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Figure 6. M33 rotation curve (points) compared with the best fit model (continuous line). Also shown the halo contribution (dashed-
dotted line), the stellar disk (short dashed line) and the gas contribution (long dashed line)

5.1 The best-fit mass model

The measured variable wobs and the model function wmod for the least square method are defined as follows:
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We minimize χ2 over the three parameters a,βd(1), c using the binned data shown in Figure 2(b) (n = 20, Newton data for
R ≤ 4.5 kpc, CS data at larger radii). The errors σj on wobs are functions of the errors on V (yj), V (1), and Vg(yj). The

errors on Newton’s data are displayed in Figure 2(b) while for CS binned data we take the 1− σ errors (which are half of the
errorbars displayed in Figure 2(b)). For the gas we shall use a 20 per cent error in the gas mass (see Section 4) which gives

about 3 km s−1 error for Vg(yj). The best-fit is obtained for

βd(1) = 0.42+0.15
−0.27 , a = 0.2+0.2

−0.2, c = 1.3+0.3
−0.3 (7)

The resulting rotational velocity, as well as the halo, gas, and stellar contributions to it, is shown in Figure 6. Similar values
of the parameters are obtained if we perform the minimization using the unbinned data or if we use the upper or lower

limit to βg(1). The best model reproduces, within 1 − σ errorbars, all the velocity data; this is also evident from the low χ2

value: χ2 = 9.0 as defined in equation (6). The quoted errors on the best fitting parameters correspond to the 68 per cent

confidence areas shown in black in Fig. 7. The best-fit model features the stellar disk as a major component of the gravitational

potential for R < 2Rd with a dark halo becoming dominant at larger radii. The corresponding value of Md/LB is 0.8 ± 0.2,
i.e. Md $ (3.4 ± 0.8) × 109 M" (5 per cent of which might be molecular gas).

The left hand panel of Figure 8 shows for the best-fit model the remarkable similarity between the H i gas and the stellar

contribution to V 2 beyond 8 kpc. The right hand panel of Figure 8 shows the effective radial decline of the dark matter density
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  DAMA	  

  CoGeNT	  

  CRESST?	  
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  Excluded	  by	  other	  experiments	  (spin-‐independent):	  
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  Distinguish	  between	  electronic	  and	  nuclear	  
recoil	  events	  
  CDMS,	  XENON,	  etc.	  

  Identify	  all	  peaks	  with	  energy	  resolution	  
  CoGeNT	  

  Look	  for	  modulating	  signal	  
  DAMA,	  CoGeNT	  
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  Experimental	  effects	  
  Quenching	  factor,	  Leff	  

  Channeling	  
  Theoretical	  explanation	  

  Isospin-‐violating	  dark	  matter	  
  Seasonal	  modulation	  is	  not	  DM	  
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  Expect	  the	  same	  DM	  signal	  
  Opposite	  muon	  rate	  

  Tagging	  of	  muons	  by	  IceCube/DeepCore	  
  Drilling	  to	  2500m	  in	  ice	  established	  

  No	  temperature	  fluctuation	  
  Ice	  is	  relatively	  radiopure	  

  No	  radon	  
  ppt	  U/Th,	  ppb	  40K	  

  Ice	  as	  a	  neutron	  moderator	  
  Infrastructure	  at	  Amundsen-‐Scott	  South	  Pole	  
Station	  



 Muon	  rate	  follows	  atmospheric	  temperature	  

  South	  Pole	  
(IceCube)	  

  Gran	  Sasso	  
(LVD)	  
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  Overburden	  of	  ~2200	  m.w.e.	  
  Expect	  ~85	  muons/m2/day	  

  IceCube	  may	  serve	  as	  a	  veto	  
  1-‐2	  order	  of	  magnitude	  

  Ice	  as	  a	  neutron	  moderator	  
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Aspen 2011 - Dark Matter, Feb 6 - 12, 2011Reina Maruyama

Antarctic Ice: Overburden at -2500 m (2200 m.w.e.)

Muon flux vs. depth in the ice, total and those untriggered 
by IceCube/DeepCore.  (Darren Grant)

• ~85 muons/m2/day at bottom of IceCube

• IceCube/DeepCore veto reduces rate by 
~1-2 orders of magnitude.

21

Preliminary
DUSEL Homestake

IceCube/
DeepCore veto



  Can	  test	  DAMA	  within	  a	  few	  years	  of	  running	  

Sensitivity	  of	  500	  kg*yr	  exposure	  over	  2-‐6	  keV	  
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Fig. 17. Energy threshold: 2 6 keVee. 

 

Fig. 18. Energy threshold: 3 6 keVee. 

2 NAIAD NAIAD size DAMA size 
Years 17.0 kg 44.5 kg 250 kg 

NAIAD 
background 

1 0.45 0.72 1.71 
3 0.77 1.25 2.96 
5 1.00 1.61 3.82 
7 1.18 1.91 4.52 

50% NAIAD 
background 

1 0.63 1.02 2.42 
3 1.09 1.77 4.18 
5 1.41 2.28 5.40 
7 1.67 2.70 6.39 

Double DAMA 
background 

1 0.85 1.37 3.26 
3 1.47 2.38 5.64 
5 1.90 3.07 7.29 
7 2.25 3.64 8.62 

DAMA 
background 

1 1.20 1.94 4.61 
3 2.08 3.37 7.98 
5 2.69 4.35 10.31 
7 3.18 5.14 12.19 

1/10 DAMA 
background 

1 3.80 6.15 14.57 
3 6.58 10.65 25.24 
5 8.50 13.75 32.59 
7 10.06 16.27 38.56 



  NaI	  Crystals	  
  38	  total,	  6.5	  kg	  each	  
  95.6	  mm	  diameter	  
  250	  mm	  length	  
  Arrayed	  for	  anticoincidence	  
  Light	  collection	  by	  2	  PMTs/crystal	  

  50-‐60	  mm	  copper	  radial	  shield	  

  SS	  External	  Pressure	  Vessel	  
  650	  mm	  (25.6	  in)	  outer	  diameter	  
  1.7	  m	  (67	  in)	  length	  
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  NaI	  Crystals	  
  8.5	  kg	  each	  
  5”	  diameter,	  5”	  height	  
  Grown	  by	  Bicron	  
  NAIAD-‐measured	  background:	  
▪  ~7.5	  cpd/kg/keV	  over	  4-‐10	  keV	  

  5”	  ETL	  9390KB53	  PMTs	  
  C636AFP	  voltage	  divider	  

  5	  cm	  quartz	  lightguide	  
  Q900	  silicone	  gel	  

	  	  (optical	  coupling)	  
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IceCube	  mainboards	  	  
+	  HV	  control	  (x2)	  

ETL	  5”	  PMTs	  (x2)	  

Encapsulated	  NaI	  crystal	  

Quartz	  Lightguides	  (x2)	  

PTFE	  light	  reflector	  (x2)	  
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#7	   #79	  
  Two	  8.5-‐kg	  NaI	  detectors	  

  Installed	  Dec	  2010	  
  Data	  since	  Jan	  2011	  

  Goals:	  
  Assess	  the	  feasibility	  of	  

deploying	  NaI(Tl)	  crystals	  in	  the	  
Antarctic	  Ice	  for	  a	  dark	  matter	  
detector	  

  Establish	  the	  radiopurity	  of	  the	  
antarctic	  ice	  /	  hole	  ice	  

  Explore	  the	  capability	  of	  IceCube	  
to	  veto	  muons	  



  Trigger	  on	  individual	  PMT	  hit	  or	  require	  
coincidence	  hit	  

 Waveform	  digitized	  with	  two	  channels:	  
  FADC	  (255	  pts)	  ~6.4	  µs	  
  ATWD	  (128	  pts)	  
▪  3	  gain	  settings	  
▪  Highly	  customizable	  
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• Scintillation pulses have time 
constants of ~ 100 us

• Waveforms recorded by two chips 
with multiple gains (FADC, 3 gains 
w/ ATWD)

• FADC: 10 bit, 40 MHz, 6.4 μs 
window, 

• ATWD is highly programable with 
large dynamic range.  Pedestal 
calibration required.

NaI Waveforms from IceCube DOM Mainboards

FADC

ATWD0

12

Raw	  ATWD	  

Corrected	  ATWD	  

FADC	  



  UW-‐Madison	  
  Francis	  Halzen*,	  Karsten	  Heeger,	  Albrecht	  Karle*,	  Reina	  Maruyama*,	  

Walter	  Pettus,	  Antonia	  Hubbard*,	  Bethany	  Reilly,	  Benjamin	  Broerman	  
  University	  of	  Sheffield	  

  Neil	  Spooner,	  Vitaly	  Kudryavtsev,	  Dan	  Walker,	  Sean	  Paling,	  Matt	  
Robinson	  

  University	  of	  Alberta	  
  Darren	  Grant*	  

  Penn	  State	  
  Doug	  Cowen*	  

  Fermilab	  
  Lauren	  Hsu	  
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  Seon-‐Hee	  Seo*	  

  and	  working	  closely	  with	  IceCube	  
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*	  Indicates	  member	  of	  
	  	  	  	  	  	  	  IceCube	  collaboration	  
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