothesis of an annual modulation component
with amplitude Sm and phase f , the rate in the ROI can be
written as

R(t) = R0 +Smcos(w(t � t0)) = R0 +Acoswt +Bsinwt

(A1)

where f = wt0, A = Sm cosf , and B = Sm sinf . Note that
(A,B) can be viewed as cartesian coordinates and (Sm,f) as
their corresponding polar coordinates. The least squares esti-
mator (LSE) for A and B parameters is unbiased because, as
shown in eq. A1, the rate is linear in both parameters, while
this is not the case for the LSE for Sm and f [54]. It can be
proved in a similar way as we described in our previous arti-
cle [18] that when data are evenly distributed along an integer
number of years, the covariance matrix is diagonal and the es-
timators of A and B have the same variance, s2. Furthermore,
when no modulation is present, the estimators of A and B are
independent Gaussian distributions with null mean and vari-
ance s2. Under these assumptions, the bias of the LSE of Sm

can be calculated because the joint probability of (A,B)

P(A,B)dAdB =

1p
2ps

exp(�A
2/2s2)

1p
2ps

exp(�B
2/2s2)dAdB (A2)

can be written in polar coordinates (Sm,f)

P(Sm,f)dSmdf =
1

2ps2 exp(�S
2
m
/2s2)SmdSmdf (A3)

The expectation value of Sm =+
p

A2 +B2 is therefore:

E(Sm) =
Z •

�•

Z •

�•
SmP(A,B)dAdB =

Z •

0

Z 2p

0
SmP(Sm,f)SmdSmdf =

r
p
2

s . (A4)
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lation using three years of data and DAMA/LIBRA modulation best
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choices of the time binning. Circles, squares and triangles corre-
spond to fits to eqs. 4, 5 and 6, respectively.

compatible with no modulation are obtained in all cases.

D. Frequency analysis

We search for the presence of a periodic signal in our data
using the Least-Square Periodogram, which is equivalent to
the Lomb-Scargle technique [52]. We perform a scan in fre-
quency from 0 to the Nyquist frequency, which corresponds
to 0.05 days�1 for 10-days bins. At every frequency we fit the
data to the null and modulated hypothesis, being Sm and t0 free
in the latter. Our test statistics is the difference in chi-squared
among the null and the modulation hypothesis, c2

0 � c2. Fig-
ure 19 shows the periodograms obtained for the 6 studied sce-
narios. With MC simulations we check that our test statistics
is distributed as a c2 with 2 degrees of freedom, so the local
significance at 1s and 2s can be easily calculated through the

probability distribution P(c2,2) and are 3.7 and 7.6. These
values are displayed in the figure as green and yellow lines.
Nevertheless, as the search is performed across a continuous
range in frequency, we need to take into account the proba-
bility of the signal to occur anywhere within the search range
("look elsewhere effect"). Following [53], we calculate the
global significance from the distribution of the maximum of
the local test statistics in the whole search range for a large
number of MC experiments. The 1s level is represented in
the figure as a cyan line. Several peaks are present in the pe-
riodograms but none of them is statistically significant. We
can conclude there are no statistically significant modulation
in the frequency range searched in ANAIS-112 data.

V. SENSITIVITY PROJECTION

The statistical significance of our result is determined by
the standard deviation of the modulation amplitude distribu-
tion, s(Sm), which would be obtained in a large number of
experiments like ANAIS-112 for a given exposure. Then,
we quote our sensitivity to DAMA/LIBRA result as the ra-
tio S

DAMA

m
/s(Sm), which directly gives in s units the C.L. at

which we can test the DAMA/LIBRA signal. At present, our
result s(Sm)= 0.0042 (0.0037) cpd/kg/keV for [1-6] keV ([2-
6] keV) corresponds to a sensitivity of 2.5 s (2.7 s ) to the
DAMA/LIBRA signal.

Figure 20 (dark blue lines) displays our sensitivity projec-
tion calculated following Ref. [18] for the two studied energy
ranges, whereas the blue bands represent the 68% uncertainty
in S

DAMA

m
as reported in Ref. [45]. In the calculation, we

take into account the ANAIS-112 live time distribution, the
background reduction expected due to decaying isotopes (ac-
cording to our background model) and the statistical error in
the detection efficiency. The black dots are the sensitivities
derived in this and previous analysis [10, 32]. The results
perfectly agree with our estimates, being the 3-years point
slightly above the expected sensitivity because the curve is
calculated for the model that combines the data of the nine de-
tectors before the fit, as we did for the 1.5 and 2 years results.
As conclusion, data confirms the ANAIS-112 projected sen-
sitivity to the DAMA/LIBRA result. A 3s sensitivity should
be at reach before completing the scheduled 5 years of data-
taking. In order to reach 5s sensitivity a much longer mea-
surement time is required, 10 years in total.

VI. CONCLUSIONS

We have unblinded three years of ANAIS-112 data, up-
dating and completing the annual modulation analysis to test
DAMA/LIBRA result. Our results confirm previous analysis
and the statistical significance increases as expected according
to our sensitivity estimates, supporting our prospects of reach-
ing 3s within the scheduled 5-years operation (see Fig. 20).

We obtain for the best fit a modulation amplitude
of –0.0034±0.0042 (0.0003±0.0037) cpd/keV/kg in the
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FIG. 1. Left panel: Artistic view of ANAIS-112 set-up showing the 9 NaI(Tl) modules inside a shielding made of lead, antiradon box, active
muon vetoes, polyethylene and water tanks. Right panel: the black line represents the accumulated exposure since August 2017 with the nine
ANAIS-112 modules. For comparison, the red line corresponds to a 100% live time for 112.5 kg detection mass.

Time period Live time Live time Down time Dead time
(days) (%) (%) (%)

08/03/2017 – 07/31/2018 341.722 94.40 2.84 2.76
08/01/2018 – 08/28/2019 374.302 95.48 2.44 2.07
08/29/2019 – 08/13/2020 333.791 95.10 2.62 2.28

TABLE I. Distribution of live, dead and down time during ANAIS-112 data taking and total live time accumulated per operation year.

It can be observed that trigger rate is dominated by events
having only one peak at each PMT signal, which are not asso-
ciated with bulk scintillation in the sodium iodide material. It
is worth remarking that our event selection protocol (see next
section for more details) requires more than 4 peaks in each
PMT signal to be considered a bulk scintillation event. We can
conclude from Fig. 2 that although a few high trigger rate pe-
riods along the three years of operation occurred, they do not
affect the total rate of selected events, as shown by the remark-
ably stable rate of events having more than one peak at each
PMT. All of these anomalous high rate periods are associated
to changes in the supply of gas flushing into the ANAIS-112
shielding used to prevent the radon entrance. However, the
abnormal trigger rate increases cannot be explained by the en-
trance of radon into the shielding: it does not correlate with
any increase in background events in any energy region, and
it also appears when using radon-free air provided by LSC for
the flushing.

ANAIS-112 modules were specifically designed to have a
Mylar window in the copper housing to allow low-energy cal-
ibration with external x-ray/gamma sources down to 10 keV.
This particular feature of ANAIS detectors allows periodical
calibration of all the detectors using several 109Cd external
sources mounted on flexible wires which are introduced into
the shielding and positioned in front of the Mylar windows,
irradiating simultaneously the nine modules for a period of
about 4 hours every two weeks. Lines of 88.0, 22.6 and
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FIG. 2. ANAIS-112 trigger rate from August 2017 until August
2020. Total rate is shown in black, and the rate of events having more
than one peak in every PMT detected by the peak-finding algorithm
is shown in red.

11.9 keV2 are used for the control of the modules’ response
stability below 100 keV. The latter is not directly produced by
109Cd decay, but it is the result of the subsequent Br x-rays
produced in the flexible wire containing the sources by the
photoelectric absorption of the x-rays and gammas produced
in the 109Cd decay. The modules’ response can be thought
as the combination of two independent factors: the light col-
lection and the PMTs gain, which can be studied separately.
Changes in light collection and in PMT gain combine to mod-

2 22.6 and 11.9 keV are average energies, corresponding to the weighted
average of the different x-rays produced following EC decay in the first of
them, and photoelectric absorption in the second.

3σ in 1-2 years
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NaI(Tl) growing development at IBS
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Where are we now?
• 30 years of Direct Detection WIMP Search
• DAMA vs. null-results
• Hints from indirect detection
• Upcoming “Gen2” experiments may yield signal
• Where to after “neutrino floor”?
Where to? 
• New WIMP and axion experiments are coming 

online. 
• WIMPs? Low mass? Warm? Other forms of DM?

When do we say “YES!” ?
• Consistent w/ astrophysics observations +

• reproducible 
• targets, cross section, annual modulation, … 

Summary

Direct evidence for dark matter particles?
The DAMA signal seems incompatible with other experiments
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Research in Maruyama Group

• direct detection dark matter experiment at 
Yale, South Pole and South Korea.   

• Is DAMA really seeing dark matter?  

• Neutrinoless double beta decay 
• Are neutrinos their own anti-particles? 

Are they Majorana particles?

HAYSTAC

http://maruyama-lab.yale.edu

COSINE-100

CUORE

IceCube

Research 
• Physics Beyond the Standard Model of Particle Physics

• Neutrinos and Dark Matter

http://wlab.yale.edu
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