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Direct DM Searches : 

 Threshold Detectors and  

New Techniques 



Superheated Liquids as Threshold Detectors  
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Idea: 

• SHL is a fluid in a metastable state  

• which can be quenched by energy depositions of particles  

• Tiny energy deposition  Macroscopic phase transition 

• ….but  ’s cannot or almost! 
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Pvap 

« proto-bubble »  

Bubble chamber principle:                       (D. Glaser, 1952)‏ 

•  Edep < Ethr within Rcrit  proto-bubble collapses 

•  Edep > Ethr within Rcrit  irreversible bubble expansion! 
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•  Edep > Ethr within Rcrit  irreversible bubble expansion! 
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Much simpler for DM  search! 
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Superheated Liquids as Threshold Detectors  

Rcrit = 24nm 

Pop = 2b 
Pvap = 6b 

C3F8  Top = 14o   
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What does it take to create a bubble ?           

Surface energy               Latent heat 
    (1.53 keV)                     (1.81 Kev) 

Fluids of choice: Fluorinated halocarbons  SD, SI 

 C4F10, C5F12, C3F8, CF3I,…‏(right surface tension)   

 But in principle any liquid  
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Threshold energy  Ethr is set by varying (Top, Pop) 

C3F8, CF3I…  

Crit. Radius 
    (24 nm) 



PICASSO/SIMPLE 

Technical Realizations   

COUPP/PICO/SIMPLE 

Bubble chambers  

MOSCAB 

Cold Vapour 

Hot 
Superheated 

fluid 

Droplet detectors 

Condensation chambers   “Geyser”  

Acoustic & optical read out 

Acoustic & optical read out 

Acoustic  read out    150 m   



• Energy deposition depends  
      on particle type. 
  
• Can tune detector to be  
      sensitive to certain types only 
 
• Better than 10-10  rejection of 

electron recoils (,  ) 
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Particle Discrimination in Superheated Liquids 



Can set superheat parameters (T, P) such that detector is blind to electronic recoils  
 

Superheated Liquids and Gamma Rejection 

 10-10  rejection or better!  



Particle Responses  

Threshold device with integrating response 
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Any  is counted along with DM candidates!    

's from 22Na, 60Co..   

Recoil nuclei from 
50 GeV /c2 WIMP 

Neutrons from 
AcBe source      
(data + MC)‏ 

 

-response    

Threshold energy (keV) 



Acoustic Alpha Discrimination 

Discovery of acoustic discrimination against alphas by 
PICASSO (Aubin et al, New J. Phys 10:103017, 2008) 
 

• Alphas deposit energy over tens of microns 

• Nuclear recoils deposit theirs in tens of nanometers 

• Alphas are several times louder ! 

• Alpha rejection> 98.2%  

𝐼=
𝜚𝑉 
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Acoustic intensity 
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Calibration of Energy Threshold 

Mono-energetic n-test beam  @ Montréal tandem accelerator 

C4F10  Droplet detectors 

EF
max 

= 0.18 x E
n 

Erec = 0.86 keV 

C3F8   PICO 0.3L  Bubble ch. 

+ Y/Be source  U-Chicago 
+ Am/Be sources  SNOLAB/Montreal  

Recoil spectrum for mono-
energetic neutrons 

EF
max 

= 0.18 x E
n 



Merger of PICASSO and COUPP Collaborations 

• Develop the BC technology with the ultimate goal of building a tonne 
scale detector at SNOLAB 

 
• Fully explore the Spin-Dependent sector with F-loaded targets and 

particular sensitivity to low mass WIMPs 
 

• Exploit the multi target capacity of this approach (C3F8, CF3I…) 
 

                 PICO 2L → PICO 60 L → PICO 250 L 

Queen’s, Valencia, PNNL, Northwestern,  Saha, FNAL, Toronto, Chicago, Montreal, Laurentian, SNOLAB, Alberta, Mexico, Drexel   

    see R. Neilson’s talk 



Operation Principle of PICO Chambers   

4 L  

Bubble event:  Cameras trigger, 
record position, Microphones  
record acoustic traces 

Raise pressure to stop bubble growth 
(100ms), reset chamber (30sec) 

Pressure drop to 
superheat state 

PICO 2L :  COUPP4 with C3F8  

    see R. Neilson’s talk 



PICO 2L @ SNOLAB – Run1 
C. Amole et al.: Phys. Rev. Lett. 114, 231302 (2015) 

• 212 kgd exposure of C3F8 

• 4 thresholds (3 – 8 keV) 

• 12 anomalous nucl. recoil events 

• Timing not random! 

• Rejected by optim. interval analysis  

         No DM signal detected! 

 

World best Spin Dependent WIMP-proton 
limits for direct detection! 

    see R. Neilson’s talk 

Spin Independent results  
challenge signal claims!  



New Run 2 consistent with n-background !!! 

    see R. Neilson’s talk 

PICO 2L @ SNOLAB – Run2 (ongoing) 

• Nat. quartz flange replaced by 
fused silica 

 

• Physics run 2: since  06/15 

• Enhanced procedures against  
      part. contamination 

       RUN1                                               RUN 2  



PICO 60 CF3I @ SNOLAB 
    see R. Neilson’s talk 

     June 2013 – May 2014   (3415 kgd) 



PICO 60 CF3I @ SNOLAB   

• Largest Dark Matter  BC ever  

• Run Start at SNOLAB April 2014 

• 36.8 kg of CF3I  & 3415 kgd exposure 

• Threshold  9 - 25 keV  

• Anomalous recoil events due to particulates  

 

     After cuts no DM candidates remaining! 

    see R. Neilson’s talk 



    see R. Neilson’s talk 

PICO 60 CF3I @ SNOLAB 

Preliminary Limits  

• PICO 60 with C3F8  SD sensitivity 

• New fused silica vessel, recirculation/filtering 

• Staged array of 60L modules 

Next: 



27 L Chamber 
 

• Condensation chamber  « Geyser » 

• No extern. intervention   (5 sec dead time)  

• C3F8 + glycol buffer 

• Prototype 0.5L  successfully tested      

• 40 kg unit to LNGS  staged array x 10 

MOSCAB  Materia Oscura A Bolle  
Milano, Prague, Valencia 

27 L Chamber (40 kg)  

2 Cameras 50 fps 0.5L Prototype 

AmBe(n) 

See A. Pullias’s talk 



• Competitive results in 2012 with array of 15 droplet detectors  (C2ClF5 ) 

• Single large 1 kg  ball in smooth polymer sheathing 

• Phase III : 4  x 1 kg  10 -16 kHz acoustic -discrim.  

• Phase IV : 1 ton modular in LSBB “Capsule” ( former nuclear missile control !!!)  

 

SIMPLE  @ LSBB (Laboratoire Souterrain Bas Bruit, Apt, France) 
U. Lisbon, T.U. Lisbon, LSBB 

2m n-shielding 

Phase IV (in Capsule) 

1500 m.w.e  

E3S Web of Conferences 4, 01001 (2014) 



Coming Up:  The Scintillating Bubble Chamber! 

            Bubble Chamber  
 
• 10-10 discrimination against ER!  
 
• Cannot measure deposited energy 

     Two-phase liquid scintillation detector  
 
•  10-4   discrim.  against ER  
 
• Can measure deposited energy! 

Combine the technologies! 

LXe:    106 improvement in ER discrimination  

LAr:  pulse shape discrimination at higher energies, can achieve 
low thresholds with coupling to Bubble chamber technology 
 
Scintillating Fluorinated Halocarbons:    Spin dependent searches 

J. Mock et al, Berkeley Workshop on Dark Matter Detection, June 2015 



• LXe BC operated in the past                      ….with quencher to see gammas 

• No quencher needed for DM search       ….we do not want to see gammas!  

• LXe is a well understood DM target 

  

A Scintillating Xenon Bubble Chamber 

IONIZATION or CHARGE 

SCINTILLATION OR LIGHT 

PHONONS OR HEAT 

LUX CDMS 

CRESST 

Xe bubble 
chamber 

Phys. Rev. Lett. 112, 
091303 (2014) 

Phys. Rev. Lett. 112, 
241302 (2014) 

• Initially scintillation & heat 

• Later ionization  (TPC?) 

J. Mock et al, Berkeley Workshop on Dark Matter Detection, June 2015 

All three modes accessible! 



Northwestern U.  
• No buffer fluid  
• Thermal gradient to isolate superheated region   
• VUV PMT collects S1 photons 
• Piezo measures acoustic signal  
 

R & D on Scintillating LXe Bubble Chambers 

To hydraulic controller 

-50 °C 

-100 °C 

VUV PMT 

Mirror 

Camera 

IR LEDs 

Thermometer 

Piezo 

U. of Albany 
• Buffer fluid 
• TPB wavelength shifter 
•  CCD camera bubbles + LXe scintillation! 

E. Dahl , J. Mock, J. Zhang  et al,  
Berkeley Workshop on Dark Matter Detection, June 2015 

First light soon!  



Bubble chambers for Dark Matter are coming of age 
 
Excellent  rejection of  ,  ,  events 
 
Multi target capability  C3F8, CF3I…. 
 
PICO 2l, PICO 60 L with world best limits in SD sector 
 
MOSCAB and SIMPLE ramping up 
 
 
 
 
 Bright  & scintillating  future ! 

     Threshold Detectors:  Summary 



          New techniques …. 

 

  …extending the low mass frontier 



   Thermal, relic  
WIMP like DM could  
be light  M  < 1 GeV; 
Asym. DM…. 
What sensitivity? 
 



Matt  Pyle, LBL:  DM  Workshop   06/08/15 

THE LOW MASS WIMP DIRECT DETECTION CHALLENGE 

Conventional detectors   small or zero sensitivity  

                                                                  for slow moving cosmological  WIMPS ! 



New Experiments With Spheres  

• Ethr = 120 eV demonstrated in Ne @3b  

• Localisation by rise time 

• 2 LEP cavities with 130 cm  tested 

• SEDINE @LSM: low activity 60  cm  Ø  module  300g  Ne+0.7%CH4 @ 3 bar 

• Spherical cavity + sensor 

• Proportional counter mode 

• Target: Ar, Ne, He, H (CH4)  

• Large volume/mass (30g) 

• Single channel R/O 

• Low threshold – low cap.   1pF 

 

Queen’s, SNOLAB, Saclay, LSM, Tessaloniki, Grenoble,  Munich 

G. Gerbier SNOLAB Future Planning WS August  2015 



G. Gerbier SNOLAB Future Planning WS August  2015 



• 1.4 m  sphere in 8 m  Water tank 

• Ne fill 10 b    12.5 kg    (also He, CH4) 

• Design, construction, commissioning 2015 – 2017 

@ SNOLAB !                     

G. Gerbier SNOLAB Future Planning WS August  2015 



Other physics: low mass spin dependent WIMPS (H-target) -  KK axions – Coh.  scatt. 

G. Gerbier IPP June 14, 2015 

 Projected SI Limits vs Current & Future Competitors   

100 kgd;  Ethr = 100 eVNR 

G. Gerbier SNOLAB Future Planning WS August  2015 



• Science-grade CCDs as  particle detectors 

• Low threshold < 50 eVee  (-140 C) 

• Energy resol. : 63 eV RMS @ 5.9 keV 

• 3-D reconstruction  (diffusion)  

• Search for low Mass WIMPs and other candidates 

DAMIC:  DArk  Matter In CCDs 

Pixel size:     15m x 15 m 

# pixels:        8 Mpix / 16 Mpix 

Thickness:    250 m / 675 m 

Mass:            1g / 5.8g 

 

Fermilab, Chicago, Zûrich, Michigan, UNAM, FIUNA, CAB 

2012 installed at SNOLAB 

P. Pivitera SNOLAB Future Planning WS August  2015 

See P. Privitera’s talk 



A. Aguilar-Arévalo, Vail Conf., May 2015 



Coming up: 

• DAMIC 100:   100 g of Si (18 modules) 

• 2015: 1 x 16 Mpix CCD installed 

• Data taking started   

• Adding gradually more modules 

Towards DAMIC 100 

Results: 

2012  Exposure  107 gd (FNAL) 

2014  Exposure 0.3 kgd (SNOLAB) 

A. Aguilar-Arévalo, Vail Conf., May 2015 

See P. Privitera’s talk 



Scaling up to DAMIC 1kg 
See P. Privitera’s talk 

• 6k x 6k pix. CCD,  1mm thick  20g 

• 50 CCD’s /kg 

• R&D on R/O noise reduction  (1/10 e-) 

• Potential scientific reach similar to G2 

• R&D started 

Si-wafer 



New Techniques… 
 
 
…to explore the dark sector   



R. Essig, Berkeley WS 2015  

• Actually MeV Dark Matter well motivated !!! 

• Interaction with ord. matter by “dark force” !Ψ 

• Gauge boson !Ψ which mixes kinetically with  

• Light vector mediator decays to low mass WIMPs 

Moving Beyond the standard WIMP … 

Who lives here? 

Boehm, Fayet; Pospelov, Ritz, Voloshin; 
Batell, Pospelov, Ritz; Lin, Yu, Zurek; 
Izaguirre, Krnjaic, Schuster, Toro; … 



BDX:  Search For DM in the Dumps! 

• Production of a DM beam @ CEBAF / Jefferson Lab 

• 11 GeV electron beam,  100 A 

Production   Detection: 
• Elastic   N, e-scattering   

• Senitivity to MeV nucleon recoils 

• Sensitivity to GeV e.m. – showers 

• Main backg. cosmic n,  

,e- 

Genova, Jlab, Perimeter, Bari, Sassari, Catania, Ferrara, Roma, Frascati, Padova, Torino, Durham, Glasgow, 

Washington, Hampton, Norfolk, Edinburgh, Athens 

see Izaguirre, Krnjaic, Schuster, Toro; Diamond, Schuster; Battaglieri et.al. 



see Izaguirre, Krnjaic, Schuster, Toro; Diamond, Schuster; Battaglieri et.al. 

BDX:  Experimental Technique 

• Good time resolution  (beam-uncorr. BG) 

• 1 m3 segmented array of plastic scintillators + Pb-foil 

• ~ MeV threshold for nucleon recoil  

• EM showers detection  ( > 100 MeV) 

• Basic module 40 x 30 x 30 cm  

• Full detector:  30 modules  in a row 

 

Time coincidence 

• Also: LSND, BaBar, MiniBoone, E137 
• Future: DAEDALUS, SHiP, COHERENT, CENNS  
• Complemented by searches for dark photons 

Cormorino 



A. Ritz and P. deNiverville, 

 Low Mass DM in the T2K Neutrino Beam 

• Similar to the neutral-current quasi-elastic 
neutrino-oxygen interaction 
 

• 6 MeV de-excitation  in Super-K after  - 16O 
NCQE 
 

• Quasi-elastic nuclear knockout followed by 
secondary ’s 
 

•  -  discrimination using time of flight 

T2K Super-K 
projected 
sensitivity 
for 1 event 

C. Nantais, CAP Congress, Laurentian U.,  2014 



New Techniques … 

 

        …to confirm a signal ! 

                      

          



Exploit Directionality ! 

 Strong day/night modulations expected / Cygnus! 
 Low pressure TPC’s  CF4, CS2..... 

  Powerful backg. rejection 

18 L 6.6 g 

DMTPC 

• Up to now small mass (100g) 
• Huge det. volumes required   > 1000 m3  
• Scale up from  1m3 modules  (DMTPC et al.) 

But:  
• Important to consolidate WIMP signals  
• Important follow-up experiment 
 

DRIFT III 

See talks by M. Leyton, F. Gracia Garza 

Trex@Spain 



Dir. search on equatorial telescope  Cygnus 

Solid target 3.2 g/cm3  100 kg – 1ton 

Small recoil track length O(100 nm)  

Opera emulsion grains too large  (x5 needed)  

High resolution emulsion R&D at Nagoya 

 Nano Imaging Tracker (NIT) 

  

NEWS: Nuclear Emulsion Wimp Search 
Napoli, LNGS, INFN, Bari, Nagoya 

NIT: AgBr crystal ~40nm OPERA: AgBr crystal ~200nm 

N. Tatsuhiro, Cosmic Frontier WS, SLAC March 2013 

See N. DiMarco’s talk 



NEWS 25 kg 

XENON 100 
NEWS 1ton 

0 backg / 100 nm 

• Optical (autom.) and X-ray R/O systems ready 

• Readout efficiency > 80 % @ for 200 nm C- tracks 

ang. resol.  170  @ 400 keV Kr 

Read Out Step1  

Optical shape scan  (20 cm2/s)  

Read Out Step2  

X –ray scan:   

See N. DiMarco’s talk 

NEWS: Nuclear Emulsion Wimp Search 

Optical confirmation w. pol. Light  O(10 nm)  



Directional  DM search in 20 t LAr? 

Directional Searches in LAr 

G. Fiorillo, U. Napoli  



New Techniques … 

 

…and other fascinating ideas! 

                      

          



 

…and many other fascinating ideas: 
 
 
Noble liquids threshold 10 eV sensitive to 10 MeV  (Xe10) 
 
Semiconductor targets 1ev (band gap) sensitive to 1 MeV R&D needed 
 
Superfluid LHe 
 
NEXT / OSPREY TPC Xenon/TMA 
 
Anisotropic scintillators (dir. Det) 
 
DNA detector  (dir. Det.) 
…. 
… 
. 
 
 
 
 



Conclusions              

Fixed target and beam dump searches are ready to  investigate the 
sub-GeV mass range  in the dark sector 

Bubble chambers have excellent background rejection features,   
are world leading in the SD – sector and go for the tonne scale  

High resolution nuclear emulsions provide  unique large target mass 
tracking for directional searches 

The spherical  TPC  has demonstrated its potential to extend  DM 
searches vastly into the low mass  WIMP sector      

CCD’s achieve very low threshold and will provide strong 
constraints on low mass DM  soon   

…and many more fascinating new techniques are on the drawing 
board  



BACKUP 


