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Detectors equipped with a Mylar window!     
Radon-free system for low energy calibration:
• 109Cd sources on flexible wires (radon-free)
• Energies: 11.9, 22.6 and  88.0 keV
• Simultaneous calibration of the nine modules
• Performed every two weeks 

29

• In addition to the 109Cd lines (22.6, 11.9 keV), for calibration & filtering protocols we use also 
internal bulk  contaminants 22Na and 40K summed up every 1.5 months

identified by coincidences with
high energy gammas

0.87 keV
3.2 keV

https://dama.web.roma2.infn.it/?page_id=279
https://indico.cern.ch/event/1107937/contributions/5100411/attachments/2559990/4412288/DSU_22_MMartinez.pdf
https://sabre.lngs.infn.it/index.php/detector/
https://images.squarespace-cdn.com/content/v1/60a46a4157b5c705f287b0c6/1644890807195-DBW4JT8NYZQBASW27WF5/sabre_south_vessel_annotated.jpg?format=750w
https://www.mpp.mpg.de/fileadmin/_processed_/6/9/csm_58886101-EDDD-4751-8415-00A310E2FF4F_1_105_c_8065041748.jpg
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Detectors equipped with a Mylar window!     
Radon-free system for low energy calibration:
• 109Cd sources on flexible wires (radon-free)
• Energies: 11.9, 22.6 and  88.0 keV
• Simultaneous calibration of the nine modules
• Performed every two weeks 

29

• In addition to the 109Cd lines (22.6, 11.9 keV), for calibration & filtering protocols we use also 
internal bulk  contaminants 22Na and 40K summed up every 1.5 months

identified by coincidences with
high energy gammas

0.87 keV
3.2 keV

Goal for this talk: 
Summarize where we are, 

Start discussion on 
reconciling DAMA

https://images.squarespace-cdn.com/content/v1/60a46a4157b5c705f287b0c6/1644890807195-DBW4JT8NYZQBASW27WF5/sabre_south_vessel_annotated.jpg?format=750w
https://www.mpp.mpg.de/en/research/cosinus
https://sabre.lngs.infn.it/index.php/detector/
https://indico.cern.ch/event/1107937/contributions/5100411/attachments/2559990/4412288/DSU_22_MMartinez.pdf


COSINE-100: no excess over known backgrounds
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COSINE-100, 1.7 years

• Rules out WIMPs for DAMA with 60 days of data
• 1.7 yrs of data excludes WIMPs for pessimistic quenching factor 

Nature 564, 83 (2018) 
Sci Adv. 2021 Nov 12;7(46):eabk2699

Same target medium, potential for variation among crystals



2.8 yrs of COSINE-100 not yet conclusive
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Phys. Rev. D. 106, 052005

• 0.0067 ± 0.0042 cpd/kg/keV @ 1 – 6 keV
• Consistent with both DAMA and zero modulation 
• Data ready for 3 more years exposure



best fit modulation compatible with zero (1σ)

Best fit incompatible with DAMA/LIBRA  

at 3.75 (4.2) σ for [1-6] ([2-6]) keV

Sensitivity with 3 years data: 

3.3 (3.0) σ @ [1-6] ([2-6]) keV

5  sensitivity at reach in 2024𝝈

ANAIS-112, Canfranc Underground Laboratory (LSC, Spain)

“Improving ANAIS-112 
sensitivity to DAMA/LIBRA 
signal with machine learning 
techniques”,  I. Coarasa et al, 
JCAP11(2022)048


•1.5y: Phys. Rev. Lett. 123, 031301 (2019)
•2y: J. Phys. Conf. Ser. 1468, 012014 (2020)

•3y: arXiv: Phys. Rev. D 103, 102005 (2021)

ANAIS-112 modulation results: 

5  in 2024𝜎SIGNAL EVENTS: 

Neutron calibrations

NOISE EVENTS: “Blank” 
module (No NaI(Tl))
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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. Belli

Progress in Particle and Nuclear Physics 114 (2020) 103810
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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. Belli
arXiv:1006.5255

Progress in Particle and Nuclear Physics 114 (2020) 103810
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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. Belli
arXiv:1006.5255

arXiv:1102.0815

Progress in Particle and Nuclear Physics 114 (2020) 103810
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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. Belli
arXiv:1006.5255

arXiv:1102.0815

PRL 113, 081302 (2014)

Progress in Particle and Nuclear Physics 114 (2020) 103810
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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. Belli
arXiv:1006.5255

arXiv:1102.0815

PRL 113, 081302 (2014)

arXiv: 1803.10110

Progress in Particle and Nuclear Physics 114 (2020) 103810
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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. Belli
arXiv:1006.5255

arXiv:1102.0815

PRL 113, 081302 (2014)

arXiv: 1803.10110

arXiv: 1901.02139

Progress in Particle and Nuclear Physics 114 (2020) 103810
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arXiv:1102.0815

LNGS 

(LVD)

South Pole 

(IceCube)

ICRC 2009

DAMA: No. The muon rate is not high 
enough, and it is out of phase with the 
modulation. Bernabei 1202.4179!

DAMA’s signal may be caused by phosphorescence or relaxation of crystal 
defects caused by muons

UCLA DM 2012



DM-Ice17 Muon Events
Muon Flux

2.93 ± 0.04 muons/crystal/day,  
12.3 ± 1.7% modulation amplitude

IceCube Coincidence
• 93% of DM-Ice Det-1 muons are 

coincident with IceCube events

• DM-Ice location information lowers 

misreconstruction rates and improves 
location reconstruction through 
IceCube

– Little impact on astrophysical 

parameters
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Muon-Induced Phosphorescece in DM-Ice17

• Long-lived phosphorescence observed in DM-Ice17

• Muon hits followed by sharp increase in photon rate

➡ low energy pulses with 5.5 s decay time

Take away: too few muons & not enough photons for > 1 keV
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Detector effects
• e.g. quenching factor & channeling
- Potential variation among crystals

Measurement @ TUNL in collaboration w/ ANAIS

10

NaI(Tl) quenching factor measurement @ TUNL

M. Martinez, CAPA (U. Zaragoza)                                                                                              DSU2022, Sydney 5-9 Dec 2022
4

Collaboration between Yale, Duke 
and ANAIS 

Five small NaI(Tl) crystals from AS 
(different powder qualities)
measured in same set-up @ TUNL

QFI < 9.4 % @ 11.5 keV
QFI < 8.2 % @ 13.6 keV

Results for Na:

Calibration: 57.6 keV
(proportional response)

133Ba calibration
6.6, 30.8, 35.1 keV (linear)

• No differences among different crystals
• QFNa∼20% @ 30 keVNR, but energy calibration method changes the energy 

dependence (non-linearity!)

Results for I:

• Lower energy threshold 
needed for this measurement

• Only upper limits for two of 
the crystals

J. Physics (Conference series) 2156 (2022) 012065

Testing DAMA/LIBRA with NaI(Tl) scintillators

M. Martinez, CAPA (U. Zaragoza)                                                                                              DSU2022, Sydney 5-9 Dec 2022
3

CAVEAT: direct comparison in electron recoil energy, but the nuclear recoil energy is quenched and the quenching 
factor (Q) could depend on crystal properties 

γ

ER

NR

Mod Amplitude 
WIMP 50 GeV

The “true” NR energy is: What the experiments “see”:

Mod Amplitude 
WIMP 50 GeV

Systematics in the 
measurements or 
crystal dependency?

Experimental Q(Na) & Q(I) 
measurements:

Q = 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁/𝑘𝑘𝑘𝑘𝑘𝑘
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑁𝑁/𝑘𝑘𝑘𝑘𝑘𝑘

J. Physics (Conference series) 2156 (2022) 012065 

Curtesy of M. Martinez



Modulation introduced with DAMA-like analysis
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Talk by G. Adhikari, Poster by S. Hollick et.al.

~7σ modulation
opposite phase

COSINE-like analysis
COSINE-100 data

Fit for background, 
7 exponentials

Subtract single average 
per dataset

DAMA-like analysis

Fit residual for modulation

Single hit, 1–6 keV

Residual, 1–6 keV

Single hit, 1–6 keV

Residual, 1–6 keV

Single hit, 2–6 keV

Residual, 2–6 keV

Single hit, 2–6 keV

Residual, 2–6 keV

Fit residual for modulation

2–6 keV

1–6 keV

Impossible to confirm 
without rate vs. time



Future of NaI
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Prisca Cushman, Wednesday



Dark Matter searches with NaI
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Migdal effect Solar axion Inverse boosted DM

PRD 105, 042006 (2022) Astropart.Phys. 114 (2020) 0927-6505

PRL 122, 131802 (2019)

EFT Operators Sci Adv. 2021 Nov 12;7(46):eabk2699



COSINUS
• NaI crystals as cryogenic detectors 
• NR vs ER via TES sensors + SQUIDs: 
• - Heat (phonons) + scintillation 

14M. Stahlberg - COSINUS: Direct Search for Dark Matter with Cryogenic NaI Detectors, Patras Workshop 2021

COSINUS DETECTORS 4

‣ Idea: Operate NaI crystals as cryogenic detectors 

‣ Well-established technique 

‣ Two channels, read out via TES sensors + SQUIDs:  
 
- Heat (phonons) 
- Scintillation light  

‣ Example: „Beaker“ design - use Si beaker to collect light 

M. Stahlberg - COSINUS: Direct Search for Dark Matter with Cryogenic NaI Detectors, Patras Workshop 2021

EXPECTED SIGNAL 6

▸ With TES, achievable thresholds on the order of a few keV (in recoil energy) 

▸ Additional scintillation light allows for particle discrimination 

➡ Quenched bands

(this is what DAMA would see)

“The COSINUS project: perspectives of a NaI scintillating 
 calorimeter for dark matter search.“ 
The European Physical Journal C 76.8 (2016): 1-7.



SABRE-North/South

Goal:  ~0.1 dru background

Unambiguous test by running in both hemispheres

50 kg x 3 yr



Reina Maruyama

Conclusions
• DAMA sees annual modulation

• No signal from other direct detection experiments

• ANAIS-112 & COSINE-100 offer direct test, no clear observation of modulation

• However, no explanation for DAMA’s signal 

• SABRE & COSINUS may offer new information

• NaI to continue with dark matter searches (see G. Adhikari’s talk)
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Low energy calibration

M. Martinez, CAPA (U. Zaragoza)                                                                                              DSU2022, Sydney 5-9 Dec 2022

Detectors equipped with a Mylar window!     
Radon-free system for low energy calibration:
• 109Cd sources on flexible wires (radon-free)
• Energies: 11.9, 22.6 and  88.0 keV
• Simultaneous calibration of the nine modules
• Performed every two weeks 

29

• In addition to the 109Cd lines (22.6, 11.9 keV), for calibration & filtering protocols we use also 
internal bulk  contaminants 22Na and 40K summed up every 1.5 months

identified by coincidences with
high energy gammas

0.87 keV
3.2 keV

Eur. Phys. J. C(2020) 80:814

https://dama.web.roma2.infn.it/?page_id=279
https://indico.cern.ch/event/1107937/contributions/5100411/attachments/2559990/4412288/DSU_22_MMartinez.pdf
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