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Resolving DAMALow energy calibration
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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 
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• 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


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
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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



Bullet Cluster

Our Universe Needs Dark Matter
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All consistent with ~25% 
dark matter

ESA Planck

WMAP

Rotational Curves

Astrophysical Observations
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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 

Characteristics of dark matter
Dark matter must be…

• No charge
• Stable on cosmological times
• Have mass, moving slow
• Weak interactions with regular matter
• Interacted enough in the early Universe to come to 

thermal equilibrium
• local density: ρ = 0.39 ± 0.03 GeV/cm3
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Leading Candidates: 


Axions 
- mass ~10-3 – 10-6 eV

- Peccei-Quinn solution to the strong-CP 

problem

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

- weak scale cross sections results in 

observed abundance 



Reina Maruyama

Direct Detection Dark Matter Searches
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(Modified from: NASA/CXC/M.Weiss)

Earth (30 km/s)

Sun: 220 km/s

June

December

Rates Peak in June.

Drukier, Freese & Spergel PRD33 3495 (1986)



Reina Maruyama, Yale University

“Snowmass 2022”: U.S. Dark Matter Program 
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Snowmass 2022



Reina Maruyama, Yale University

WIMP Searches

7Worldwide effort, no sign yet of WIMPs



Reina Maruyama

Axion Searches, e.g. HAYSTAC Experiment

8
Magnet: 9 Tesla

Cryostat: ~60 mK

Quantum amplifiers

Piezoelectric tuning

 Microwave cavity



Current status of Direct Dark Matter Searches
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No sign of spin dependent WIMPs 

>10-46 cm2 @ 30 GeV 


No sign of spin-dependent WIMPs 

 >10-40 cm2


Experiments driving innovations toward low 
mass dark matter searches


Difficult to reconcile DAMA vs. other 
experiments

 Schumann, J. Phys G 46 103003 (2019)

https://iopscience.iop.org/article/10.1088/1361-6471/ab2ea5


• 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 

EPJC 73:2648 (2013)

NIMA 592 (2008) 297

sample energy spectrum

Eur. Phys. J. C (2010) 67 39

modulation observed @ 2-6 keV

DAMA/NaI & DAMA/LIBRA
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First claim for dark matter detection in 1997

http://arxiv.org/abs/1002.1028


Reina Maruyama, Yale University UCLA DM 2023

DAMA Sees Annual Modulation
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Modulation persists in DAMA Phase 2 
• (1 – 6) keV: 9.5σ from 1.13 ton- year
• (2 – 6) keV: 12.9σ from 2.46 ton-year
• Mod. amplitude: (0.0103 +/- 0.0008) cpd/kg/keV
• Phase: (145 +/- 5) days
• period: (0.999 +/- 0.001) year

Nucl. Phys. At. Energy 19 (2018) 307

Phase1 
Phase2

Prog. in Part. & Nuc. Phys. 114 (2020) 103810

https://arxiv.org/abs/1805.10486


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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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

Baum, Freese, Kelso, Phys. Lett. B 2019
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8.3 GeV 54.1 GeV

Na scattering
Iodine scattering

DAMA data

Expected sum

For canonical (isospin conserving) SI scattering



Interpretation of the DAMA Result

16
P. Belli,  

IDM2016

R. Bernabei



Canfranc

Boulby

Gran Sasso Kamioka

South Pole
Australia

Yangyang

NaI Experiments: a Global Effort

17

ANAISCOSINE-100SABRE
PICOLON

DM-Ice17

COSINUS
DAMA

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

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
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DM-Ice17 + IceCube Below

IceCube Lab

SPT/BICEP-II

IceTop

DM-Ice17



DM-Ice17

10/30/15

• 17 kg, NaI(Tl)
• Deployed December 2010
• 2200 m.w.e. overburden
• >99% uptime
• 3.5 years physics data
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Demonstrator for:
• Feasibility
• Environmental 

Stability
• Radiopurity of ice



DM-Ice-17 Construction & Deployment

20

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



MIT LNS Lunchtime Seminar, March 18, 2014Reina Maruyama

IceCube Detector Completion

December 2010



IceCube & neutrinos of Milky Way

22

SCIENCE, Jun 2023



Reina Maruyama – Yale

DM-Ice17 Results
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•  Proof of principle
• Southern Hemisphere operations

http://dm-ice.yale.edu PRD 90 092005 (2014)
PRD 93 042001 (2016) 
PRD 95 032006 (2017)
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ANAIS

KIMS (+ DM-Ice)

Canfranc

Yangyang

Boulby

NaI(Tl) Experiments 

Gran Sasso + Australia
COSINE-100SABRE

PICOLONKamioka

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)
arXiv:1903.10098 (2019) -> PRL

South Pole

COSINUS

DAMA COSINE-100

C1
C2

C3 C4

C5
C6

C7 C8



COSINE-100
• 107 kg of NaI(Tl) detectors, former DM-Ice and KIMS collaborations
• Taking data since September 2016.

25

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

http://cosine.yale.edu


COSINE-100 NaI(Tl) Crystals
• 8 crystals, total 106 kg, result of R&D 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

26

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)

+



Wright Lab, Yale UniversityReina Maruyama 

NaI(Tl) Detectors

27

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



Wright Lab, Yale UniversityReina Maruyama 

COSINE-100 Experimental Setup

28

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

2000 L Liquid Scintillator

40 cm

28

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



Wright Lab, Yale UniversityReina Maruyama 

COSINE-100 Construction

29
29

Dec. 2015 Jan. 2016 Feb. 2016

Mar. 2016

Apr. 2016

Jun. 2016

Sep. 2016



Wright Lab, Yale UniversityReina Maruyama 
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2018/2/8
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Total Livetime :463.2 days ( 93.4 %)

Good Data :451.9 days ( 91.1 %)

COSINE-100 Accumulated Data

COSINE-100 Operation

30

• Data taking since Sep. 2016
• Stable operation
• ~90% live time
• Near 100% uptime when not calibrating

• Data taking ended in 2023, move to Yemilab

Crystal Trigger Rate (all crystals): ~13 Hz

Muon Detector Rate: ~12 Hz

Calibration

• SET1 (59.5 days) - Background modeling, 
detector understanding, and WIMP analysis

• SET2+SET3 (585 days) - Annual modulation 
analysis



Wright Lab, Yale UniversityReina Maruyama 

Environmental Control & Monitoring

31

• < 0.1˚C temperature fluctuation of crystals in LS, 
0.5˚C/2% humidity inside shielding

• Online monitoring of 150+ environmental 
variables including radon, daq rates, etc.

Temperature

Humidity

Current/Voltage



PMT Waveforms

• The same events read in two channels: Anode and Dynode


- Anode signal with waveform sensitivity at single-photon level: Primary channel for dark matter search


- Dynode signal for high energy events: helps in understanding better the internal backgrounds in the crystals

32

Time Bin (2ns)

Anode Waveform

(0-120 keV)

Dynode Waveform

(50-10,000 keV)

Time Bin (2ns)

ADC 

count ADC 


count



PMT Noise Rejection

• Dominant noise from PMT noise
• Boosted Decision Tree (BDT) to clean up

33

Noise Scintillation



Separate noise via charge ratio of rising edge vs. falling edge

Event Selection

34
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Fig. 18 A two-dimensional plot of the fast and slow charge fractions
for Crystal-1. PMT noise events populate the high X2 and low X1 region
while signal events have low values of X2 and high values of X1

occur near one or the other end of the crystal, suggesting that
these events are caused by visible light produced near one of
the PMTs. Asymmetric events of this type are only weakly
correlated with the X1:X2 requirement, which exploits the
pulse development in time. To suppress these events, we
require that the absolute value of the asymmetry parame-
ter be smaller than 0.5. The combined efficiency estimated
using the 60Co events at 2 keV with the X1:X2 and asymme-
try selections is measured to be 98%, while rejecting 90% of
the PMT noise events.

Some noise pulses evade the X1:X2 cut and the asymme-
try cut. These contain merged pulse clusters that correspond
to an anomalously large number of SPEs. These are removed

Asymmetry
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Fig. 19 Energy versus asymmetry for Crystal-1 (see text for the def-
inition of asymmetry). Further noise event reduction is accomplished
by a selection criteria based on the asymmetry of the total charges mea-
sured by the two PMTs. The middle vertical band centered near zero is
predominantly due to β-/γ -ray-induced events inside the crystal, while
the highly asymmetric events with energies below a few keV are due to
events that are likely of PMT origin

by placing a limit on the average number of SPEs per cluster.
For example, we demand that a signal event should contain
roughly 2 SPEs or less per cluster at 2 keV. This requirement
is applied after the X1:X2 and asymmetry selection condi-
tions and the total efficiency of all three selections for the
60Co events at 2 keV is better than 95%, while the total PMT
noise rejection is 95%. The low energy spectrum after the
application of the three selection requirements is shown in
Fig. 20. Studies of other noise suppression parameters and the
development of a multivariate technique to optimize selec-
tions based on these are in progress.
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Fig. 20 Energy spectrum comparisons for four crystals from different
powder samples. (left) A zoomed view of the E ≤ 20 keV region of the
spectrum. The background levels are lowest for Crystal-4 and Crystal-6,
which reflect their lower 210Pb and 40K contamination levels. The spec-
tra were made after the application of the three noise rejection criteria.
(right) The peak near 50 keV reflects the 210Pb contamination level in

each crystal. Crystal-4 and Crystal-6 have been underground for less
than 1 year and so cosmogenic peaks (e.g. 125I at 67.8 keV) are addi-
tionally seen. These spectra are obtained using 59.5 days of the initial
data. We have estimated efficiencies at 2 keV better than 95% using
60Co Compton calibration data. Therefore, efficiency corrections are
not applied

123

Noise

Signal

Eur.Phys.J. C 78 107 (2018)

Slow charge  
fraction (X1)

Fast charge  
fraction (X2)

Time (ns)



Event Selection: Asymmetry & Charge/Peak
• Additional noise reduction:

- Charge asymmetry between 2 PMTs 
in each crystal

- Charge/peak: Average charge per 
SPE

- BDT

35

PMT Noise

signal

35



• 2 - 4 counts/keV/kg/day in region of interest depending on the crystal

• 210Pb (t1/2 = 22 yr), U/Th in internal components (crystal growing/raw material)

• 210Pb on crystal & PTFE surface

• Cosmogenic components: 125I (59 d), 109Cd (461 d), 3H (12 yr)

Low Energy Spectrum

36

125I

ROI

210Pb (bulk+surface)

Leading edge: 

surface contamination

DAMA/LIBRA

Eur.Phys.J. C 78 107 (2018)



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

Background in Data vs. Simulations

37

Simulation within R&D array (C3)

Data

Sim Total

Surface 210Pb

40K

COSINE-100
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Crystal C7 single hit low energy spectrum + model 

Eur.Phys.J. C 78 (2018) 490



COSINE-100: no excess over known backgrounds
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COSINE-100, 59.5 days

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

39

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



Modulation introduced with DAMA-like analysis

40

~7σ modulation
opposite phase

COSINE analysis
Fit for background, 
7 exponentials

Subtract single average 
per dataset

DAMA-like analysis

Fit residual for modulation
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Low energy calibration
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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://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


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))

Best fit compatible with zero (1σ)

Incompatible with DAMA/LIBRA at 3.9σ 

(2.8σ) for [1-6] ([2-6]) keV

Sensitivity 3 yrs data: 2.9σ for [1-6] & [2-6] 

keV

5σ in late 2025



Detector effects
• e.g. quenching factor & channeling

- Potential variation among crystals
Measurement @ TUNL in collaboration w/ ANAIS

43

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



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

44M. 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



吉田卯三郎

Yoshida Usaburo


Kyoto University, ~1930

(My great grandfather) 



Letter to Yoshida 

from Yukawa Hideki


1939



Historical Yale-東大 Physics Connection
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Yamakawa Kenjirō

山川 健次郎

1854 – 1931

• First Japanese PhD from 
Yale in 1875 (Edward 
Bouchet - 1876)


• First Japanese professor of 
physics at Tokyo Imperial 
University (now University of 
Tokyo)


• President of Tokyo U, 
Kyushu, Kyoto


• Helped established physics 
in Japan



Historical Yale-Japan Connection
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Daughters of the Samurai 
Janice P. Nimura

Chronicles the lives of Yamakawa 
Sutematsu (Yamakawa Kenjiro’s sister), 
Nagai Shige, and Tsuda Ume who were 
sent to America as part of the Iwakura 
Mission in 1871

https://en.wikipedia.org/wiki/%C5%8Cyama_Sutematsu
https://en.wikipedia.org/wiki/%C5%8Cyama_Sutematsu
https://en.wikipedia.org/wiki/Ury%C5%AB_Shigeko
https://en.wikipedia.org/wiki/Tsuda_Umeko
https://en.wikipedia.org/wiki/Iwakura_Mission
https://en.wikipedia.org/wiki/Iwakura_Mission


Developing Tools for Discoveries 

Advancing frontiers of nuclear, particle, and 
astrophysics including studies of neutrinos; searches 
for dark matter; understanding matter; exploration of 
quantum science and observations of the early 
Universe.

State-of-the-Art Facilities
 

https://wlab.yale.edu

Training Future Scientists

Exploring the Invisible Universe

World-leading Science

https://wlab.yale.edu


Research WorldwideExploring the Invisible Universe



Reina Maruyama, Yale University

“Snowmass 2022”: U.S. Dark Matter Program 
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Snowmass 2022



Reina Maruyama, Yale University

“Snowmass 2022”: U.S. Dark Matter Program 
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Snowmass 2022



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 
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Low energy calibration
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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

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
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

