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Direct	
  WIMP	
  DetecEon	
  with	
  Liquid	
  Xenon	
  

•  Goal:	
  observe	
  recoils	
  
between	
  a	
  WIMP	
  and	
  a	
  
target	
  nucleus	
  

•  EquaEon	
  for	
  WIMP	
  
interacEon	
  cross	
  secEon	
  

•  Recoil	
  energy	
  deposited	
  in	
  
three	
  channels:	
  
–  ScinEllaEon	
  (photons)	
  
–  IonizaEon	
  (charge)	
  
–  Heat	
  (phonons)	
  



Leff = 
scintillation per unit energy for nuclear recoils

scintillation per unit energy for electron recoils

In practice, we define the denominator based on 
122 keV photoabsorption events from Co-57

In the XENON10 analysis, we assumed an energy-independent Leff of 0.19
for the WIMP search analysis, and for determining our cross-section limits.

Uncertainty in Leff was the main source of systematic uncertainty 
in determining the cross-section limits.

New measurement of Leff: A. Manzur et al., 





•  Lindhard	
  effect	
  (kinemaEcally	
  suppressed	
  nuclear	
  recoil	
  –	
  electron	
  excitaEons	
  
at	
  low	
  energy).	
  Difficult	
  to	
  calculate	
  at	
  low	
  energies.	
  

•  Ion-­‐electron	
  recombinaEon	
  efficiency.	
  Becomes	
  more	
  electron-­‐like	
  at	
  low	
  
energies?	
  

•  Atomic	
  excitaEon,	
  both	
  singlet	
  and	
  triplet.	
  Atomic	
  excitaEon	
  more	
  significant	
  at	
  
low	
  energies?	
  

•  Bi-­‐excitonic	
  quenching	
  a	
  la	
  Birk’s	
  law.	
  Should	
  be	
  less	
  significant	
  at	
  low	
  energies.	
  

For	
  discussion	
  of	
  models	
  of	
  these	
  effects,	
  see:	
  
Sorensen,	
  arXiv:1007.3549,	
  Dahl	
  and	
  Sorensen	
  arXiv:1101.6080,	
  
Bezrukov,	
  Kahlhoefer,	
  and	
  Lindner,	
  arXiv:	
  1011.3990	
  

Factors	
  affecEng	
  Leff	
  (all	
  of	
  which	
  are	
  likely	
  energy-­‐dependent!)	
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Aier	
  some	
  controversy,	
  Leff	
  is	
  now	
  believed	
  to	
  decrease	
  at	
  low	
  energy	
  	
  

Plante	
  et	
  al,	
  2011	
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Experimental	
  setup	
  

neutron generator	



water shield	



water shield	



water 	


shield	



cryostat	



liquid xenon 	


detector	



θ	
  

BC501-A organic 
scintillator	



2.8 MeV 	


n	



Energies:  4 - 66 keVr	
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Liquid	
  xenon	
  cell	
  

Teflon	



PMT	



PMT	



Grid	



Teflon	



Shaping ring	



Grid	



SS flanges	
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SelecEng	
  single	
  nuclear	
  recoils	
  
–  Quality	
  cuts	
  Q0:	
  remove	
  noise	
  event,	
  high	
  energy	
  events,	
  S1	
  asymmetry	
  
–  Select	
  neutrons	
  using	
  	
  PSD	
  and	
  Eme	
  of	
  flight	
  (TOF)	
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n	



θ	
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θ	
  

θ1	
  

θ2	
  

a)	

 b)	



c)	



SystemaEc	
  error	
  

•  a)	
  MulEple	
  elasEc	
  
sca>ers	
  

•  b)	
  Outside	
  sca>ers	
  
•  c)	
  Size	
  and	
  posiEon	
  

•  d)	
  Cross-­‐secEon	
  database	
  
~2	
  -­‐	
  4%	
  

~1%	

 ~2 %	



6-16 %	
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To compare MC & data:	



1	



2	



3   software + trigger efficiency	



TOF	

 keVr	
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Leff results
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•             nuclear quenching (Lindhard factor), energy goes into 
heat.

•          electronic quenching.  Bi-excitonic collisions

• Escape electrons   

   model

Leff = qncl × qel × qesc

Leff

qncl

Xe∗ + Xe∗ → Xe + Xe+ + e−

qel =
1

1 + k dE
dx

qel

qesc =
Nex + Ni −Nesc

N122
ex + N122

i −N122
esc

=
α + 1− β

α + 1− β122



   modelLeff



Nuclear Recoil Ionization Yield  and Field Dependence!

Energy threshold: 10 keVr!

Aprile et al., astro-ph/0601552, Phys. Rev. Lett 97, 081302 (2006).!
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Results	
  from	
  Manzur	
  et	
  al	
  

Sn	
  sEll	
  uncertain	
  at	
  low	
  energies	
  



ExtrapolaEng	
  Leff	
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These	
  Leff	
  extrapolaEons	
  (and	
  upward	
  Poisson	
  fluctuaEons	
  in	
  light	
  signal)	
  are	
  key	
  	
  
for	
  claimed	
  low-­‐mass	
  WIMP	
  sensiEvity	
  in	
  XENON100.	
  	
  



LAr	
  and	
  LNe	
  Nuclear	
  Recoil	
  ScinEllaEon	
  Yields	
  	
  

Measured	
  using	
  a	
  d-­‐d	
  generator,	
  MicroCLEAN,	
  and	
  an	
  organic	
  scinEllator	
  module	
  



C.	
  Regenfus	
  et	
  al,	
  arXiv:1203.0849	
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Liquid	
  Argon	
  ScinEllaEon	
  Efficiency	
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Liquid	
  helium-­‐4	
  predicted	
  response	
  	
  
(Guo	
  and	
  McKinsey,	
  in	
  preparaEon)	
  

Lower	
  electron	
  scinEllaEon	
  yield	
  (19	
  
photons/keVee)	
  

But,	
  extremely	
  high	
  Leff,	
  good	
  charge/light	
  
discriminaEon	
  and	
  low	
  nuclear	
  mass	
  for	
  
excellent	
  predicted	
  light	
  WIMP	
  sensiEvity	
  

Measurements	
  
	
  in	
  literature!	
  

Calculated	
  nuclear	
  	
  
recoil	
  signals	
  



External	
  calibraEons:	
  
•  137Cs	
  ,	
  133Ba,	
  57Co,	
  22Na,	
  

228Th	
  (γs)	
  
•  AmBe,	
  252Cf	
  (neutrons)	
  	
  	
  
Internal	
  calibraEons:	
  
•  83mKr	
  (conversion	
  e-­‐)	
  
•  TriEum	
  (βs)	
  

LUX	
  CalibraEons	
  

Light	
  yield:	
  
8	
  photoelectrons/keV	
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LXe scintillation data from Kr-83m dissolved into LXe

L. Kastens et al, Physical Review C 80, 045809 (2009).



Time [4.0 ns/pt]
2500 3000 3500 4000 4500

PM
T 

Si
gn

al
 V

ol
ta

ge
 [m

V]

-2

0

2

4

6

8

Time [4.0 ns/pt]
2240 2260 2280 2300 2320 2340 2360 2380 2400

PM
T 

Si
gn

al
 V

ol
ta

ge
 [m

V]
0

2

4

6

8

Typical Kr-83m event in 2-phase Xe

Also see Manalaysay et al, arXiv:0908.0616
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Conclusions	
  and	
  opinions	
  

•  Low-­‐mass	
  searches	
  are	
  a	
  bit	
  of	
  a	
  mess	
  because	
  of	
  backgrounds,	
  but	
  also	
  
because	
  of	
  calibraEon	
  issues.	
  Need	
  to	
  be	
  conservaEve	
  in	
  sensiEvity	
  claims!	
  

•  One	
  should	
  always	
  distrust	
  data	
  in	
  the	
  lowest	
  energy	
  bin.	
  One	
  should	
  be	
  
doubly	
  distrusuul	
  of	
  data	
  below	
  your	
  lowest	
  energy	
  bin.	
  Relying	
  on	
  upward	
  
Poisson	
  fluctuaEons	
  of	
  your	
  signal	
  to	
  get	
  sensiEvity	
  at	
  low	
  WIMP	
  masses	
  is	
  
shaky	
  business,	
  especially	
  at	
  energies	
  where	
  there	
  are	
  no	
  signal	
  yield	
  
measurements.	
  Not	
  recommended.	
  

•  Some	
  predicted	
  upcoming	
  themes	
  in	
  nuclear	
  recoil	
  calibraEon:	
  
–  Internal	
  calibraEon	
  sources;	
  leveraging	
  Kr-­‐83m	
  data	
  to	
  get	
  nuclear	
  recoil	
  scale.	
  
–  New	
  measurements	
  of	
  nuclear	
  recoil	
  charge	
  yields.	
  
–  Electric	
  field	
  dependence	
  of	
  nuclear	
  recoil	
  signal	
  yields;	
  Sn(E)	
  	
  


