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INTRODUCTION:	  DIRECT	  DETECTION	  
These	   lecture	   notes	   describe	   the	   techniques	   used	   in	   direct	   dark	  mater	   detection	   experiments.	  
Most	  of	  the	  ingredients	  for	  direct	  detection	  techniques	  have	  been	  discussed	  in	  previous	  lectures	  
in	   this	   series,	   but	   I	   will	   start	   with	   a	   short	   reminder	   of	   the	   galactic	   rotation	   curves	   and	   I	   will	  
introduce	  the	  velocity	  distribution	  of	  WIMPs.	  The	  latter	  is	  one	  of	  the	  key	  ingredients	  needed	  to	  
understand	  the	  design	  of	  dark	  mater	  experiments.	  	  

For	   the	   first	   lecture	  we	  will	   study	   the	   interactions	  of	  WIMPs	  with	  ordinary	  matter	  and	  we	  will	  
calculate	  event	  rates	  that	  could	  be	  observed	  in	  an	  experimental	  setup.	  The	  second	  lecture	  will	  go	  
deeper	   into	  the	  techniques	  for	  detection	  of	   low	  event	  rate	  experiments	  and	  we	  will	  discuss	  the	  
XENON	  experiment	  in	  more	  detail	  as	  an	  example.	  
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1 LECTURE	  1:	  DARK	  MATTER	  IN	  OUR	  GALAXY	  

1.1 GALACTIC	  ROTATION	  CURVE	  
The	  key	  reason	  why	  we	  believe	  our	  galaxy	  contains	  dark	  matter	  comes	  from	  the	  study	  of	  rotation	  
curves	  (of	  other	  galaxies	  mostly).	  The	  rotation	  curve	  as	  shown	  in	  Figure	  1	  shows	  orbital	  velocity	  
of	   stars	   in	   the	  Milky	  Way	  as	  a	   function	  of	   the	  distance	   to	   the	  center.	  From	  classical	  Newtonian	  
mechanics	  we	  can	  calculate	  this	  velocity	  by	  simply	  balancing	  gravity	  to	  the	  centripetal	  force:	  

𝐹! = 𝐹! ⟹
𝐺  𝑀 𝑟 𝑚

𝑟!
=
𝑚𝑣!

𝑟
⟹ 𝑣(𝑟) =

𝐺𝑀 𝑟
𝑟

	  

Since	  we	   expect	   that	   essentially	   all	  mass	   is	   ‘enclosed’	   at	   large	   radii	  we	   expect	   that	   the	   orbital	  
velocity	  of	  stars	  at	  large	  r	  decreases	  like	  1/ 𝑟.	  However,	  as	  shown	  in	  the	  rotation	  curve	  here	  the	  
velocity	  as	  a	  function	  of	  radius	  remains	  constant	  even	  to	  very	  large	  radii.	  This	  effect	  is	  observed	  
for	  all	  spiral	  galaxies,	  and	  is	  in	  strong	  contradiction	  to	  what	  we	  expect	  from	  the	  laws	  of	  gravity.	  
Two	  possible	  explanations	  are:	  

	  

FIGURE	  1:	  ROTATION	  CURVE	  OF	  THE	  MILKY	  WAY,	  CLEARLY	  SHOWING	  THAT	  THE	  ORBITAL	  VELOCITY	  BECOMES	  
CONSTANT.	  

(i) the	  laws	  of	  gravity	  need	  to	  be	  modified.	  With	  the	  laws	  of	  gravity	  modified	  at	  large	  
distances	  it	  is	  possible	  to	  explain	  the	  rotation	  curves	  of	  galaxies	  (but	  not	  clusters	  
of	  galaxies	  colliding,	  or	  the	  structure	  in	  the	  CMB)	  

(ii) there	  is	  more	  matter	  in	  a	  galaxy	  than	  we	  can	  observe.	  During	  these	  lectures	  this	  is	  
the	  option	  we	  will	  pursue	  –	  we	  will	  try	  to	  see	  what	  kind	  of	  matter	  could	  fill	  our	  
galaxy	  and	  how	  we	  could	  detect	   it.	  But	  as	   long	  as	  we	  don’t	  observe	   the	  missing	  
matter,	  please	  do	  not	  completely	  discard	  option	  (i).	  

Since	   we	   will	   only	   consider	   option	   (ii)	   it	   would	   be	   worth	   to	   investigate	   further	   what	   kind	   of	  
matter	  distribution	  would	  be	  needed	  to	  explain	  the	  observed	  rotation	  curve.	  The	  first	   thing	  we	  
should	  note	  is	  that	  we	  do	  not	  ‘see’	  this	  matter	  as	  we	  do	  with	  ordinary	  matter,	  so	  the	  stuff	  we	  are	  
looking	  for	  does	  not	  participate	  in	  any	  electro-‐magnetic	  processes.	  Also	  strong	  forces	  are	  not	  an	  
option	  for	  this	  substance.	  Hence	  the	  name:	  ‘dark	  matter’.	  	  	  
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So	  how	  can	  we	  explain	  a	  rotation	  curve	  that	  does	  not	  change	  as	  a	  function	  of	  radius?	  As	  before	  we	  
balance	  gravity	  and	  the	  centripetal	  force,	  but	  now	  we	  assume	  a	  constant	  circular	  velocity,	  𝑣! .	  So:	  

𝑚𝑣!!

𝑟
=
𝐺  𝑀 𝑟   𝑚

𝑟!
⟹ 𝑀 𝑟 =

𝑣!!𝑟
𝐺
	  

In	   this	   equation	  𝑀(𝑟)	  represents	   the	  mass	  within	  a	   radius	  𝑟.	   The	  density	   corresponding	   to	   this	  
mass	  distribution	  is	  given	  by:	  

𝜌 𝑟 =
𝑣!!

4𝜋𝐺
∙
1
𝑟!
  	  

It	  should	  be	  clear	  from	  this	  density	  distribution	  there	  is	  something	  strange	  going	  one	  here.	  If	  we	  
would	   integrate	   such	   a	   mass	   distribution	   to	   infinitely	   large	  𝑟	  the	   mass	   of	   a	   galaxy	   becomes	  
infinitely	   large!	   So	   even	   though	   the	   constant	   orbital	   velocity	   of	   spiral	   galaxies	   is	   observed	   to	  
arbitrarily	  large	  radii,	  at	  some	  point	  there	  should	  be	  a	  hard	  cut-‐off	  of	  some	  kind.	  	  

For	   the	  Milky	  Way	   the	   current	   observations	   imply	   a	   luminous	  mass	   of	  𝑀! = 9 ∙ 10!"𝑀⨀	  and	   a	  
total	  mass	  within	  25	  kpc	  of	  2.8 ∙ 10!!𝑀⨀	  and	  within	  230kpc	  even	  1.3 ∙ 10!"𝑀⨀!	  

1.2 STANDARD	  HALO	  MODEL	  
We	  will	  now	  see	  what	  we	  can	   further	   learn	   from	  the	   fact	   that	  we	  “observe”	  a	  dark	  matter	  halo	  
with	  a	  1/𝑟!	  density	  distribution.	  A	  reasonable	  assumption	  for	  our	  dark	  matter	  is	  that	  it	  consists	  
of	   collision	   less	   particles	   in	   a	   sense	   behaving	   like	   an	   ideal	   gas:	   if	   the	   particles	   would	   not	   be	  
collision	  less	  we	  would	  have	  easily	  observed	  the	  dark	  matter	  in	  our	  Milky	  Way	  and	  it	  would	  no	  
longer	  be	  dark	  matter.	  	  In	  this	  section	  we	  will	  derive	  the	  explicit	  equation	  of	  𝜌 𝑟 .	  

From	  statistical	  mechanical	  arguments	  there	  are	  a	  few	  statements	  we	  can	  make.	  The	  first	  one	  it	  
relating	   the	   average	   kinetic	   energy	  < 𝐾 >	  and	   thus	   the	  mean	   square	   speed	  < 𝑣! >	  of	   the	   dark	  
matter	  particles	  to	  their	  temperature:	  

< 𝐾 >  =    !
!
  𝑘!𝑇 =

!
!
  𝑚 < 𝑣! >⟹< 𝑣! >  =   

3𝑘!𝑇
𝑚

	  

In	  this	  equation	  𝑚	  represents	  the	  mass	  of	  a	  hypothetic	  dark	  matter	  particle,	  𝑇is	  the	  temperature	  
and	  𝑘!	  is	  Boltzmann’s	  constant.	  	  

Now	  I	  will	  now	  assume	  that	  the	  velocity	  distribution	  function,	  𝑓(𝑣),	  is	  Maxwellian:	  

𝑓 𝑣 = 𝑁𝑒!
!
!  !

!/!! 	  

with	  𝜎	  the	  velocity	  dispersion.	  With	  this	  assumption	  I	  will	  prove	  that	  the	  corresponding	  density	  
behaves	   like	  1/𝑟!:	   of	   course	   I	   only	   make	   this	   assumption	   because	   I	   know	   it	   will	   eventually	  
provide	  me	  with	   the	   right	   answer.	   The	   formal	   derivation	   is	  more	   complicated	   and	  beyond	   the	  
scope	  of	   these	   lectures.	   In	  any	  case	   it	  should	  be	  noted	  that	   it	   is	  a	  bit	  strange	  that	  a	  Maxwellian	  
distribution	  can	  be	  used	  for	  the	  density	  profile,	  since	  usually	  a	  Maxwellian	  distribution	  originates	  
from	  gas	  molecules	  undergoing	  elastic	  collisions.	  	  

We	   can	   derive	   that	   the	   average	   square	   velocity	   corresponding	   to	   a	  Maxwellian	   distribution	   is	  
given	  by:	  

< 𝑣! >  =   3𝜎!	  

Comparing	  to	  the	  previously	  obtained	  equation	  for	  < 𝑣! >	  we	  can	  immediately	  see	  that:	  
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𝜎   =   
𝑘!𝑇
𝑚
	  

The	  next	  step	  in	  the	  derivation	  of	  the	  density	  is	  by	  looking	  at	  the	  equation	  of	  state.	  For	  an	  ideal	  
collisionless	  gas	  we	  know	  the	  equation	  of	  state:	  

𝑝𝑉 = 𝑛  𝑘!𝑇⟶ 𝑝 𝑟 = 𝜌 𝑟
𝑘!𝑇
𝑚

= 𝜎!𝜌(𝑟)	  

Here	  we	  have	  explicitly	  used	  the	  relation	  between	  temperature	  and	  velocity	  dispersion	  as	  used	  
above.	   Now	   we	   can	   assume	   that	   in	   our	   collisionless	   gas	   we	   have	   the	   hydrostatic	   pressure	  
supporting	  the	  gas	  against	  gravitational	  collapse.	  So:	  

𝑑𝑝
𝑑𝑟

= −𝜌 𝑟
𝐺𝑀 𝑟
𝑟!

⟹ 𝜎!
𝑑𝜌
𝑑𝑟

= −𝜌 𝑟
𝐺𝑀 𝑟
𝑟!

	  

Multiplying	  both	  sides	  of	  the	  last	  equation	  by	  𝑟!/(𝜌𝜎!)	  leads	  to:	  

𝑟!

𝜌
𝑑𝜌
𝑑𝑟

=   −
𝐺𝑀(𝑟)
𝜎!

	  

Differentiation	  to	  𝑟	  leads	  to:	  

𝑑
𝑑𝑟

𝑟!
𝑑  log𝜌
𝑑𝑟

= −   
4𝜋𝐺
𝜎!

𝑟!𝜌	  

In	  the	  derivation	  of	  the	  right	  side	  of	  the	  equation	  we	  have	  used:	  

𝑑𝑀(𝑟)
𝑑𝑟

= 4𝜋𝑟!𝜌(𝑟)	  

A	  beautiful	  equation	  that	  can	  be	  solved	  to	  give:	  

𝜌 𝑟 =
𝜎!

2𝜋𝐺
1
𝑟!
	  

Now	   we	   compare	   the	   density	   we	   calculated	   based	   on	   the	   assumptions	   made	   above	   to	   the	  
‘observed’	  density	  profile	  derived	  from	  the	  rotation	  curves:	  

𝜌 𝑟 =
𝜎!

2𝜋𝐺
1
𝑟!
=
𝑣!!

4𝜋𝐺
1
𝑟!
	  

In	  order	  to	  describe	  the	  rotation	  curve	  the	  following	  relation	  must	  hold:	  

!!!!  !!!	  

At	  very	  good	  approximation	  the	  orbital	  velocity	  at	  the	  sun’s	  distance	  from	  the	  galactic	  center	  has	  
already	   reached	   the	   constant	   value,	   so	  𝑣! 𝑟 = 𝑅! = 𝑣! .	   The	   dark	   matter	   particle	   velocity	  
distribution	  can	  now	  be	  written	  as:	  

𝑓 𝑣 = 𝑁𝑒!!!/!!! 	  

with	  𝑣! = 220  𝑘𝑚/𝑠	  as	  before.	  

So	  what	  have	  we	  done	  here?	  We	  have	   found	  a	  mechanism	  by	  which	  we	  can	  explain	  a	  𝜌 ∝ 1/𝑟!	  
dependence.	  For	  this	  we	  only	  had	  to	  assume	  that	  the	  dark	  matter	  halo	  around	  our	  Milky	  Way	  is	  
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isotropic	  and	  in	  hydrostatic	  equilibrium	  with	  gravity.	  	  What	  we	  have	  gotten	  in	  return	  is	  a	  model	  
for	  the	  velocity	  distribution	  of	  the	  dark	  matter	  particles:	  namely	  a	  Maxwellian	  distribution.	  The	  
reason	   for	  presenting	   this	  derivation	  here	   is	   that	   it	  will	   turn	  out	   to	  be	  of	  crucial	   importance	   to	  
dark	  matter	  detection	   experiments	   to	   know	   this	  distribution.	   It	   turns	   out	   to	  be	  one	  of	   the	   key	  
ingredients	  to	  predicting	  interaction	  rates	  in	  dark	  matter	  search	  experiments!	  

The	  information	  from	  the	  density	  distribution	  of	  dark	  matter	  is	  best	  summarized	  in	  the	  Standard	  
Halo	  Model	  (SHM)	  of	  our	  galaxy.	  Besides	  the	   local	  circular	  velocity	  the	  SHM	  has	  a	  value	  for	  the	  
local	   dark	  matter	   density,	  𝜌!,	   and	   the	   escape	   velocity	   at	  𝑟 = 𝑅!.	   For	  most	   calculations	   no	   dark	  
matter	   particles	   are	   considered	   that	   have	   a	   velocity	   higher	   than	   the	   escape	   velocity,	   and	   the	  
Maxwell	  distribution	  is	  truncated	  accordingly.	  

1.3 SUMMARY	  
A	  large	  amount	  of	  experimental	  data	  proves	  that	  a	  large	  fraction	  of	  our	  Universe	  consists	  of	  dark	  
matter.	  In	  this	  lecture	  I	  have	  shown	  that	  a	  dark	  matter	  halo	  around	  our	  Milky	  Way	  should	  contain	  
most	  of	  its	  mass.	  If	  we	  are	  dealing	  with	  particles	  and	  the	  velocity	  distribution	  is	  Maxwellian	  the	  
density	   profile	   can	   be	   explained.	   The	   particles	  making	   dark	  matter	   cannot	   be	   Standard	  Model	  
particles.	   WIMPs	   are	   assumed	   here	   as	   a	   viable	   candidate	   for	   the	   dark	   matter	   particle:	   non-‐
relativistic,	  with	   a	  mass	   around	   the	  weak	   energy	   scale,	   and	  with	   the	   right	   abundance	   if	   at	   the	  
weak	  scale.	  

2 LECTURE	  1:	  WIMP	  MEETS	  MATTER	  
In	   the	   last	   lecture	  we	  saw	  that	   there	  may	  exist	  unobserved	  particles	   that	  could	  account	   for	   the	  
dark	   matter	   in	   our	   Universe.	   For	   this	   lecture	   we	   will	   investigate	   the	   interactions	   these	   dark	  
matter	  particles	  may	  have	  with	  ordinary	  matter.	  From	  the	  event	  rates	  we	  will	  be	  able	  to	  get	  an	  
idea	  what	  the	  requirements	  are	  that	  a	  dark	  matter	  detector	  will	  have	  to	  fulfill. 

2.1 NUCLEAR	  RECOILS	  
The	  good	  news	  about	  WIMP	  particles	  is	  that	  they	  can	  interact	  with	  ordinary	  matter	  through	  the	  
weak	   interaction:	   in	   principle	   the	   interaction	   can	   take	   place	   with	   both	   the	   electrons	   and	   the	  
quarks	  in	  a	  nucleus.	  The	  bad	  news	  is	  that	  the	  rate	  of	  interactions	  turns	  out	  to	  be	  extremely	  small,	  
because	   the	   weak	   force	   is	   weak.	   As	   we	   will	   see	   later	   for	   kinematic	   reasons	   interactions	   with	  
electrons	  are	  suppressed,	  so	  we	  will	  focus	  here	  on	  the	  interactions	  between	  WIMPs	  and	  atomic	  
nuclei.	  

The	  only	  process	  we	  will	  consider	  for	  interaction	  is	  by	  which	  the	  WIMP	  elastically	  scatters	  of	  an	  
atomic	   nucleus	   or	   one	   of	   its	   constituents	   as	   shown	   in	   Figure	   2.	   The	   scattering	   happens	   by	  
exchanging	  a	  Z-‐boson	  or	  Higgs	  boson	  between	  the	  nucleus	  and	  the	  WIMP.	  As	  we	  will	  see	  later	  the	  
energy	   transferred	   in	   such	  a	   collision	   is	   very	   low,	   and	   in	  most	  models	  both	   the	  WIMP	  and	   the	  
nucleus	  stay	  intact.	  	  

parameter	   value	   	  
𝝆𝟎	  	   0.3 − 0.4  GeV/cm3	   local	  dark	  matter	  density	  

𝒗𝟎	  	   220	  km/s	   circular	  speed	  at	  𝑟 = 𝑅!	  

𝒗𝒆𝒔𝒄	  	   544	  km/s	   escape	  velocity	  at	  𝑟 = 𝑅!	  
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FIGURE	  2:	  ELASTIC	  SCATTERING	  OF	  A	  WIMP	  TO	  A	  NUCLEUS	  

I	  will	  start	  with	  a	  rough	  estimate	  of	  the	  nuclear	  recoil	  event	  rate,	  and	  later	  in	  section	  2.3,	  a	  more	  
refined	  calculation	  is	  presented.	  	  So	  what	  are	  the	  ingredients	  that	  we	  need	  for	  the	  calculation	  of	  
the	   interaction	   rate	   of	   dark	   matter	   particles	   with	   a	   target	   composed	   of	   ordinary	   matter?	   It	  
obviously	  depends	  on	  the	  interaction	  cross-‐section	  𝜎! ≡   𝜎!(𝜒 + 𝑁 → 𝜒 + 𝑁).	  If	  the	  cross-‐section	  
equals	   zero	   the	   interaction	   does	   not	   take	   place.	   As	   for	   the	   annihilation	   of	  WIMPs	   in	   the	   early	  
universe	  we	  can	  write	  the	  interaction	  rate	  per	  nucleus,  𝑅! ,	  as:	  

𝑅! = Φ𝜎!	  

And	  the	  rate	  per	  gram	  of	  the	  target	  material	  is:	  

𝑅[#  of  collisions/s/g] = Φ𝜎!
𝑁!
𝐴
	  

with	   Avogadro’s	   number	  𝑁! = 6.0 ∙ 10!" 	  and	  𝐴 	  the	   atomic	   mass	   in	   g/mol.	   The	   flux	   can	   be	  
calculated	  from	  the	  WIMP	  number	  density	  and	  the	  WIMP	  velocity	  as:	  

Φ = 𝑛!𝑣 =
𝜌!
𝑚!

𝑣	  

So	  the	  total	  R	  is	  now	  given	  by:	  

𝑅 =
𝜌!
𝑚!

𝑣  𝜎!
𝑁!
𝐴
	  

In	  this	  equation	  there	  are	  two	  unknowns,	  both	  the	  mass	  of	  the	  dark	  matter	  particle	  and	  its	  cross-‐
section	   for	   nuclear	   elastic	   scattering.	   This	   immediately	   puts	   a	   nasty	   degeneracy	   in	   the	  
interpretation	   of	   our	   results	   once	   we	   would	   actually	   measure	   a	   dark	   matter	   rate.	   But	   in	   our	  
estimate	   we	   assume	   a	   100GeV/c2	  WIMP	   with	   a	   typical	   weak	   scale	   cross	   section	   of	  10!!"cm2.	  	  
Furthermore	  we	  use	  the	  WIMP	  density	  as	  found	  in	  the	  standard	  halo	  model	  of	  0.3GeV/cm3	  and	  
for	   the	   velocity	   of	   our	  WIMPs	  we	   take	   the	  most	  probably	   value	  of	   our	  Maxwell	   distribution	  of	  
𝑣 = 𝑣! = 220km/s = !

!10
!!𝑐   ! 	  .	   Finally	  we	   assume	   the	   target	   is	  made	   of	   xenon	   atoms:	  A=131	  

g/mol.	  The	  rate	  is	  now	  (I	  left	  the	  unit	  with	  each	  quantity):	  

𝑅 =
0.3  GeV/c2/cm3

100  GeV/c2
∙ 10!!"cm2 ∙ 220 ∙ 10!cm/s∙

6.0 ∙ 10!"/mol
131  g/mol

≈ 0.1  interactions/kg/year	  

Note	  that	  even	  though	  I	  have	  calculated	  the	  rate	  per	  kg	  instead	  of	  gram	  and	  per	  year	  instead	  of	  
second	   it	   is	   still	   an	   extremely	   low	   number,	   and	   as	  we	  will	   see	   later	   the	   number	   for	   the	   cross	  
section	  I	  have	  used	  is	  way	  too	  high.	  

χ χ 

N N 

Z,H 
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Considering	  the	   low	  rate	  of	  nuclear	  recoils,	  we	  need	  to	  have	  a	  more	  accurate	  calculation	  of	   the	  
rate,	  but	  also	  of	  the	  energy	  transferred	  by	  a	  WIMP	  to	  a	  nucleus.	  	  This	  will	  be	  the	  topic	  of	  the	  rest	  
of	  this	  lecture.	  	  

2.2 KINEMATICS	  
As	  a	  first	  step	  towards	  a	  more	  accurate	  description	  of	  the	  WIMP	  scattering	  to	  a	  nucleus,	  we	  need	  
to	   take	   a	   closer	   look	   at	   the	   kinematics	   involved	   in	   the	   collision.	   If	   we	   ignore	   the	   thermal	  
movement	  of	  nuclei,	  we	  can	  assume	  that	  the	  nucleus	  involved	  in	  a	  collision	  with	  a	  WIMP	  is	  not	  
moving,	  while	  the	  WIMP	  approaches	  the	  nucleus	  with	  a	  certain	  velocity	  ,	  𝑣.	  	  

	  

FIGURE	  3:	  WIMP	  NUCLEON	  SCATTERING	  IN	  THE	  CENTER	  OF	  MASS	  FRAME	  

We	  need	  to	  calculate	  the	  momentum	  transfer	   from	  the	  WIMP	  to	  the	  nucleus,	  since	  this	  directly	  
gives	   us	   the	   recoil	   energy	   of	   the	   nucleus	   after	   the	   collision.	   	   Since	   the	  momentum	   transfer	   is	  
independent	   of	   the	   reference	   frame,	   it	   is	   a	   clever	   choice	   to	   do	   all	   calculations	   in	   the	   center	   of	  
mass	  frame	  of	  the	  collision	  as	  shown	  in	  Figure	  3.	  Please	  note	  that	  we	  can	  do	  all	  our	  calculations	  
without	   bothering	   about	   special	   relativity,	   since	   the	   velocities	   involved	   are	   of	   the	   order	   of	  
hundreds	  of	  km/sec	  only	  as	  we	  have	  shown	  in	  section	  1.2.	  In	  this	  reference	  frame	  the	  momentum	  
p	  is	  given	  by:	  

𝑝 = 𝜇  𝑣	  

with	  𝑣	  the	  velocity	  of	  the	  incoming	  WIMP	  in	  the	  lab	  frame	  and	  𝜇	  the	  reduced	  mass	  of	  the	  WIMP	  
nucleus	  system:	  

𝜇 =
𝑚!𝑚!

𝑚! +𝑚!
	  

The	   relevant	   quantity	   from	   a	   kinematic	   point	   of	   view	   is	   the	  momentum	   transfer	  𝑞 = (𝑘 − 𝑝).,	  
which	  can	  be	  explicitly	  written	  as:	  

𝑞 = 𝜇𝑣 cos 𝜃
𝜇𝑣 sin 𝜃 − 𝜇𝑣

0 	  

where	  𝜃is	  the	  WIMP	  scattering	  angle	  in	  the	  center	  of	  mass	  frame.	  Furthermore:	  

𝑞 ! = 2𝜇!𝑣! 1 − cos 𝜃 	  

From	  the	  last	  equation	  it	  immediately	  follow	  that	  the	  recoil	  energy,	  𝐸! ,	  is	  given	  by:	  

𝐸! =   
𝑞 !

2𝑚!
=
𝜇!𝑣!

𝑚!
1 − cos 𝜃 = !

!
𝑚!𝑣!  𝑟  

1 − cos 𝜃
2

= 𝐸!𝑟
1 − cos 𝜃

2
	  

mχ mN 

p 

k 

-p 

-k 
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with:	  

𝑟 =   
4𝜇!

𝑚!𝑚!
=

4  𝑚!𝑚!

𝑚! +𝑚!
!	  

and	  𝐸! = !
!𝑚!𝑣!	  the	  kinetic	  energy	  of	  the	  incoming	  WIMP.	  

Now	  we	  consider	  a	  WIMP	  with	  a	  mass	  of	  100	  GeV/c2	  and	  velocity	  of	  220km/s,	  colliding	  into	  an	  
atom	  with	  the	  same	  mass.	  In	  this	  case	  we	  can	  calculate	  that	  𝐸! 	  is	  now:	  

0 < 𝐸! < 𝐸!   𝑟 ≈ 30keV    	  

Even	  though	  the	  velocity	  distribution	  has	  a	  tail	  to	  higher	  velocities,	  the	  recoil	  energy	  is	  unusually	  
low	  for	  an	  experimental	  particle	  physicist.	  From	  this	  calculation	  it	  immediately	  follows	  that	  if	  one	  
wants	  to	  construct	  a	  WIMP	  detector	  it	  should	  be	  sensitive	  to	  relatively	  low	  energies.	  Please	  check	  
for	  yourself	  what	  the	  recoil	  energy	  for	  electrons	  would	  be:	  can	  you	  see	  why	  it	  is	  hard	  to	  make	  an	  
experiment	  to	  detect	  WIMP-‐electron	  scattering?	  

Another	   interesting	   quantity	   is	   the	   momentum	   transfer	   itself.	   From	   the	   equations	   above	   it	  
follows	  that:	  

0 < 𝑞 < 2𝜇𝑣 = 75  MeV/c	  

What	  does	  such	  a	  number	  mean?	  Well,	  we	  can	  look	  at	  the	  corresponding	  De	  Broglie	  wavelength,	  
𝜆,	  which	  for	  a	  momentum	  transfer	  of	  75	  MeV/c	  is:	  

𝜆 =
ℎ
𝑝
≈ 2.5  fm	  

The	  wavelength	  corresponding	  to	   𝑞 !	  is	  larger	  than	  the	  size	  of	  most	  nuclei,	  so	  the	  scattering	  to	  a	  
nucleus	  is	  coherent.	  This	  means	  that	  the	  WIMP	  is	  scattering	  to	  all	  the	  constituents	  of	  the	  nucleus	  
–	   i.e.	   quarks	   –	   simultaneously.	   This	   feature	  will	   prove	   to	   be	   very	   important	   for	   enhancing	   the	  
event	  rate,	  especially	  for	  nuclei	  with	  large	  atomic	  mass.	  

2.3 EVENT	  RATE	  
In	  this	  section	  all	  the	  pieces	  will	  be	  put	  in	  place	  to	  calculate	  the	  nuclear	  recoil	  rate	  as	  a	  function	  
the	   recoil	   energy,	  𝐸! .	   We	   will	   start	   with	   the	   important	   assumption	   that	   the	   scattering	   of	   the	  
WIMPs	  to	  nuclei	  is	  isotropic:	  there	  is	  no	  preferential	  scattering	  angle	  in	  the	  center	  of	  mass	  frame.	  
As	  long	  as	  we	  don’t	  use	  polarized	  targets	  I	  think	  this	  assumption	  should	  be	  fine.	  Since	  we	  know	  
from	  the	  pervious	  section	  that:	  

𝐸! =   𝐸!𝑟
1 − cos 𝜃

2
	  

We	  know	  that	  if	  a	  nuclear	  recoil	  is	  caused	  an	  incoming	  particle	  with	  energy,	  𝐸! ,	  the	  rate	  in	  terms	  
of	  the	  recoil	  spectrum	  is	  evenly	  divided	  over	  the	  energy	  range:	  

0 ≤ 𝐸! ≤ 𝐸!𝑟	  

The	  differential	  rate	  !"(!!)
!!!

	  in	  terms	  of	  𝐸! 	  can	  therefore	  be	  written	  as:	  

𝑑
𝑑𝑅(𝐸!)
𝑑𝐸!

=
𝑑𝑅(𝐸!)
𝐸!𝑟
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In	  this	  equation	  𝑑𝑅(𝐸!)	  represents	  the	  rate	  of	  nuclear	  recoils	  within	  an	  energy	  range	  between	  𝐸! 	  
and	  𝐸! + 𝑑𝐸! .	   Note	   that	   at	   this	   point	   I	   have	   not	   added	   any	   information	   about	   the	   physical	  
processes	  responsible	  for	  nuclear	  recoils.	  

The	  next	  step	  is	  to	  integrate	  over	  all	  the	  possible	  values	  of	  the	  incoming	  energy	  that	  can	  cause	  a	  
recoil	  energy	  𝐸! .	  We	  now	  obtain	  the	  basic	  equation	  for	  the	  differential	  rate:	  

𝑑𝑅 𝐸!
𝑑𝐸!

=
𝑑𝑅(𝐸!)
𝐸!𝑟

!!

!!
	  

Note	   that	   I	   don’t	   care	   about	   the	   bounds	   of	   integration	   here,	   since	   we	   will	   make	   a	   change	   of	  
variables	  later.	  

Furthermore	  we	  define	  𝐸!"#	  as	  the	  minimal	  energy	  needed	  to	  make	  a	  nuclear	  recoil	  with	  energy	  
𝐸! .	  So:	  

𝐸!"# =
𝐸!
𝑟
	  

From	  this	  we	  can	  derive	  the	  corresponding	  minimal	  velocity	  as:	  

𝐸!"# =
!
!
𝑚!𝑣!"#! ≥

𝐸!
𝑟
⟹ 𝑣!"# =

2𝐸!
𝑚!𝑟

	  

We	  will	  need	  this	  expression	  later	  when	  we	  integrate	  over	  all	  possible	  WIMP	  velocities.	  Strictly	  
speaking	  𝐸!"#	  is	   determined	   by	   the	   escape	   velocity	   of	   WIMPs	   from	   the	   Milky	   Way:	   we	   don’t	  
expect	  any	  WIMPs	  wit	  h	  a	  velocity	  higher	  than	  544km/s.	  For	  the	  derivations	  here	  this	  effect	  will	  
be	  ignored,	  since	  it	  does	  not	  affect	  the	  results	  in	  a	  qualitative	  way.	  

Now	  we	  are	  ready	   to	  write	  down	  the	  differential	   rate	  𝑑𝑅 𝐸! 	  in	  a	  similar	  way	  as	   in	  section	  2.1.	  
The	   only	   difference	   is	   that	   we	   now	   want	   to	   include	   the	   velocity	   dependence	   of	   the	   rate	   in	   a	  
correct	  way.	   In	   the	   earlier	   estimate	   of	   the	   nuclear	   recoil	   rate	  we	   assumed	   that	   all	   the	  WIMPs	  
move	   at	   one	   velocity,	   but	   we	   know	   from	   the	   derivation	   in	   section	   1.2	   that	   the	   velocities	   are	  
distributed	  according	  to	  a	  Maxwellian.	  This	  important	  piece	  of	  information	  we	  will	  use	  below.	  

So	  the	  differential	  rate	  is	  now	  written	  as:	  

𝑑𝑅 𝐸! =
𝑁!
𝐴
𝜎𝑣  𝑑𝑛	  

with	  𝑑𝑛	  the	  WIMP	  density	  with	  velocity	  between	  𝑣	  and	  𝑣 + 𝑑𝑣.	  We	  know	  how	  to	  write	  this	  down,	  
since	  we	  know	  the	  velocity	  distribution	  function:	  

𝑑𝑛 =
1
𝐶
𝜌
𝑚!

  𝑓 𝑣 𝑑𝑣	  

To	   determine	   the	   normalization	   constant	  𝐶 	  we	   integrate	   this	   equation	   over	   all	   velocities	  
demanding	  that	  we	  should	  get	  the	  total	  number	  density	  of	  WIMPs,	  𝜌 𝑚!.	  So:	  

𝜌
𝑚!

=
1
𝐶
𝜌
𝑚!

  𝑓 𝑣 𝑑𝑣⟹ 𝐶 =   𝑓 𝑣 𝑑𝑣 = 𝑑θ sin 𝜃 𝑑𝜙 𝑑𝑣  𝑣!𝑒
!!

!

!!
! 	  

resulting	  in:	  

𝐶 = 𝜋!/!  𝑣!!	  
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The	  expression	  for	  the	  differential	  rate	  now	  becomes:	  

𝑑𝑅 𝐸! =
𝑁!
𝐴
𝜎𝑣  

1
𝜋!/!  𝑣!!

𝜌
𝑚!

  𝑓 𝑣 𝑑𝑣 = 𝑅!  
𝑣  𝑓 𝑣   𝑑𝑣
2𝜋𝑣!!

	  

In	  the	  last	  equation	  we	  have	  factorized	  a	  0th	  order	  interaction	  rate,	  𝑅!  ,	  out	  of	  the	  equation	  and	  we	  
have	  a	  term	  depending	  on	  the	  velocity	  𝑣.	  𝑅!  is	  equal	  to:	  

𝑅! =
𝑁!
𝐴

𝜌
𝑚!

  𝜎  
2𝑣!
𝜋
=
𝑁!
𝐴

𝜌
𝑚!

  𝜎 < 𝑣 >	  

The	  value	  we	  find	  for	  𝑅!  is	  almost	  identical	  to	  the	  rough	  equation	  we	  derived	  in	  section	  2.1,	  with	  
the	   only	   difference	   that	   the	   velocity	   is	   no	   longer	  𝑣!,	   but	   the	   average	   velocity	   (sounds	   pretty	  
reasonable,	  doesn’t	  it?).	  

In	  order	  to	  get	  to	  our	  main	  result	   for	  the	  differential	  rate	  in	  terms	  of	  the	  recoil	  energy	  a	  rather	  
technical	   derivation	   remain.	   Since	   the	   result	   is	   essential	   for	   the	   understanding	   of	   dark	  matter	  
search	  experiments	  we	  will	  go	  all	  the	  way	  in	  the	  derivation.	  Let	  us	  recall	  the	  result	  we	  achieved	  
before	   on	   the	   differential	   rate	   and	   transform	   the	   integration	   over	   the	   energy	   of	   the	   incoming	  
WIMP	  into	  integration	  over	  the	  velocity:	  

𝑑𝑅 𝐸!
𝑑𝐸!

=
𝑑𝑅(𝐸!)
𝐸!𝑟

!!

!!
=
𝑅!
𝑟
  
1

2𝜋𝑣!!
𝑣  𝑓 𝑣   4𝜋𝑣!

!
!!!  !!

𝑑𝑣
!

!!"#

	  

With	   the	   minimum	   velocity	  𝑣!"# =
!!!
!!!

	  as	   before.	   With	   a	   little	   reworking	   the	   integration	   is	  

written	  as:	  

𝑑𝑅 𝐸!
𝑑𝐸!

=
𝑅!𝑚!

𝑟 1
2𝑚!𝑣!!

! 𝑣  𝑒!
!
!!

!

𝑑𝑣
!

!!"#

=
𝑅!𝑚!

𝑟𝐸!!
!
!
!
  𝑣!!𝑒

! !
!!

!

!!!!"#

!→!

	  

In	  the	  last	  step	  we	  defined	  𝐸!=
!
!
𝑚!𝑣!!	  as	  the	  most	  probable	  energy	  of	  the	  incoming	  WIMP.	  Using	  

the	  explicit	  expression	  for	  𝑣!"#	  we	  find	  for	  the	  differential	  rate	  the	  following	  expression:	  

𝑑𝑅 𝐸!
𝑑𝐸!

=
𝑅!
𝑟𝐸!

𝑒!
!!
!!! 	  

So	  after	  all	  these	  calculations	  we	  see	  that	  we	  can	  just	  expect	  a	  simple	  exponential	  distribution	  for	  
the	  recoil	  energy.	  	  
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FIGURE	  4:	  RECOIL	  SPECTRUM	  OF	  A	  WIMP	  WITH	  A	  MASS	  OF	  100GEV/C2	  TO	  TARGETS	  WITH	  DIFFERENT	  MASSES	  

As	  an	  example	  Figure	  4	  shows	  the	  recoil	  spectrum	  of	  a	  WIMP	  with	  a	  mass	  100	  GeV/c2	  to	  targets	  
with	  different	  masses,	  𝑚! .	  The	  first	  thing	  to	  notice	  is	  that	  most	  of	  the	  interactions	  result	  in	  recoil	  
energy	   lower	   than	   10keV.	   The	   highest	   recoil	   energy	   is	   obtained	   when	   the	  mass	   of	   the	  WIMP	  
perfectly	  matches	  the	  mass	  of	  the	  target,	  as	  expected	  from	  the	  classical	  mechanics	  involved	  in	  the	  
kinematics.	  Although	  not	  shown	  in	  the	  figure,	  for	  even	  higher	  target	  masses	  the	  maximum	  recoil	  
energy	  obtained	  is	  again	  slightly	  lower.	  In	  fact	  we	  can	  calculate	  the	  average	  recoil	  energy:	  

< 𝐸! >  =   
𝐸!   

𝑑𝑅
𝑑𝐸!

𝑑𝐸!
!
!

𝑑𝑅
𝑑𝐸!

𝑑𝐸!
!
!

= 𝑟𝐸!	  

In	   Figure	   5	   the	   average	   recoil	   energy	   is	   shown	   as	   a	   function	   of	   the	   target	   mass.	   For	   all	  
assumptions	  of	   the	  WIMP	  mass	   it	   is	  clear	   that	   the	  average	  recoil	  energy	   is	  maximum	  when	  the	  
WIMP	  mass	  is	  equal	  to	  the	  target	  mass	  (i.e.	  𝑟 = 1).	  It	  should	  also	  be	  clear	  once	  again	  that	  for	  low	  
mass	  WIMPs	  the	  average	  recoil	  energy	  is	  low,	  and	  most	  detectors	  will	  only	  be	  able	  to	  probe	  the	  
high-‐end	  tails	  of	  the	  distribution.	  

	  

FIGURE	  5:	  THE	  AVERAGE	  RECOIL	  ENERGY	  AS	  A	  FUNCTION	  OF	  THE	  TARGET	  MASS	  FOR	  DIFFERENT	  ASSUMPTIONS	  
OF	  THE	  WIMP	  MASS	  

An	   important	  aspect	   to	  remember	   from	  the	  recoil	  distribution	   is	   that	   in	  order	   to	  become	  more	  
sensitive	   to	   WIMPs	   it	   will	   be	   beneficial	   to	   have	   an	   experimental	   energy	   threshold	   as	   low	   as	  
possible,	  since	  most	  events	  are	  in	  the	  lowest	  energy	  range	  of	  your	  detector.	  Note	  that	  I	  have	  not	  
made	   any	   assumptions	   about	   the	   particle	   physics	   component	   in	   this	   equation,	   which	   are	   all	  
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’hidden’	   inside	  𝑅!:	   we	   have	   only	   used	   basic	   classical	   mechanical	   kinematics	   and	   the	   Maxwell	  
distribution	  of	  the	  velocity.	  In	  the	  next	  section	  we	  will	  ‘put	  the	  physics’	  into	  our	  equations.	  Finally	  
it	   has	   to	   be	   noted	   once	   again	   that	   I	   have	   neglected	   some	   important	   physics	   input	   in	   the	  
derivation:	   (i)	  movement	  of	  earth	   through	  the	  Milky	  Way	  (ii)	  a	   finite	  escape	  velocity	  of	  WIMPs	  
(iii)	  nuclear	  form	  factors.	  These	  points	  will	  be	  addresses	  later.	  

2.4 WIMP	  NUCLEON	  CROSS-‐SECTION	  
In	   this	   section	   we	   will	   have	   a	   closer	   look	   at	   the	   rate	  𝑅!	  that	   appears	   in	   our	   equation	   of	   the	  
interaction	  rate.	  𝑅!	  has	  been	  defined	  earlier	  as:	  

𝑅! =
𝑁!
𝐴

𝜌
𝑚!

  𝜎 < 𝑣 >	  

with	  all	  the	  particle	  physics	  hidden	  inside	  the	  cross-‐section	  𝜎.	  Remember	  that	  the	  cross	  section	  is	  
for	   the	  process	  WIMP	  colliding	   into	  a	  nucleus,	  which	  poses	  a	  problem	  to	  compare	  results	   from	  
experiments	  done	  with	  different	  target	  materials.	  We	  now	  will	  dissect	  the	  WIMP-‐nucleus	  cross-‐
section	   to	   get	   a	   description	   of	   it	   in	   terms	   of	   a	   WIMP-‐nucleon	   cross-‐section.	   Please	   read	   the	  
previous	   sentence	   again	   and	   pay	   attention	   to	   difference	   between	   nucleus	   and	   nucleon.	  With	   a	  
nucleon	   we	  mean	   a	   constituent	   of	   the	   nucleus	   –	   a	   proton	   or	   a	   neutron.	  We	   then	   assume	   the	  
scattering	  to	  protons	  and	  neutrons	  to	  be	  the	  same	  for	  all	  nuclei.	  	  

Let	  us	  first	  have	  a	   look	  at	  the	  differential	  cross	  section	  as	  a	  function	  of	  the	  momentum	  transfer	  
𝑞!(It	  will	  become	  clear	  soon	  why	  we	  do	  this).	  We	  will	  start	  with	  an	  obvious	  identity:	  

𝜎 =
𝑑𝜎
𝑑𝑞!

𝑑𝑞!	  

We	  will	  prove	  that	  for	  an	  isotropic	  cross	  section	  –	  no	  dependence	  on	  the	  scattering	  angle	  cos 𝜃	  -‐	  
we	  can	  write	  the	  differential	  cross	  section	  as:	  

𝑑𝜎
𝑑𝑞!

=
𝜎

4𝜇!𝑣!
	  

The	  proof	  is	  straightforward	  if	  we	  recall	  that:	  

𝑞! = 2𝜇!𝑣! 1 − cos 𝜃 ⟹
𝑑𝑞!

𝑑 cos 𝜃
= 2𝜇!𝑣!	  

Make	  a	  change	  of	  variables	  from	  𝑞!	  to	  cos 𝜃	  using	  this	  Jacobian:	  

𝑑𝜎
𝑑𝑞!

𝑑𝑞! =
𝜎

4𝜇!𝑣!
!

!!
  2𝜇!𝑣!  𝑑 cos 𝜃 = 𝜎	  

Q.E.D.	  

The	  reason	  to	  calculate	   !"
!"!
	  is	  that	  we	  have	  a	  fundamental	  identity	  from	  particle	  physics	  relating	  

the	  differential	  cross	  section	  to	  a	  quantum	  mechanical	  matrix	  element,	  ℳ.	  The	  identity	  is	  known	  
as	  ‘Fermi’s	  Golden	  rule’	  and	  reads:	  

𝑑𝜎
𝑑𝑞!

=
1
𝜋𝑣!

ℳ !	  
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Before	  we	  continue:	  for	  those	  of	  you	  that	  did	  not	  follow	  a	  course	  in	  particle	  physics	  don’t	  despair.	  
The	  most	   important	   thing	   you	   should	   remember	   is	   that	  ℳ !	  represents	   the	   ‘probability’	   for	   a	  
process	  to	  occur,	  which	  in	  our	  case	  is	  the	  scattering	  of	  a	  WIMP	  to	  a	  nucleus.	  	  

To	   quantify	   the	   matrix	   element	   we	   consider	   the	   contents	   of	   a	   nucleus,	   and	   we	   denote	   the	  
coupling	  to	  either	  a	  proton	  or	  a	  neutron	  by	  𝑓!	  and	  𝑓!,	  respectively.	  We	  know	  from	  the	  momentum	  
transfer	   involved	   in	   the	   scattering	   that	   the	   process	   is	   coherent,	   because	   the	   De	   Broglie	  
wavelength	   corresponding	   to	   the	  momentum	   transfer	   is	   similar	   or	   larger	   in	   size	   to	   a	   nucleus.	  
Under	  the	  assumption	  of	  coherent	  scattering	  we	  can	  write	  ℳas:	  

ℳ = 𝑍𝑓! + 𝐴 − 𝑍 𝑓!	  

This	   equation	   only	   states	   that	   the	   coherent	   scatter	   is	   simultaneously	   to	   all	  𝑍	  protons	   with	  
strength	  𝑓!,	   and	   to	  all	  𝐴 − 𝑍	  neutrons	  with	  strength	  𝑓!.	   In	  most	   literature	   it	   is	  assumed	   that	   the	  
coupling	  of	  the	  WIMPs	  to	  protons	  and	  neutrons	  is	  identical,	  such	  that	  the	  matrix	  element	  simply	  
reduces	  to:	  

ℳ = 𝐴𝑓!	  

The	  last	  result	  we	  will	  plug	  back	  into	  the	  equation	  of	  the	  differential	  cross-‐section:	  

𝑑𝜎
𝑑𝑞!

=
1
𝜋𝑣!

𝐴!𝑓!!	  

This	  we	  can	  in	  turn	  equate	  with	  the	  relation	  between	  the	  differential	  cross	  section	  and	  total	  cross	  
section:	  

𝑑𝜎
𝑑𝑞!

=
𝜎

4𝜇!𝑣!
=

1
𝜋𝑣!

𝐴!𝑓!! ⟹ 𝜎 𝜒 + 𝑁 =
4
𝜋
𝑚!
!𝑓!!   

𝜇!𝐴!

𝑚!
! = 𝜎!"(𝜒 + 𝑝)

𝜇!𝐴!

𝑚!
! 	  

Where	  we	  have	  defined	  the	  WIMP-‐nucleon	  cross-‐section	  as:	  

𝜎!" 𝜒 + 𝑝 =
4
𝜋
𝑚!
!𝑓!!	  

The	  SI	  in	  the	  cross-‐section	  suffix	  indicates	  we	  are	  dealing	  here	  with	  a	  spin-‐independent	  coupling	  
to	   the	   nucleons.	   Currently	  most	   experiments	   first	   do	   a	  measurement	   to	   this	   spin-‐independent	  
cross-‐section.	  Other	  models	  where	  the	  WIMP	  is	   for	  example	  assumed	  to	  couple	  to	  the	  spin	  of	  a	  
nucleus,	   are	   not	   considered	   within	   the	   scope	   of	   these	   lectures,	   even	   though	   these	   provide	  
important	  measurements	  for	  dark	  matter	  searches.	  	  

One	  important	  observation	  that	  we	  have	  to	  make	  here	  is	  that	  the	  total	  cross	  section	  now	  depends	  
on	  𝐴!of	  the	  target	  material.	  This	  observation	  plays	  a	  crucial	  role	  in	  the	  choice	  of	  target	  material	  
for	   dark	   matter	   detectors:	   a	   general	   rule	   is	   to	   use	   materials	   with	   an	   atomic	   mass	   as	   high	   as	  
possible,	  unless	  you	  are	  looking	  for	  extremely	  low-‐mass	  WIMPs	  where	  the	  average	  recoil	  energy	  
becomes	  very	  low	  for	  high	  atomic	  mass.	  

We	  now	  explicitly	  write	   down	  𝑅!	  once	   again,	   but	   now	   in	   terms	  of	   the	   spin	   independent	  WIMP	  
nucleon	  cross-‐section:	  

𝑅! =
𝑁!
𝐴

𝜌
𝑚!

  𝜎!"(𝜒 + 𝑝)
𝜇!𝐴!

𝑚!
! < 𝑣 >	  

If	  we	  make	  the	  reasonable	  assumption	  that	  𝜎!" 	  is	  the	  same	  for	  the	  nucleons	  in	  each	  element,	  the	  
only	  difference	  between	  different	   targets	  can	  be	  expressed	  by	   the	  𝐴	  dependence	  of	  𝑅!.	  Before	   I	  
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will	   show	   the	   differential	   rate	   as	   a	   function	   of	   the	   recoil	   energy,	   I	   will	   first	   discuss	   a	   few	  
important	  corrections	  to	  the	  rate.	  

2.5 CORRECTIONS	  TO	  THE	  EVENT	  RATE	  
2.5.1 MOVEMENT	  OF	  EARTH	  AND	  SUN	  
So	   far	  we	   have	   assumed	   for	   our	   rate	   derivations	   that	   the	   sun	   and	   earth	   are	   not	  moving	  with	  
respect	  to	  the	  galactic	  coordinate	  frame.	  We	  do	  know	  of	  course	  that	  the	  sun	  is	  rotation	  about	  the	  
center	  of	  our	  galaxy	  with	  a	  velocity	  of	  220km/s	  and	  that	  the	  earth	  revolves	  around	  the	  sun	  with	  a	  
velocity	  of	  30km/s.	  Let	  us	  have	  a	  closer	  look	  at	  the	  Maxwellian	  distribution:	  

𝑓 𝑣 = 𝑒
!!

!

!!
! 	  

The	  velocity	  is	  the	  WIMP	  velocity	  with	  respect	  to	  the	  galactic	  rest-‐frame.	  Suppose	  we	  measure	  a	  
WIMP	  velocity	  on	  earth	  of	  𝑣!,!and	  we	  call	   the	  velocity	  of	   the	  earth	  with	   respect	   to	   the	  galactic	  
rest-‐frame	  𝑣! .	   At	   this	   point	   we	   assume	   that	   the	   Earth’s	   velocity	   is	   just	   the	   same	   as	   the	   Sun’s	  
velocity.	  Then	  we	  can	  substitute	  in	  the	  Maxwellian:	  

𝑣 = 𝑣!,! + 𝑣! 	  

If	  we	  now	  also	  include	  the	  effect	  of	  a	  finite	  escape	  velocity	  of	  WIMPs	  we	  arrive	  at	  the	  following	  
equation,	   which	   I	   will	   present	   without	   any	   derivation.	   Requires	   a	   lot	   of	   integrations	   of	  
exponentials	  while	  the	  procedure	  does	  not	  yield	  any	  new	  insights.	  So	  we	  get:	  

𝑑𝑅 𝐸!
𝑑𝐸!

= 𝐾
𝑅!
𝑟𝐸!

𝜋𝑣!
4𝑣!

erf
𝑣!"# + 𝑣!

𝑣!
− erf

𝑣!"# − 𝑣!
𝑣!

− 𝑒
!!!"#

!

!!
! 	  

with	  𝐾  a	  normalization	  factor	  given	  by:	  

𝐾 = erf
𝑣!"#
𝑣!

−
2
𝜋
𝑣!"#
𝑣!

𝑒
!!!"#

!

!!
!

!!

	  

Beautiful	  isn’t	  it?	  By	  the	  way	  the	  “erf”	  you	  se	  in	  the	  equation	  is	  a	  so	  called	  error	  function,	  given	  
by:	  

erf  (𝑥) ≡
2
𝜋

𝑒!!!𝑑𝑡
!

!
	  

The	  main	  effect	  of	  the	  movement	  of	  the	  sun	  around	  the	  galactic	  center	  is	  that	  the	  recoil	  spectrum	  
becomes	  a	  bit	  boosted	  to	  higher	  recoil	  energies,	   like	   the	  raindrops	  on	  a	  car	  windshield	  making	  
harder	  splashes	  if	  you	  drive	  though	  the	  rain.	  	  
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FIGURE	  6:	  THE	  EFFECT	  OF	  THE	  MOVEMENT	  OF	  THE	  EARTH	  THROUGH	  TEH	  GALAXY	  ON	  THE	  RECOIL	  RATE	  

In	  Figure	  6	  the	  effect	  of	  this	  movement	  on	  the	  recoil	  rate	  has	  been	  calculated	  for	  a	  WIMP	  with	  a	  
mass	  of	  100GeV/c2	   interaction	  with	  a	  nucleus	  with	  𝑚! = 131GeV/𝑐!  (i.e.	   xenon).	  The	  blue	   line	  
shows	   the	   rate	   if	   the	   earth	  would	   be	   at	   rest	   in	   the	   galactic	   coordinate	   frame	   (i.e.	   non	   rotation	  
around	  the	  galactic	  center),	  while	  the	  green	  line	  shows	  the	  harder	  spectrum	  you	  obtain	  if	  the	  sun	  
is	  moving	  with	  220	  km/s	  as	   it	  does.	  This	  slightly	  helps	  dark	  matter	  experiments	   increase	   their	  
sensitivity.	  Also	  the	  finite	  escape	  velocity	  is	  taken	  into	  account,	  although	  the	  effect	  is	  small.	  	  

The	  movement	  of	  the	  earth	  around	  the	  sun	  causes	  a	  more	  subtle	  effect,	  effectively	  increasing	  the	  
speed	   with	   respect	   to	   the	   galactic	   center	   in	   the	   summer	   with	   a	   maximum	   a	   June	   2nd	   and	   a	  
minimum	  in	  the	  speed	  half	  a	  year	  later.	  The	  effect	  to	  the	  rate	  can	  to	  1st	  order	  be	  approximated	  as:	  

𝑑𝑅 𝐸! , 𝑡
𝑑𝐸!

≈
𝑑𝑅 𝐸!
𝑑𝐸!

1 + Δ 𝐸! cos
𝑡 − 𝑡!
𝑇

	  

The	   period	   of	   the	   oscillation	   will	   be	   one	   year	  𝑇 = 1  year	   and	   the	   rate	   will	   be	   maximum	   at	  𝑡!	  
corresponding	  to	  June	  2nd.	  The	  amplitude	  Δ 𝐸! 	  is	  a	  couple	  percent,	  but	  it	  allows	  a	  measurement	  
of	  dark	  matter	  with	  an	  intrinsic	  way	  of	  suppressing	  backgrounds.	  Some	  experiments	  exploit	  the	  
effect	  of	  the	  change	  in	  amplitude	  –	  resulting	  in	  a	  change	  of	  event	  rate	  –	  as	  a	  way	  to	  subtract	  all	  
constant	   background	   sources	   that	   do	   not	   show	   a	   seasonal	   effect.	   One	   of	   the	   most	   famous	   /	  
notorious	  claims	  of	  dark	  matter	  discovery	  made	  by	  the	  DAMA/LIBRA	  collaboration	  is	  based	  on	  a	  
seasonal	  effect	  in	  detector	  counting	  rates.	  

2.5.2 NUCLEAR	  FORM	  FACTORS	  
The	  last	  important	  correction	  originates	  from	  the	  fact	  that	  a	  nucleus	  has	  a	  finite	  size.	  Thus	  far	  we	  
have	   treated	   the	   nucleus	   as	   a	   point	   object	   and	   therefore	   we	   could	   justify	   the	   assumption	   of	  
coherent	  –	   to	  all	  protons	  and	  neutron	  at	  once	  –	   scattering	  of	   a	  WIMP.	  For	  high	  enough	  energy	  
transfer	  𝑞!the	  corresponding	  wavelength	  becomes	  of	  the	  same	  order	  and	  shorter	  than	  the	  size	  of	  
a	   nucleus.	   In	   that	   case	   coherence	   is	   be	   lost	   and	   the	   cross-‐section	  WIMP	   to	   nucleus	   no	   longer	  
depends	   on	  𝐴!:	   the	   nucleons	   no	   longer	   work	   together.	   The	   size	   of	   a	   nucleus	   can	   roughly	   be	  
approximated	  by:	  

𝑟! ≈ 1.2  𝐴! !  [fm]	  

And	   the	   momentum	   transfer	   we	   are	   considering	   is	   of	   the	   order	   of	   50	   MeV/c	   or	   less,	  
corresponding	  to	  a	  De	  Broglie	  wavelength	  of	  about	  5	  fm.	  To	  correct	  for	  the	  size	  of	  the	  nucleus	  a	  
so	   called	   form	   factor,	  𝐹 𝑞 ,	  is	   calculated	   that	   accounts	   for	   the	   size	   of	   the	   nucleus	   (for	   the	  
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connoisseurs	  it	  is	  the	  Fourier	  transform	  of	  the	  spatial	  distribution	  of	  the	  nucleons	  in	  a	  nucleus).	  I	  
want	   you	   all	   to	   understand	  where	   these	   form	   factors	   come	   from	  and	  why	   they	  depend	  on	   the	  
momentum	  transfer	  in	  a	  collision.	  	  

	  

FIGURE	  7:	  RECOIL	  RATE	  FOR	  SOME	  FAVORITE	  TARGET	  MATERIALS	  CORRECTED	  FOR	  THE	  NUCLEAR	  FORM	  
FACTOR.	  

Figure	  7	   shows	   the	   recoil	   rate	  of	   a	  100	  GeV/c2	  WIMP	   to	   some	  of	  our	   favorite	   target	  materials:	  
argon,	  germanium	  and	  xenon.	  Since	  Ar	  and	  Ge	  have	  atomics	  masses	  of	  40	  and	  73	  respectively,	  
they	   have	   relatively	   small	   nuclei	   and	   therefore	   they	   don’t	   suffer	   too	   much	   from	   the	   loss	   of	  
coherence.	  Xenon	  however,	  with	  an	  average	  atomic	  mass	  of	  131	  does	  suffer	  and	  for	  higher	  recoil	  
energies	  the	  rate	  drops	  significantly,	  even	  below	  the	  rate	  of	  the	  lower	  A	  targets.	  Please	  note	  that	  
the	   effect	   at	   low	   recoil	   energies	   is	   rather	  modest:	   this	   is	   the	   region	  where	   by	   far	  most	   of	   the	  
recoils	  are	  expected	  to	  happen.	  	  

2.6 SUMMARY	  
In	  this	  chapter	  we	  have	  developed	  a	  model	  by	  which	  WIMPs	  can	   interact	  with	  ordinary	  matter	  
through	   nuclear	   recoils.	   We	   have	   started	   with	   a	   calculation	   of	   the	   interaction	   rate	   based	   on	  
kinematical	  arguments.	  Then	  we	  inserted	  a	  model	  of	  the	  cross-‐section	  in	  terms	  of	  coherent	  WIMP	  
to	   nucleon	   scattering	   instead	   of	   scattering	   to	   a	   nucleus,	   in	   order	   to	   be	   able	   to	   compare	  
experiments	   that	   use	   different	   target	   materials.	   Finally	   we	   implemented	   corrections	   to	   our	  
interaction	  rate	  that	  are	  due	  to	  the	  movement	  of	  the	  sun	  and	  earth	  in	  the	  galaxy,	  and	  one	  due	  to	  
the	  loss	  of	  coherence	  in	  the	  scattering	  to	  large	  nuclei.	  

3 LECTURE	  2:	  WIMP	  MEETS	  DETECTOR	  

3.1 PHONONS,	  SCINTILLATION	  &	  IONIZATION	  
In	   this	   lecture	   I	   will	   discuss	   how	   we	   are	   able	   to	   detect	   a	   nuclear	   recoil	   caused	   by	   a	   WIMP	  
collision.	  As	  we	  have	  seen	  in	  the	  previous	  lecture	  such	  detection	  may	  be	  hard	  for	  two	  reasons:	  (i)	  
the	  nuclear	  recoil	  energy	  is	  low	  and	  (ii)	  the	  rate	  of	  events	  is	  low.	  So	  the	  first	  things	  we	  need	  is	  a	  
detector	   that	   is	   sensitive	   to	   these	   low	   keV	   energy	   range	   recoils.	   To	   understand	   how	   such	   low	  
energy	  detectors	  work	  we	  need	  to	  discuss	  the	  three	  ways	  that	  the	  nuclear	  recoil	  energy	  can	  be	  
dissipated	  in	  a	  target:	  	  
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1. Phonons.	  Lattice	  vibrations	  –	  phonons	  –	  cause	  an	   increase	   in	   temperature	  of	   the	   target	  
material.	  At	  temperatures	  close	  to	  the	  absolute	  zero	  the	  specific	  heat	  of	  an	  object	  is	  low	  
(Debye	  theory!)	  and	  the	  temperature	  changes	  become	  of	  the	  order	  Δ𝑇 = 𝒪(𝜇𝐾),	  which	  is	  
detectable.	  

2. Scintillation.	   Some	   of	   the	   liquid	   and	   solid-‐state	   detectors	   emit	   part	   of	   the	   absorbed	  
energy	   in	   the	   form	  of	   scintillation	   light	  with	   a	   characteristic	   spectrum.	   In	   for	   example	  
liquid	   xenon	   the	   light	   is	   emitted	   from	   excited	  molecular	   like	   states	   of	  multiple	   xenon	  
atoms,	   causing	   the	   wavelength	   of	   the	   scintillation	   light	   to	   be	   different	   from	   its	   own	  
absorption	   lines.	   Therefore,	   the	   material	   is	   transparent	   to	   its	   own	   scintillation	   light,	  
which	  can	  therefore	  be	  detected.	  

3. Ionization.	  Ionization	  is	  the	  process	  by	  which	  electrons	  are	  ejected	  from	  the	  target	  atom.	  
These	  electrons	  can	  be	  separated	  from	  the	  positive	  ion	  by	  applying	  an	  electric	  field	  over	  
the	   target.	   There	   is	   an	   intricate	   interplay	   between	   the	   ionization	   and	   scintillation	  
process:	   separating	   the	   charges	   with	   an	   electric	   charge	   leaves	   fewer	   possibilities	   for	  
charge	  recombination	  processes	  causing	  scintillation	  light.	  

I	  will	  discuss	  how	  detectors	  based	  on	  detection	  of	  either	  one	  or	   two	  of	   these	  signals	  work	  and	  
how	  background	  events	   in	   such	  detectors	   are	   suppressed.	  Where	  needed	   I	  will	   go	   into	  deeper	  
detail	  for	  describing	  the	  energy	  dissipation	  mechanisms.	  

Due	   to	   the	   extremely	   low	   expected	   event	   rate	   the	   different	   sources	   of	   backgrounds	   that	   can	  
pollute	   and	   obscure	   our	   WIMP	   signals	   must	   be	   discussed:	   nuclear	   (NR)	   and	   electromagnetic	  
recoils	  (ER)	  as	  shown	  in	  Figure	  8.	  	  

	  

FIGURE	  8:	  NUCLEAR	  RECOIL	  OF	  A	  NUCLEUS	  FROM	  A	  COLLISION	  WITH	  A	  WIMP	  OR	  NEUTRON	  (LEFT),	  AND	  
ELECTROMAGNETIC	  RECOIL	  FROM	  A	  β	  OR	  γ	  (RIGHT)	  

The	   first	   class	   of	   backgrounds	   is	   from	   neutrons	   that	   can	   cause	   genuine	   nuclear	   recoils,	  which	  
cannot	   always	   be	   distinguished	   from	   a	   real	  WIMP	   collision.	   The	   second	   class	   of	   backgrounds	  
originates	  from	  beta-‐	  or	  gamma	  rays	  that	  recoil	  electromagnetically	  to	  an	  electron.	  The	  last	  class	  
of	   events	   is	   usually	   the	   dominant	   source	   of	   background,	   but	   in	   most	   detectors	   that	   detect	   a	  
combination	  of	  two	  of	  the	  dissipation	  mechanisms	  these	  backgrounds	  may	  be	  reduced	  by	  several	  
orders	  of	  magnitude.	  	  

ER 
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FIGURE	  9:	  SEPARATION	  OF	  ER	  AND	  NR	  EVENTS	  IN	  A	  HYPOTHEICAL	  DETECTOR	  MEASURING	  CHARGE	  AND	  
PHONONS	  SIMULTANEOUSLY.	  

As	   an	   example	   Figure	   9	   shows	   the	   response	   to	   NR	   and	   ER	   for	   a	   hypothetical	   detector	   that	  
simultaneously	  detects	  both	  phonons	  and	  ionization.	  The	  energy	  in	  such	  a	  case	  will	  most	   likely	  
be	   determined	   from	   the	   size	   of	   the	   phonon	   signal,	   which	   is	   in	   principle	   proportional	   to	   the	  
absorbed	  energy.	  The	  reason	  for	  this	  is	  that	  there	  exist	  many	  more	  lattice	  vibration	  modes	  than	  
there	   are	   electron-‐ion	   pairs	   created	   when	   dissipating	   the	   energy,	   causing	   a	   much-‐reduced	  
statistical	  error	  on	  the	  energy	  determined	  from	  the	  phonon	  signal.	  So	  on	  the	  x-‐axis	  of	  the	  figure	  
the	  energy	  is	  shown	  and	  on	  the	  y-‐axis	  the	  ratio	  of	  charge	  to	  phonon	  signal.	  This	  ratio	  is	  different	  
for	  ER	  compared	  to	  NR	  and	  therefore	  an	  excellent	  discriminator.	  The	  reduced	  response	  to	  recoil	  
energy	   through	   the	   ionization	  mechanism	   in	   this	   case	   is	   quantified	   in	   terms	   of	   the	   quenching	  
factor,	  𝑄𝐹.	  The	  visible	  ionization	  energy	  is	  written	  as:	  

𝐸!"# = 𝑄𝐹   ∙ 𝐸! 	  

where	  𝐸! 	  represents	  the	  nuclear	  recoil	  energy	  as	  usual.	  In	  this	  particular	  case	  the	  quenching	  can	  
be	  roughly	  understood	  by	  the	  fact	  that	  for	  the	  ER’s	  an	  electron	  is	  ejected	  from	  an	  atom	  with	  high-‐
speed,	  making	  more	  ionizations	  along	  its	  (short)	  track,	  while	  for	  the	  NRs	  the	  target	  nucleus	  gets	  a	  
small	  kick,	  not	  separating	  charges	  too	  drastically.	  	  

3.2 BACKGROUNDS	  
3.2.1 THE	  ENEMIES:	  URANIUM	  &	  THORIUM	  
Any	  experiment	  searching	  for	  dark	  matter	  (and	  also	  other	  low-‐counting	  rate	  experiments)	  need	  
to	  worry	  about	  contamination	  of	  their	  detector	  with	  uranium	  and	  thorium.	  These	  elements	  have	  
lifetimes	   of	  𝑡! !( 𝑈) =!"# 4.5 	  Gy	   and	  𝑡! !( 𝑇ℎ) =!!" 14  Gyr	   and	   have	   been	   present	   since	   the	  
genesis	   of	   the	   Earth	   (sounds	   dramatic),	   and	   they	   are	   still	   around	   today.	   Even	   though	   the	  
contamination	  of	  most	  materials	  with	  these	  elements	  is	  usually	  small	  we	  will	  see	  in	  sections	  3.2.2	  
and	  3.2.3	  that	  they	  can	  be	  responsible	  for	  quite	  some	  backgrounds	  in	  many	  different	  ways.	  	  
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FIGURE	  10:	  THORIUM	  AND	  URANIUM	  DECAY	  CHAINS	  

For	  completeness	  and	  because	  I	  think	  everybody	  should	  see	  these	  decay	  chains	  every	  once	  in	  a	  
while	  Figure	  10	  shows	  both	  the	  decay	  chains.	  You	  see	  that	  in	  both	  cases	  there	  are	  abundant	  α	  and	  
β	  emitters	  in	  the	  decay	  chains	  and	  it	  should	  be	  noted	  that	  the	  lifetime	  of	  the	  top-‐element	  is	  by	  far	  
the	   longest	   in	   the	   chain.	   As	   a	   result	   of	   the	   large	   differences	   in	   lifetimes	   between	  uranium	  and	  
thorium	  and	   their	   progenitors,	   after	   some	   time	   all	   isotopes	   in	   the	   decay	   chain	  will	   be	   in	   a	   so-‐
called	   ‘secular	   equilibrium’.	   	   To	   describe	   this	   equilibrium	  we	   have	   to	   note	   that	   for	   an	   isotope	  
somewhere	  in	  the	  decay	  chain,	  denoted	  with	  index	  i,	  the	  following	  differential	  equations	  holds:	  

𝑑𝑁!
𝑑𝑡

= −𝜆!𝑁! + 𝜆!𝑁! 	  

The	  first	  part	  of	  the	  equation	  is	  the	  ordinary	  radioactive	  decay	  law,	  while	  the	  second	  part	  of	  the	  
equation	  describes	  the	  growth	  of	   isotope	   i,	  due	  to	  the	  decay	  of	   its	   ‘mother’	  element	  denoted	  by	  
index	  j.	  As	  we	  will	  see	  in	  the	  exercises,	  equilibrium	  will	  be	  established	  with	  a	  constant	  amount	  of	  
all	  the	  isotopes	  in	  the	  chain.	  In	  other	  words	  for	  all	  isotopes:	  

𝑑𝑁!
𝑑𝑡

= 0⟹ 𝜆!𝑁! = 𝜆!𝑁! 	  

So	  for	  all	  isotopes	  the	  abundances	  are	  now	  related	  by	  the	  simple	  expression	  above.	  Of	  course	  for	  
extremely	   long	   times	   the	  equilibrium	  will	  not	  hold	  as	   the	  amount	  of	  uranium	  and	   thorium	  will	  
eventually	  disappear,	  but	  we	  can	  be	  pretty	  sure	  that	  this	  will	  happen	  only	  on	  a	  timescale	  longer	  
than	  any	  experiment	  you	  plan	  to	  do.	  

As	  you	  can	  see	  from	  the	  equation	  above,	  secular	  equilibrium	  is	  of	  crucial	  importance	  to	  measure	  
the	  amount	  of	  uranium	  and	  thorium	  in	  a	  sample	  of	  your	  construction	  materials.	  	  If	  you	  are	  able	  to	  
identify	   the	   abundance	   of	   only	   one	   isotope,	   you	   know	   how	   much	   of	   each	   isotope	   is	   present.	  
Secular	  equilibrium	  is	  pretty	  cool!	  

3.2.2 NEUTRONS	  
Potentially	   the	  most	   harmful	   background	   to	   a	  WIMP	   search	   experiment	   comes	   from	  neutrons.	  
The	  major	  difficulty	  with	  neutrons	   is	   that	   they	  have	  a	  chance	   to	  undergo	  elastic	  scattering	   in	  a	  
target	  and	  subsequently	  escape	  the	  detector.	  The	  nuclear	  recoil	  that	  originates	  from	  this	  process	  
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cannot	   be	   distinguished	   from	   a	  WIMP	   collision.	   	   All	   WIMP	   detectors	   currently	   operational	   or	  
planned	   have	   target	  materials	   that	   are	   not	   a	   source	   of	   neutrons	   themselves,	   so	   only	   neutrons	  
coming	  from	  the	  outside	  need	  to	  be	  considered.	  The	  two	  main	  sources	  of	  neutrons	  are:	  

1. Cosmogenic.	  Cosmic	   muons	   may	   undergo	   an	   interaction	   with	   materials	   in	   or	   close	   to	  
your	  dark	  matter	  detector.	   In	  this	  process	  high	  energetic	  neutrons	  may	  be	  formed	  that	  
can	  penetrate	  your	  detector.	  The	  strategy	  to	  get	  this	  source	  of	  neutrons	  under	  control	  is	  
by	  building	  dark	  matter	  experiment	  in	  deep	  underground	  labs	  to	  reduce	  the	  flux	  of	  the	  
cosmic	  muons.	  

	  

FIGURE	  11:	  MUON	  FLUX	  AS	  A	  FUNCTION	  OF	  THE	  OVERBURDEN	  MEASURED	  IN	  EQUIVALENT	  METERS	  OF	  WATER.	  

As	   you	   can	   see	   from	   Figure	   11	   the	   muon	   flux	   can	   be	   reduced	   by	   many	   orders	   of	  
magnitude	   by	   going	   deep	   underground.	   In	   “my”	   lab	   in	   Gran	   Sasso	   the	   muon	   flux	   is	  
around	  104	  m-‐2	  yr-‐1,	  much	  lower	  than	  at	  the	  surface.	  Just	  going	  underground	  is	  however	  
not	   good	   enough	   anymore	   since	   dark	  matter	   detectors	   are	   becoming	  more	   and	  more	  
sensitive.	  To	  eliminate	   the	  remaining	  cosmic	  neutrons,	  most	  new	  detectors	  are	   located	  
inside	  a	  large	  water	  volume	  to	  moderate	  and	  stop	  the	  neutrons.	  In	  addition	  these	  water	  
volumes	  can	  be	  made	  ‘active’	  by	  instrumenting	  them	  with	  light	  detectors,	  which	  can	  see	  
the	  Cherenkov	  light	  from	  a	  muon	  passing	  though	  the	  water.	  If	  a	  muon	  is	  observed	  a	  ‘veto’	  
signal	   can	   be	   issued	   to	   the	   dark	   matter	   detector	   indicating	   that	   any	   activity	   may	   be	  
caused	   by	   a	   cosmic	   ray.	   These,	   so	   called,	   active	   muon	   veto	   detectors	   are	   extremely	  
powerful	  in	  getting	  rid	  of	  both	  cosmic	  muons	  and	  the	  neutrons	  they	  induce.	  	  

2. Construction	  material.	  A	  second	  source	  of	  neutrons	  comes	  from	  the	  material	  used	  in	  the	  
construction	   of	   the	   detector.	   The	   problem	   here	   is	   that	   this	   source	   includes	   all	  
construction	   materials	   of	   a	   detector,	   also	   inside	   a	   muon	   veto.	   The	   first	   source	   of	   the	  
neutrons	  are	  the	  so	  called,	  (𝛼, 𝑛)	  reactions	  where	  there	  are	  traces	  of	  𝛼  emitting	  elements	  
in	  the	  construction	  materials:	  in	  almost	  all	  materials	  you	  can	  find	  traces	  of	  238U,	  235U	  or	  
232Th,	   and	   the	   all	   elements	   somewhere	   in	   the	   decay	   chain	   of	   these	   elements.	   The	  𝛼	  
particles	   in	   themselves	   are	   not	  much	   of	   a	   problem,	   since	   they	   are	   essentially	   stopped	  
immediately,	   but	   the	  𝛼	  may	   induce	   a	   nuclear	   process	   releasing	   neutrons.	   Especially	   in	  
lighter	  elements,	  like	  for	  example	  C,	  this	  can	  form	  a	  nasty	  source	  of	  MeV	  neutrons.	  
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FIGURE	  12:	  NEUTRON	  ENERGY	  SPECTRUM	  FROM	  238U	  (α,n)	  	  REACTIONS	  WITH	  ROCKS	  

As	  an	  example	  Figure	  12	  shows	  the	  neutron	  energy	  spectrum	  for	  neutrons	  generated	  by	  
238U	  (𝛼, 𝑛)	  reactions	  in	  the	  rock	  surrounding	  the	  Gran	  Sasso	  underground	  lab	  (LNGS)	  in	  
Italy.	  As	  a	  second	  source	  of	  neutrons	  there	  is	  natural	  fission	  of	  238U.	  The	  same	  is	  true	  for	  
other	  elements	  undergoing	  natural	   fission.	  The	  main	  strategy	  to	  avoid	  these	  sources	  of	  
neutrons	   is	   to	   carefully	   screen	   all	   building	   materials	   of	   your	   detector,	   and	   reject	  
materials	  that	  are	  too	  active.	  This	  is	  of	  course	  a	  painful,	  time-‐consuming	  activity,	  but	  all	  
dark	  matter	  experiments	  go	  through	  an	  extensive	  period	  of	  material	  screening.	  	  

If	  some	  of	  the	  neutrons	  make	  it	  into	  the	  active	  area	  of	  your	  target,	  even	  despite	  a	  muon	  veto	  and	  
careful	   screening,	   sometimes	   it	   is	   possible	   to	   distinguish	   a	   neutron	   from	   a	   nuclear	   recoil	   of	   a	  
WIMP.	  The	  first	  and	  most	  powerful	  way	  to	  see	  a	  neutron	  is	  the	  observation	  of	  neutrons	  double-‐
scattering	  in	  a	  detector:	  neutrons	  have	  a	  path	  length	  in	  for	  example	  xenon	  of	  a	  few	  cm.	  A	  WIMP	  
essentially	  has	  an	  infinite	  free	  path	  length,	  and	  interacts	  at	  most	  once	  in	  your	  detector.	  Secondly	  
a	  neutron	  can	  be	  captured	  by	  a	  nucleus,	  a	  process	  that	  is	  usually	  accompanied	  by	  the	  emission	  of	  
high-‐energy	  gamma	  rays	  that	  can	  be	  easily	  observed.	  

3.2.3 GAMMA	  RAYS	  AND	  ELECTRONS	  
The	  second	  source	  of	  background	  is	  also	  originating	  from	  α	  and	  β	  decays.	  In	  most	  of	  these	  decays	  
a	   daughter	   nucleus	   is	   usually	   left	   in	   an	   excited	   state	   with	   a	   very	   short	   lifetime.	   Usually	   the	  
nucleus	  reaches	   its	  ground	  state	  by	   the	  emission	  of	  one	  or	  more	  γ	  rays.	   It	  has	   to	  be	  noted	  that	  
both	  the	  α	  and	  β	  radiation	  itself	  usually	  does	  not	  pose	  a	  problem	  for	  the	  detectors,	  due	  to	  their	  
short	   range	   causing	   them	   to	  be	   absorbed	  before	   reaching	   the	   active	  parts	   of	   a	   detector.	   The	   γ	  
rays	   can	   penetrate	   much	   deeper	   and	   may	   become	   a	   serious	   background.	   Again	   a	   prominent	  
source	  of	  these	  backgrounds	  are	  the	  construction	  materials	  of	  your	  detector:	  besides	  the	  γ	  rays	  
from	   the	   uranium	   and	   thorium	   series	   there	   are	   some	   other	   isotopes	   now	   that	   are	   famous	   for	  
giving	  dark-‐matter	  hunters	  a	  headache.	   	  Some	  famous	  isotopes	  include	  39Ar,	  60Co,	  40K,	  137Cs	  and	  
many	  other	  beta	  emitters,	  some	  of	  which	  have	  an	  extremely	   long	   lifetime	  like	  40K,	  while	  others	  
have	   a	  much	   shorter	   lifetime	   and	   are	   only	   present	   due	   to	   the	   fact	   that	   they	   are	   continuously	  
produced	   by	   cosmogenic	   activation	   of	  materials	  while	   these	  materials	   are	   above	   ground.	   This	  
activation	  is	  caused	  mostly	  by	  (n,X)	  reactions	  and	  for	  a	  smaller	  part	  by	  (p,X)	  reactions.	  In	  the	  list	  
of	   isotopes	  39Ar	  plays	  a	  special	  role,	  since	  some	  detectors	  use	  argon	  as	  target	  material	   for	  their	  
detectors.	  These	  experiments	  can	  only	  use	  argon	  that	  comes	  from	  deep	  underground	  sources.	  
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As	  we	  saw	  in	  section	  3.1	  the	  recoils	  originating	  from	  γ	  rays	  can	  in	  principle	  be	  distinguished	  from	  
nuclear	  recoils	  if	  you	  have	  a	  detector	  sensitive	  to	  more	  than	  one	  type	  of	  signal.	  It	  has	  to	  be	  noted	  
however	   that	   in	   most	   detectors	   the	   separation	   between	   nuclear	   and	   electronic	   recoils	   is	   not	  
perfect.	  In	  general	  the	  γ	  rays	  from	  your	  materials	  can	  be	  much	  more	  abundant	  than	  neutrons	  and	  
at	  some	  point	  a	  small	  fraction	  of	  the	  electronic	  recoils	  ‘leak’	  into	  the	  sample	  of	  nuclear	  recoils.	  To	  
be	   sure	   that	   an	   experiment	   will	   not	   suffer	   from	   too	   much	   from	   γ	   ray	   backgrounds	   all	  
constructions	  materials	  are	  again	  screened.	  

3.2.4 YOUR	  WORST	  ENEMY:	  INTERNAL	  BACKGROUNDS	  
So	  far	  I	  have	  only	  discussed	  the	  problem	  of	  backgrounds	  that	  come	  from	  sources	  external	  to	  the	  
detector.	   These	   backgrounds	   are	   bad	   enough	   in	   themselves,	   but	   in	   principle	   it	   is	   possible	   to	  
reduce	   these	   backgrounds	   by	   appropriate	   shielding	   of	   the	   actual	   target	   from	   these	   sources.	   A	  
successful	   strategy	   employed	   by	   several	   detectors	   is	   to	   use	   part	   of	   the	   dark	  matter	   the	   target	  
itself	  as	  a	  radiation	  shield.	  This	  technique	  is	  possible	  only	  if	  a	  detector	  allows	  the	  determination	  
of	  the	  location	  of	  an	  interaction	  in	  the	  target.	  In	  that	  case	  interactions	  on	  the	  edge	  of	  the	  target	  –	  
close	   to	   the	   radioactivity	   in	   the	   construction	  materials	   –	   can	   be	   rejected	   as	   likely	   background	  
events.	  	  

Some	  backgrounds	  however	  are	  inside	  the	  target	  itself!	  For	  example	  detectors	  that	  use	  argon	  as	  a	  
target	  should	  be	  extremely	  careful	  to	  make	  sure	  to	  have	  no	   𝐴𝑟!" 	  pollution.	  Another	  example	  is	  a	  
pollution	  with	  krypton	   in	  a	  noble	  gas	  detector,	   since	   there	  will	  be	  a	   small	  pollution	  with	   the	  β	  
emitter	   𝐾𝑟!" .	  These	  pollutions	  are	  perfectly	  soluble	   in	   the	   liquid	  xenon	   target	  material	  and	  are	  
equally	  distributed	  through	  the	  system.	  Even	  though	  the	  decays	  will	  result	  in	  an	  electronic	  recoil,	  
instead	   of	   a	   nuclear	   recoil,	   the	   separation	   is	   not	   perfect	   and	   eventually	   there	   will	   be	   events	  
leaking	   into	   the	   dark	   mater	   signal	   region.	   It	   is	   interesting	   to	   know	   that	   we	   have	   to	   thank	  
ourselves	  for	  having	  a	  pollution	  of	   𝐾𝑟!" :	  atmospheric	  nuclear	  weapons	  tests	  after	  the	  1940s	  and	  
nuclear	  reactors	  are	  responsible	  for	  most	  of	  the	   𝐾𝑟!" 	  we	  currently	  have.	  

The	  examples	  of	  internal	  background	  mentioned	  above	  are	  bad,	  but	  can	  be	  mostly	  avoided.	  It	  is	  
possible	   to	  buy	   clean	  argon	   from	  underground	   sources,	   and	   it	   is	  possible	   to	  distill	  most	  of	   the	  
krypton	   from	   for	   example	   xenon	   gas.	   In	   detectors	  with	   a	   xenon	   target,	   there	   is	   another	   nasty	  
internal	   background	   that	   is	   extremely	   hard	   to	   eliminate:	   radon.	   Radon	   is	   a	   heavy	   noble	   gas	  
without	  any	  stable	  isotopes,	  and	  a	  decay	  time	  of	  a	  few	  days.	  As	  you	  can	  see	  from	  Figure	  10	  it	  is	  
produced	   in	  both	   the	   thorium	  and	  uranium	   series.	   So	   the	   surface	  of	   any	  detector	   construction	  
material	  containing	  a	  pollution	  of	  these	  two	  isotopes	  –	  so	  essentially	  all	  materials	  –	  breathe	  a	  bit	  
of	  radon	  gas	   into	  you	  detector.	  The	  radon	  unfortunately	   is	  well	  soluble	   into	  the	  xenon	  and	  will	  
therefore	   decay	   inside	   the	   active	   detector	   volume:	   the	   decay	   itself	   is	   not	   so	  much	   of	   problem,	  
since	  radon	  is	  an	  α	  emitter	  causing	  a	  huge	  signal.	  However	  further	  down	  the	  radon	  decay	  chains	  
there	  are	  some	  isotopes	  that	  decay	  in	  the	  right	  way	  as	  to	  leave	  false	  dark	  matter	  signals.	  

3.2.5 THE	  UNBEATABLE	  ENEMY:	  NEUTRINO’S	  
Suppose	  that	  you	  are	  able	  to	  beat	  all	  the	  backgrounds	  described	  thus	  far,	  so	  you	  have	  a	  detector	  
in	  which	   there	   are	   no	   neutrons,	   no	   beta	   and	   gamma	   rays.	   If	   you	   have	   a	   detector	  with	   a	   large	  
enough	   target	   at	   some	   point	   you	   will	   become	   sensitive	   to	   a	   background	   of	   neutrinos.	   These	  
neutrinos	  come	  from	  essentially	  two	  sources:	  (i)	  nuclear	  processes	  in	  our	  Sun	  (ii)	  supernovae.	  

Neutrinos	  can	  essentially	  do	   two	  things	   in	  your	  detector.	  They	  can	  undergo	  a	  weak	   interaction	  
with	  one	  of	  the	  atomic	  electrons,	  causing	  electronic	  recoil.	  Just	  as	  for	  the	  other	  electronic	  recoils	  
these	  may	  leak	  into	  the	  nuclear	  recoil	  signal	  region,	  if	  there	  are	  enough	  of	  them.	  	  	  

A	  second,	  much	  more	  interesting	  way	  in	  which	  neutrinos	  may	  leave	  a	  signal	  in	  your	  dark	  matter	  
detector,	  is	  by	  coherent	  scattering	  to	  the	  atomic	  nucleus.	  Please	  pay	  special	  attention	  to	  the	  word	  
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‘may’	  in	  the	  previous	  sentence,	  since	  coherent	  neutrino	  scattering	  to	  an	  atomic	  nucleus	  has	  never	  
been	   observed	   in	   any	   experiment.	   	   Figure	   13	   shows	   the	   predicted	   nuclear	   recoil	   spectrum	   of	  
coherent	  neutrinos	  scattering	  for	  both	  germanium	  and	  xenon	  targets.	  

	  

FIGURE	  13:	  RECOIL	  ENERGY	  SPECTRUM	  OF	  NEUTRINO	  BACKGROUNDS	  IN	  GERMANIUM	  AND	  XENON	  TARGETS	  

It	  should	  be	  immediately	  clear	  that	  especially	  for	  low	  recoil	  energies	  such	  a	  recoil	  spectrum	  could	  
become	   a	   problem,	   since	   these	   events	   give	   a	   signal	   identical	   to	   a	   WIMP	   interaction.	   For	   the	  
current	   generation	   of	   dark	  matter	   detectors	  we	   know	   that	   this	   background	   is	   smaller	   than	   all	  
other	  backgrounds	  we	  expect,	  but	  in	  a	  few	  years	  from	  now	  (=2015)	  we	  may	  reach	  a	  limit	  where	  
dark	  matter	  detectors	  become	  so	  big	  that	  they	  sensitive	  to	  coherent	  neutrino	  scattering.	  As	  soon	  
as	  you	  discover	   (!)	   coherent	  neutrino	   scattering,	   there	   is	  no	  point	   in	  making	  your	  dark	  matter	  
detector	  larger	  anymore,	  unless	  you	  will	  be	  able	  to	  reject	  events	  pointing	  to	  the	  Sun.	  	  	  

3.3 SUMMARY	  
WIMPs	  may	  cause	  nuclear	  recoils	  in	  a	  target.	  In	  this	  lecture	  we	  discussed	  the	  three	  possibilities	  
to	  see	   these	  nuclear	  recoils:	   (i)	  phonons	  (ii)	   scintillation	  (iii)	   ionization.	   If	  you	  build	  a	  detector	  
that	   uses	   more	   than	   one	   of	   these	   signals	   it	   is	   sometimes	   possible	   to	   discriminate	   between	  
electronic	  and	  nuclear	  recoils,	  thereby	  suppressing	  backgrounds	  effectively.	  The	  most	  important	  
backgrounds	  to	  dark	  matter	  experiments	  were	  discussed,	   including	  the	  eventual	   limiting	   factor	  
due	  to	  neutrinos.	  

	  

4 EXERCISES	  

4.1 LECTURE	  1	  –	  GALAXY	  
Exercise	  1. A	  closer	  look	  at	  the	  dark	  matter	  density	  as	  it	  is	  explained	  in	  section	  1.1.	  	  

a) Show	  that	  𝜌 𝑟 = !!

!!"
!
!!
	  is	  a	  solution	  to	   !

!"
𝑟! !  log!

!"
= −   !!"

!!
𝑟!𝜌.	  

b) We	  have	  seen	  that	  the	  velocity	  distribution	  does	  not	  depend	  on	  position	  in	  the	  Milky	  
Way:	  what	  can	  you	  say	  about	  the	  temperature	  of	  dark	  matter?	  

c) Draw	  the	  gravitational	  potential	  as	  a	  function	  of	  radius	  (i)	  assuming	  there	  is	  no	  dark	  
matter	  (ii)	  assuming	  there	  is	  dark	  matter	  distributed	  according	  to	  1/𝑟!.	  
	  



	  26	  

Exercise	  2. A	  closer	  look	  at	  the	  dark	  matter	  density	  as	  it	  is	  explained	  in	  section	  1.1.	  Assume	  
a	  Maxwellian	  
a) What	  is	  the	  average	  velocity	  corresponding	  to	  the	  Maxwellian	  velocity	  distribution?	  
b) What	  is	  the	  most	  probable	  velocity?	  
c) Prove	  the	  relation	  < 𝑣! >  = 3𝜎!.	  
d) Prove	   the	   relation	  𝜎! = !

!𝑣!
! 	  from	   section	   1.1	   and	   the	   results	   from	   the	   previous	  

question.	  

4.2 LECTURE	  1	  –	  WIMP	  MEETS	  MATTER	  
Exercise	  3. Basic	  rate	  question:	  	  Here	  we	  will	  compute	  an	  interaction	  rate.	  	  	  Assume	  50	  kg	  of	  

Xenon.	  	  𝑁!"!#$% =   𝑁!"#$%!&  ×  𝜎  ×  Φ  .	  Assume	  a	  100	  GeV	  WIMP,	  an	  average	  WIMP	  wind	  
velocity	  of	  240	  km/s,	  and	  an	  energy	  density	  of	  0.3	  GeV  cm!!,	  unless	  otherwise	  specified.	  	  	  

	  
a. How	  many	  targets	  are	  there?	  
b. Assume	  a	  WIMP-‐nucleon	  (spin	  independent)	  cross	  section	  of	  10!!"  cm!.	  	  What	  

is	  the	  WIMP-‐nucleus	  cross	  section?	  
c. What	  is	  the	  flux?	  	  Assume	  a	  reasonable	  WIMP	  mass	  and	  the	  average	  velocity.	  
d. How	  many	  interactions	  are	  there?	  
e. (optional)	  how	  many	  WIMPs	  have	  interacted	  in	  you?	  

	  
Exercise	  4. Advanced	  rate	  question:	  Assume	  a	  100	  GeV	  WIMP,	  the	  rotation	  speed	  of	  the	  Sun	  

around	  the	  galactic	  of	  220	  km/s,	  and	  an	  energy	  density	  of	  0.3	  GeV  cm!!,	  unless	  otherwise	  
specified.	  	  	  

a. Assuming	  a	  Maxwellian	  velocity	  distribution,	  calculate	  the	  average	  WIMP	  
velocity.	  

b. Suppose	  you	  have	  a	  xenon	  target	  of	  100kg	  and	  you	  measure	  2	  WIMP	  events	  in	  1	  
year.	  How	  large	  is	  the	  spin	  independent	  WIMP-‐nucleon	  cross-‐section?	  

c. Can	  you	  give	  an	  estimate	  on	  the	  uncertainty	  of	  the	  cross-‐section	  found	  under	  b)?	  
d. Use	  the	  	  ‘full’	  equation	  for	  the	  event	  rate	  from	  section	  2.5.1	  to	  estimate	  the	  Δ 𝐸! 	  

term	  in	  the	  time	  dependent	  rate	  (Hint:	  this	  is	  a	  tough	  question	  –	  I	  did	  not	  
calculate	  it	  myself).	  

	  

Exercise	  5. Kinematics	   of	   a	  WIMP	  with	  mass	  𝑚!and	   incoming	   energy	  𝐸! 	  scattering	   from	   a	  
nucleus	  with	  mass	  𝑚! .	  

a. Show	  that	  0 ≤ 𝐸! ≤ 𝑟𝐸! 	  with	  𝐸!the	  recoil	  energy.	  
b. Explain	  why	  it	  is	  reasonable	  to	  assume	  that	  the	  WIMP	  scattering	  is	  isotropic.	  
c. Explain	   with	   a	   kinematics	   argument	   why	   it	   will	   be	   extremely	   hard	   to	   detect	  

WIMPs	  scattering	  from	  electrons	  
	  

Exercise	  6. The	  nuclear	  form	  factor	  has	  a	  significant	  effect	  on	  the	  recoil	  rates	  for	  some	  of	  the	  
heavier	  targets.	  	  In	  Figure	  14	  the	  nuclear	  form	  factor	  for	  xenon	  is	  shown	  as	  a	  function	  of	  
the	  recoil	  energy.	  
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FIGURE	  14:	  NUCLEAR	  FORM	  FACTOR	  FOR	  XENON	  

a) Explain	  qualitatively	  why	  the	  form	  factor	  drops	  to	  zero	  for	  a	  recoil	  energy	  of	  around	  
95MeV	  

b) Calculate	   the	   corresponding	   momentum	   transfer	  𝑞	  and	   compare	   the	   corresponding	  
wavelength	   to	   the	   estimated	   size	   of	   the	   nucleus.	   Does	   your	   answer	   under	   a)	  make	  
sense?	  (Hint:	  I	  don’t	  understand	  the	  answer	  completely)	  

4.3 LECTURE	  2	  	  
Exercise	  7. Neutron	   backgrounds	   are	   not	   so	   good	   for	  WIMP	   search	   experiments,	   since	   a	  

neutron	  may	  cause	  a	  nuclear	  recoil	  indistinguishable	  from	  a	  WIMP.	  Now	  consider	  a	  5MeV	  
neutron	  colliding	  elastically	  with	  a	  spherical	  liquid	  xenon	  target	  with	  a	  radius	  of	  50cm.	  

a. In	  what	  range	  is	  the	  recoil	  energy?	  Compare	  to	  WIMPs.	  
b. How	  often	  do	  you	  expect	  a	  WIMP	  to	  double	  scatter?	  	  
c. In	  Figure	  15	  the	  mean	  free	  path	  for	  different	  types	  of	  neutrons	  with	  liquid	  xenon	  

are	  shown.	  Explain	  the	  different	  processes.	  

	  

FIGURE	  15:	  MEAN	  FREE	  PATH	  FOR	  DIFFERENT	  TYPES	  OF	  NEUTRON	  INTERACTIONS	  IN	  LIQUID	  XENON	  

d. Use	  Figure	  15	  to	  estimate	  how	  often	  a	  neuron	  double	  scatters	  in	  the	  target	  (Hint:	  
rough	  estimates	  are	  allowed)	  

e. Give	  a	  strategy	  to	  eliminate	  (or	  reduce)	  your	  neutron	  backgrounds.	  
	  

Exercise	  8. 	  In	   this	   exercise	   I	  would	   like	   you	   to	  prove	   the	   claim	   that	   a	  decay	   chain	  with	   a	  
long-‐living	  isotope	  on	  the	  top	  leads	  to	  a	  secular	  equilibrium.	  Let	  us	  consider	  the	  first	  part	  
of	  the	  uranium	  decay	  chain:	   𝑈!"# ⟶ 𝑇ℎ!"# ⟶ 𝑃𝑎!"# 	  and	  call	  the	  decay	  constants	  𝜆! ,	  𝜆!!	  
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and	  𝜆!"	  respectively.	  Assume	   that	  at	  𝑡 = 0	  there	   is	  no	   thorium	  and	  palladium,	  while	   the	  
amount	  of	  uranium	  is	  called	  𝑁!.	  

a. Calculate	  the	  amount	  of	  thorium	  as	  a	  function	  of	  time	  (Hint:	  solve	  the	  differential	  
equations	  explicitly).	  

b. Show	  that	  the	  amount	  of	  thorium	  becomes	  constant	  with	  the	  time	  characterized	  
by	   the	   thorium	  decay	   time	   (and	  not	   the	  uranium	  decay	   time!)	   (Hint:	  make	  the	  
appropriate	  approximations).	  

c. What	  does	  the	  answer	  under	  b)	  imply	  for	  the	  other	  isotopes	  in	  the	  decay	  chain?	  
	  

Exercise	  9. For	  SPECT	  images	  99mTc	  can	  be	  used	  as	  a	  single	  photon	  emitter.	  The	  lifetime	  of	  	  
99mTc	  however	  is	  a	  6	  hours	  and	  it	  is	  unpractical	  to	  store	  such	  an	  isotope	  in	  a	  hospital	  for	  
longer	   times.	   99Mo	  can	  be	  made	   in	  nuclear	   reactors	   (like	  Petten	   in	  NL)	  and	   it	  decays	   to	  
99mTc	  with	  a	  lifetime	  of	  66	  hours:	  the	  99mTc	  can	  be	  separated	  chemically	  from	  the	  99Mo.	  

a. How	  long	  does	  it	  take	  to	  get	  rid	  of	  99%	  of	  99mTc?	  
b. How	  long	  does	  it	  take	  to	  get	  rid	  of	  99%	  of	  99Mo?	  
c. Explain	  how	  the	  Mo	  “cow”	  works.	  

	  
Exercise	  10. Neutrinos	  will	  at	  some	  point	  become	  an	  irreducible	  background	  to	  dark	  matter	  

detectors.	  	  
a. Explain	  the	  two	  mechanisms	  by	  which	  neutrinos	  interact	  with	  your	  dark	  matter	  

detector.	  
b. Which	  of	  these	  two	  mechanisms	  will	  yield	  an	  irreducible	  background.	  
c. Which	   neutrinos	  will	   contribute	   to	   the	   electronic	   recoils	   and	  which	   neutrinos	  

will	  contribute	  to	  the	  nuclear	  recoils?	  
d. Find	  out	  the	  neutrino	  flux	  on	  Earth	  and	  compare	  to	  the	  WIMP	  flux.	  What	  can	  you	  

say	  about	  neutrino	  interactions?	  
	  

Exercise	  11. In	  the	  slides	  that	  were	  presented	  during	  Lecture	  3	  figures,	   like	  Figure	  16,	  have	  
been	  shown	  that	  summarize	  the	  status	  of	  all	  WIMP	  direct	  detection	  experiments.	  

	  

FIGURE	  16:	  SUMMARY	  PLOT	  OF	  DIRECT	  DETECTION	  WIMP	  EXPERIMENTS	  

a. Explain	  why	  we	   need	   a	   2-‐dimensional	   exclusion	   plot	   like	   the	   one	   above.	  Why	  
can	  we	  just	  not	  set	  a	  limit	  on	  the	  WIMP-‐nucleon	  cross	  section?	  	  

b. Explain	   the	  shape	  of	   the	  solid	  curves.	  Why	  do	  they	  go	  up	   for	   low	  WIMP	  mass?	  
Why	  do	  they	  go	  up	  for	  high	  WIMP	  mass?	  What	  can	  you	  say	  about	  the	  minimum	  
in	  the	  curve?	  
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c. Explain	  the	  colored	  ‘islands’.	  (Hard	  question:	  why	  are	  there	  two	  of	  these	  islands	  
for	  DAMA	  and	  CRESST,	  while	  there	  is	  only	  one	  for	  CoGeNT	  and	  CDMS?)	  

d. Suppose	  you	  own	  a	  dark	  matter	  experiment	  that	  you	  expect	  to	  be	  background-‐
free.	   Now	   you	   run	   the	   experiment	   for	   a	   while	   and	   you	   do	   not	   observe	   any	  
events.	   Prove	   using	   Poisson	   statistics	   that	   the	   limit	   you	   can	   set	   on	   a	   cross	  
section	  improves	  as	  1/T,	  where	  T	  is	  the	  length	  of	  your	  measurement.	  

a. How	  does	   this	   change	   once	   the	   experiment	   is	   no	   longer	   background-‐free	   (the	  
expected	  number	  of	  background	  events	  is	  no	  longer	  to	  zero)?	  	  
	  

Exercise	  12. 222Rn	  originates	  from	  the	  decay	  of	  226Ra	  and	  unfortunately	  it	  is	  very	  well	  soluble	  
in	  xenon.	  It	  emanates	  from	  essentially	  all	  surfaces,	  welds	  and	  lots	  of	  other	  components	  in	  
a	  detector,	  and	  for	  xenon	  filled	  detectors	  it	  is	  one	  of	  the	  nastiest	  backgrounds.	  	  

a. 222Rn	   is	   an	  𝛼-‐emitter	   and	   the	   energy	   deposited	   in	   a	   xenon	   detector	   is	   much	  
higher	  than	  a	  WIMP	  could	  ever	  do.	  How	  could	  this	  become	  a	  background	  for	  a	  
WIMP	  detector?	  (Hint:	  study	  the	  238U	  decay	  chain)	  

b. Suppose	  you	  have	  a	  pollution	  of	  222Rn	  of	  1  𝜇Bq/kg	  in	   your	   xenon.	  How	  many	  
atoms	  of	  222Rn	  are	  present	  in	  each	  kg	  of	  xenon?	  

c. How	   many	   background	   events	   do	   you	   expect?	   (Hint:	   this	   is	   a	   rather	   open	  
question)	  

d. 1M€	  question:	  Can	  you	  find	  a	  way	  to	  remove	  radon	  from	  xenon?	  I	  don’t	  know,	  
but	   if	   you	   find	   a	   good	  way,	   you	  will	   be	   famous	   in	   the	   field	   of	   direct	   detection	  
dark	  matter	  experiments!	  
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