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Bullet	
  cluster	
   Galaxy	
  rota/ons	
  

Will	
  start	
  from	
  here.	
  
If	
  you	
  think	
  DM	
  is	
  not	
  there,	
  the	
  
discussion	
  could	
  be	
  long.	
  

Par/cles	
  we	
  
should	
  have	
  in	
  our	
  
galaxy.	
  	
  Weak	
  
interac/ons.	
  



DAMIC	
  	
  
Science	
  
region	
  

Low	
  threshold	
  
detectors.	
  

Large	
  mass	
  detectors	
  



Why	
  CCDs?	
  



Janesick	
  

Precision	
  of	
  the	
  measurement	
  
only	
  depends	
  on	
  the	
  last	
  
bucket!	
  

CCD	
  readout	
  



First	
  CCD	
  1974	
  (2009	
  Nobel	
  Prize)	
  



1.8	
  e-­‐	
  RMS	
  noise:	
  this	
  is	
  what	
  makes	
  
DAMIC	
  unique:	
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Single pixel distribution

Noise	
  measured	
  at	
  SNOLAB.	
  DECam	
  
prototype	
  electronics!	
  	
  

1e	
  ≈	
  3.6eV	
  	
  à	
  40eV	
  threshold	
  is	
  possible	
  (x10	
  lower	
  than	
  closer	
  compe/tor)	
  	
  



LBNL	
  has	
  developed	
  thick	
  CCDs…	
  massive	
  piece	
  of	
  silicon	
  with	
  
2e-­‐	
  readout	
  noise!	
  



Pixels	
  are	
  tall	
  and	
  thin.	
  We	
  do	
  this	
  in	
  astronomy	
  to	
  get	
  higher	
  efficiency	
  in	
  the	
  IR.	
  
It	
  is	
  not	
  free…	
  op/cal	
  imaging	
  with	
  skyscrapers	
  is	
  challenging.	
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   To	
  get	
  larger	
  mass,	
  

we	
  are	
  really	
  pushing	
  
this	
  on	
  DAMIC.	
  
	
  
New	
  sensors	
  are	
  
650um	
  thick,	
  with	
  
pixels	
  15	
  um	
  x	
  15	
  
um.	
  

Thanks	
  LBNL-­‐MSL!!!!	
  

Steve	
  Holland	
  
“CCD	
  Developer	
  Extraordinaire”	
  	
  
Asteroid	
  #40981	
  name	
  in	
  his	
  honor.	
  
	
  



Dark	
  Energy	
  Survey	
  and	
  the	
  Dark	
  
Energy	
  Camera	
  are	
  possible	
  thanks	
  
to	
  these	
  sensors.	
  



Enabling	
  Technology	
  :	
  thick	
  CCD	
  
detectors	
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DECam	
  detectors	
  are	
  250um	
  thick	
  and	
  8	
  Mpix,	
  1g	
  per	
  CCD.	
  DAMIC	
  started	
  with	
  this.	
  
DAMIC-­‐100	
  is	
  now	
  going	
  to	
  675	
  um	
  thick	
  and	
  16	
  Mpix,	
  5.2g	
  per	
  CCD.	
  In	
  2014	
  installed	
  the	
  first	
  
675um	
  detectors,	
  provided	
  by	
  LBNL	
  to	
  test	
  the	
  concept.	
  
	
  



DAMIC	
  Sensors	
  (2013):	
  
	
  



4k	
  

2k	
  

Channel	
  U	
  
Channel	
  L	
  

The	
  noise	
  is	
  determined	
  by	
  the	
  capacitance	
  of	
  the	
  output	
  node.	
  
The	
  ac/ve	
  pixels	
  are	
  decouples	
  from	
  the	
  readout	
  node!	
  

15	
  x	
  15	
  um	
  pixels	
  

DAMIC	
  Sensors:	
  
	
  
250	
  um	
  thick	
  CCD	
  
Developed	
  by	
  LBNL	
  Microsystems	
  LAB	
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Par/cle	
  ID	
  with	
  15um	
  pixels.	
  
Diffusion	
  limited	
  hits	
  are	
  dark	
  
mafer	
  candidates.	
  
	
  

muons,	
  electrons	
  and	
  diffusion	
  
limited	
  hits.	
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Two	
  Universi/es	
  from	
  the	
  US,	
  one	
  Na/onal	
  Laboratory	
  and	
  5	
  
ins/tu/ons	
  from	
  abroad.	
  	
  
	
  
Centro	
  Atomico	
  Bariloche,	
  Argen/na	
  :	
  Xavier	
  Bertou	
  
Fermi	
  Na/onal	
  Accelerator	
  Laboratory,	
  USA	
  :	
  Gustavo	
  
Cancelo,	
  Juan	
  Estrada	
  
Universidad	
  Federal	
  Rio	
  Janeiro,	
  Brazil:	
  Joao	
  de	
  Mello	
  Neto	
  	
  
Universidad	
  Nacional	
  de	
  Asuncion,	
  Paraguay:	
  Jorge	
  Molina	
  
Universidad	
  Nacional	
  Autonoma	
  de	
  Mexico:	
  Alexis	
  Aguilar,	
  
Juan	
  Carlos	
  D’Olivo,	
  Frederic	
  Trillaud	
  	
  
University	
  of	
  Chicago	
  ,	
  USA	
  :	
  Paolo	
  Privitera	
  
University	
  of	
  Michigan,	
  USA	
  :	
  Tom	
  Schwarz,	
  Dante	
  Amidei	
  
University	
  of	
  Zurich,	
  Switzerland:	
  Ben	
  Kilminster	
  
	
  

DAMIC	
  CollaboraOon	
  



DAMIC	
  /meline	
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•  2010-­‐2011	
  Test	
  at	
  NuMI	
  detector	
  hall	
  FNAL	
  (350’	
  underground)	
  
•  Single	
  DECam	
  engineering	
  CCD.	
  	
  
•  Ac/ve	
  mass	
  =	
  0.5g	
  
•  No	
  neutron	
  shield	
  
•  PublicaOon	
  showing	
  the	
  potenOal	
  of	
  the	
  technology	
  (DAMIC	
  2012)	
  

•  2012	
  SNOLAB	
  (6800’	
  underground)	
  
•  DECam	
  engineering	
  grade	
  CCDs.	
  	
  
•  Ac/ve	
  mass	
  ~10g.	
  
•  Limited	
  by	
  background	
  in	
  CCD	
  package	
  (ceramic)	
  +	
  lead	
  shield.	
  
•  CollaboraOon	
  starts	
  forming	
  

•  2014	
  Upgrades	
  at	
  SNOLAB	
  	
  (DAMIC-­‐100	
  R&D)	
  
•  Silicon	
  only	
  package	
  (no	
  ceramic)	
  
•  Ancient	
  lead	
  introduced	
  in	
  the	
  inner	
  shield	
  (U.Chicago)	
  
•  675	
  um	
  thick	
  CCDs	
  (not	
  DECam	
  anymore)	
  
•  Ac/ve	
  mass	
  ~	
  10g	
  
•  Well	
  established	
  internaOonal	
  CollaboraOon	
  
•  Preliminary	
  results	
  shown	
  today.	
  

•  Now	
  
•  Moving	
  to	
  100g.	
  	
  
•  Unpackaged	
  sensors	
  in	
  hand	
  at	
  FNAL.	
  
•  Installed	
  last	
  week	
  a	
  copper	
  box	
  for	
  18	
  CCDs	
  filled	
  with	
  4	
  sensors	
  
•  Improves	
  Nitrogen	
  purge.	
  
•  Comple/on	
  of	
  100g	
  upgrade	
  expected	
  for	
  Summer	
  2015.	
  





DAMIC	
  sensors	
  (2015)	
  

Thick	
  CCDs	
  
16	
  Mpix	
  ,	
  675	
  um	
  thick,	
  5.2	
  g	
  
(8	
  Mpix	
  prototype	
  shown	
  here)	
  
Now	
  using	
  CCD	
  quality	
  silicon	
  for	
  the	
  backing	
  structure.	
  	
  



AlN	
  frame	
  turned	
  out	
  to	
  be	
  	
  high	
  in	
  ac/ve	
  isotopes	
  (U).	
  
Replaced	
  with	
  Si	
  support	
  for	
  a	
  x10	
  drop	
  in	
  background.	
  



Stack	
  of	
  18	
  CCDs	
  for	
  get	
  to	
  100g.	
  
Inside	
  a	
  copper	
  box,	
  cooled	
  to	
  -­‐140C.	
  
(3	
  prototype	
  sensors	
  shown	
  here)	
  



Stack	
  mounted	
  inside	
  copper	
  vessel.	
  Inner	
  lead	
  shield	
  inside	
  vacuum.	
  Detectors	
  operated	
  
at	
  -­‐140C.	
  	
  Innermost	
  inch	
  using	
  ancient	
  lead	
  (<0.02	
  Bq/kg210Pb)	
  to	
  stop	
  50	
  Bq/kg	
  of	
  210Pb	
  
from	
  outer	
  layers.	
  

Lead	
  shield	
  



Upgrade	
  12/2014	
   Nitrogen	
  gas	
  bag.	
  12/2014	
  

SNOLAB	
  is	
  an	
  amazing	
  place,	
  and	
  a	
  beau/ful	
  lab.	
  Excellent	
  support	
  from	
  the	
  local	
  
personnel,	
  reasonable	
  level	
  of	
  bureaucracy	
  and	
  great	
  infrastructure.	
  All	
  this	
  with	
  0.25	
  
muons/m2/day	
  at	
  2000	
  mts	
  below	
  the	
  surface.	
  	
  Thanks	
  SNOLAB!	
  



Typical	
  DAMIC	
  upgrade	
  cycle	
  (1	
  week)	
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•  Weekend	
  
•  Warmup	
  

•  Monday:	
  
•  Early	
  team	
  arrives	
  to	
  take	
  shield	
  apart	
  

•  Tuesday:	
  
•  CCD	
  team	
  arrives	
  
•  vessel	
  out	
  of	
  shield	
  
•  Open	
  vacuum	
  vessel	
  

•  Wednesday:	
  
•  Work	
  inside	
  vacuum	
  vessel	
  (reduced	
  number	
  of	
  people)	
  
•  Install	
  more	
  CCDs	
  (for	
  example)	
  

•  Thursday:	
  
•  Close	
  vessel	
  
•  Cooldown	
  with	
  par/al	
  Shield	
  
•  Check	
  status	
  overnight	
  

•  Friday:	
  
•  Finish	
  closing	
  shield	
  

	
  
	
  
This	
  usually	
  involved	
  some	
  FNAL	
  technical	
  personnel,	
  and	
  scien/fic	
  staff	
  from	
  FNAL	
  and	
  U.Chicago.	
  



The	
  two	
  most	
  cri/cal	
  
components	
  of	
  DAMIC.	
  
Alvaro	
  Chavarria,	
  postdoc	
  at	
  
KICP-­‐U.Chicago.	
  Javier	
  
Tiffenberg	
  postdoc	
  Fermi	
  
Center	
  for	
  Par/cle	
  
Astrophysics.	
  



Now	
  the	
  result,	
  and	
  then	
  the	
  details	
  on	
  how	
  we	
  got	
  there.	
  

3/4/15	
   Juan	
  Estrada	
  |	
  DAMIC	
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DAMIC	
  Preliminary	
  result	
  –	
  Best	
  world	
  limit	
  @	
  low	
  mass	
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30	
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6	
  kg-­‐day	
  

-­‐-­‐	
  DAMIC100	
  R&D	
  



Calibra/on	
  using	
  X-­‐rays	
  



3/4/15	
   Presenter	
  |	
  Presenta/on	
  Title	
   29	
  



Diffusion	
  measurement	
  using	
  a	
  muon	
  track.	
  



Diffusion	
  measurement	
  using	
  a	
  muon	
  track.	
  



Diffusion	
  measurement	
  using	
  a	
  muon	
  track.	
  



Neutrons	
  fro	
  252Cf	
  

Once	
  diffusion	
  is	
  
measured,	
  we	
  can	
  
simulate	
  X-­‐rays	
  and	
  
neutrons	
  on	
  the	
  CCD	
  and	
  
compare	
  with	
  the	
  data.	
  
	
  
This	
  is	
  important	
  for	
  our	
  
DM	
  analysis.	
  



Data	
  Collec/on	
  in	
  DAMIC.	
  
(very	
  long	
  darks)	
  















Likelihood	
  difference	
  between	
  noise	
  and	
  2D	
  Gaussian	
  hit.	
  Blanks,	
  with	
  no	
  real	
  hits,	
  
are	
  used	
  to	
  determine	
  cuts.	
  





3	
  CCDs	
  used	
  for	
  this	
  analysis	
  (one	
  was	
  not	
  working	
  well).	
  Look	
  very	
  similar	
  to	
  
blanks.	
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Simula/on	
  used	
  to	
  es/mate	
  the	
  efficiency	
  down	
  to	
  
threshold.	
  Based	
  on	
  this	
  efficiency,	
  an	
  exposure	
  is	
  
calculated.	
  



No	
  wimp	
  detected	
  

Background	
  	
  was	
  s/ll	
  high	
  for	
  
Dec-­‐2014.	
  We	
  associated	
  this	
  to	
  
Randon	
  in	
  the	
  volume	
  around	
  
the	
  lead	
  shield.	
  	
  
	
  
We	
  had	
  nitrogen	
  gas	
  purge,	
  with	
  
suspicious	
  performance.	
  Now	
  
things	
  are	
  a	
  bit	
  befer	
  (~1/2),	
  but	
  
there	
  is	
  s/ll	
  something	
  for	
  us	
  to	
  
understand.	
  
	
  	
  
Next	
  upgrade	
  March	
  



Super	
  shielded	
  CCD.	
  2.5cm	
  of	
  ancient	
  lead	
  next	
  
to	
  the	
  detector.	
  



Two	
  unique	
  capabili/es	
  in	
  the	
  DAMIC	
  detector,	
  
not	
  used	
  for	
  the	
  preliminary	
  result	
  yet.	
  However,	
  
they	
  demonstrate	
  the	
  flexibility	
  of	
  this	
  
technology.	
  



Binning:	
  	
  

Every	
  pixel	
  readout	
  has	
  a	
  2e-­‐	
  
noise.	
  The	
  CCD	
  allows	
  you	
  to	
  
add	
  charge	
  in	
  the	
  sensor	
  
(binning)	
  and	
  then	
  readout	
  
many	
  pixels	
  as	
  a	
  single	
  one.	
  
Signal	
  to	
  noise.	
  
	
  
This	
  improves	
  signal	
  to	
  noise,	
  
effec/vely	
  increasing	
  the	
  
efficiency	
  at	
  low	
  energy.	
  

s/n	
  =	
  Q	
  /	
  Nread	
  σ	
  
Reading	
  the	
  charge	
  in	
  less	
  pixels	
  is	
  good!	
  



DAMIC	
  binning:	
  the	
  best	
  is	
  yet	
  to	
  come	
  

Every	
  pixel	
  readout	
  
has	
  a	
  2e-­‐	
  noise.	
  The	
  
CCD	
  allows	
  you	
  to	
  
add	
  charge	
  in	
  the	
  
sensor	
  (binning)	
  and	
  
then	
  readout	
  many	
  
pixels	
  as	
  a	
  single	
  one.	
  
	
  
This	
  improves	
  signal	
  
to	
  noise,	
  effec/vely	
  
increasing	
  the	
  
efficiency	
  at	
  low	
  
energy.	
  

Binned	
  data	
  not	
  used	
  for	
  preliminary	
  result	
  shown	
  here.	
  



Background	
  from	
  Silicon	
  :	
  could	
  be	
  a	
  limi/ng	
  	
  



Background	
  from	
  Silicon	
  

It	
  is	
  a	
  very	
  nice	
  feature	
  of	
  the	
  CCDs	
  to	
  be	
  able	
  to	
  measure	
  this	
  rate,	
  and	
  also	
  reject	
  it.	
  This	
  
is	
  important	
  for	
  any	
  low	
  background	
  experiment	
  with	
  Si.	
  Our	
  results	
  on	
  32Si	
  will	
  be	
  
published	
  soon.	
  



The	
  detector	
  Silicon	
  seems	
  to	
  be	
  low	
  background,	
  as	
  seen	
  
by	
  counOng	
  alpha	
  parOcles.	
  



Io
ni
za
/o

n	
  
yi
el
d	
  
fo
r	
  	
  
a	
  
nu

cl
ea
r	
  r
ec
oi
l,	
  
co
m
pa
re
d	
  
to
	
  a
n	
  

el
ec
tr
on

	
  re
co
il.
	
  C
ri/

ca
l	
  f
or
	
  th

e	
  
da
rk
	
  m

af
er
	
  se

ar
ch
.	
  

Lowest	
  energy	
  point	
  for	
  Si	
  measured	
  in	
  	
  
‘90s	
  with	
  Er	
  ~	
  4	
  keV.	
  

In	
  DAMIC	
  we	
  can	
  see	
  Er~200eV.	
  Need	
  to	
  
measure	
  quenching	
  at	
  this	
  low	
  energies.	
  	
  



Lower threshold requires new calibration (5 efforts)!

1)Neutron	
  recoil	
  
experiment	
  using	
  
beam	
  at	
  Notredame	
  

2)Detector	
  ac/va/on	
  at	
  
proton	
  therapy	
  facility	
  
(Warrenville,IL)	
  to	
  produce	
  
low	
  nuclear	
  recoils	
  inside	
  
CCD.	
  (FNAL/Chicago/UNAM).	
  

3)Thermal	
  Neutron	
  
capture	
  in	
  Si	
  at	
  reactor	
  

(Chicago/UFRJ/CAB)	
  	
  

4)Monochroma/c	
  neutron	
  source	
  (Chicago)	
  
5)Silicon	
  ions	
  on	
  CCD	
  (CAB)	
  
Funded	
  by	
  Collaborators	
  (non-­‐HEP)	
  with	
  some	
  
scien/fic	
  involvement	
  of	
  FNAL.	
  

•  exis/ng	
  data	
  
-­‐-­‐	
  	
  2013	
  test	
  at	
  Notredame	
  
	
  	
  	
  	
  	
  Lindhard	
  model	
  



DAMIC100 sensitivity. Backg. needs to improve by ~30.!
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CONNIE 
Coherent Neutrino-Nucleus 
Interaction Experiment. 
Scien/fic	
  goal:	
  	
  	
  
First	
  detec/on	
  of	
  neutrino-­‐nucleus	
  coherent	
  scafering.	
  
	
  
Technique:	
  	
  
Measure	
  low	
  energy	
  nuclear	
  recoils	
  in	
  silicon	
  produced	
  by	
  an/neutrinos	
  generated	
  at	
  nuclear	
  
power	
  plant.	
  Scien/fic	
  Charge	
  Couple	
  Devices	
  (CCDs)	
  are	
  used	
  for	
  this	
  purpose	
  with	
  a	
  
threshold	
  of	
  40	
  eV.	
  
	
  
Collabora/on:	
  	
  
Argen/na,	
  Brazil,	
  Mexico,	
  Paraguay,	
  Switzerland	
  and	
  USA.	
  
(all	
  contribu/ng	
  with	
  funding)	
  

The	
  detector	
  technology	
  is	
  the	
  same	
  used	
  for	
  a	
  Dark	
  
Mafer	
  Search	
  in	
  the	
  DAMIC	
  experiment.	
  This	
  is	
  
possible	
  thanks	
  to	
  the	
  development	
  of	
  thick	
  fully	
  
depleted	
  CCDs	
  for	
  astrophysics	
  at	
  LBNL.	
  

CCD	
  array	
  for	
  CONNIE.	
  



arXiv:1405.5761	
   Silicon	
  detector	
  at	
  30m	
  
of	
  4GWaf	
  reactor.	
  



Angra Nuclear Power plant. 
 
Three reactors. Two operational 
and one under construction. 
 
Centro Brasileiro de Pesquisas 
Fisicas (Rio de Janeiro) has a 
agreement with the reactor to 
perform neutrino experiments on 
site.  
 
CONNIE is one of two experiment 
planned. 



4GW	
  reactor	
  at	
  Angra	
  do	
  Reis,	
  Brazil	
  

Shipping	
  container	
  condi/oned	
  for	
  
neutrino	
  experiments,	
  30	
  meters	
  from	
  core.	
   Poly	
  +	
  lead	
  shield,	
  cryogenics,	
  vacuum	
  and	
  

DAQ	
  opera/ng	
  on	
  site	
  Oct-­‐2014.	
  

Equipment	
  shipped	
  from	
  Fermilab	
  to	
  Angra	
  do	
  Reis	
  
in	
  Sept-­‐2014.	
  



There	
  are	
  many	
  reasons	
  to	
  visit	
  
Brazil.	
  We	
  did	
  it	
  to	
  get	
  this	
  piece	
  
of	
  plas/c.	
  Cer/fied	
  as	
  workers	
  in	
  
the	
  nuclear	
  plant.	
  



Shield	
  1.0	
  



ParOally	
  instrumented	
  shield	
  in	
  place.	
  Array	
  with	
  a	
  few	
  grams	
  running.	
  Full	
  
shield	
  coming	
  soon,	
  and	
  proposal	
  to	
  increase	
  the	
  mass	
  to	
  100g	
  will	
  be	
  
based	
  on	
  a	
  fully	
  measured	
  background	
  and	
  running	
  infrastructure	
  at	
  the	
  
reactor.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Another	
  experiment	
  made	
  possible	
  by	
  the	
  LBNL	
  thick	
  CCDs!	
  



Conclusion	
  
	
  
•  DAMIC	
  is	
  running	
  at	
  SNOLAB	
  and	
  producing	
  very	
  compeOOve	
  
science.	
  Currently	
  the	
  best	
  limit	
  below	
  3.5	
  GeV	
  on	
  our	
  
PRELIMINARY	
  result.	
  More	
  work	
  is	
  needed	
  to	
  make	
  this	
  final	
  
(calibraOon	
  at	
  low	
  energies).	
  

	
  
•  Seems	
  like	
  we	
  are	
  very	
  far	
  from	
  reaching	
  the	
  full	
  potenOal	
  of	
  the	
  
technology.	
  Lower	
  threshold	
  are	
  possible.	
  

	
  
•  Full	
  CollaboraOon	
  has	
  been	
  established,	
  and	
  growing.	
  
	
  
•  Thanks	
  to	
  LBNL-­‐MSL	
  group	
  for	
  the	
  wonderful	
  detectors	
  that	
  are	
  
allowing	
  us	
  to	
  push	
  the	
  limits	
  on	
  low	
  mass	
  dark	
  searches.	
  	
  
Hopefully	
  soon	
  this	
  will	
  be	
  more	
  interesOng	
  than	
  a	
  limit.	
  

•  Stay	
  tuned	
  for	
  CONNIE.	
  








