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Part	
  I:	
  Darkness	
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Evidence	
  for	
  dark	
  ma6er	
  
•  The	
  indicaLon	
  for	
  dark	
  ma6er	
  comes	
  from	
  observing	
  gravitaLonal	
  effects	
  

which	
  cannot	
  be	
  explained	
  by	
  visible	
  objects.	
  	
  
•  For	
  example,	
  we	
  can	
  measure	
  the	
  velociLes	
  of	
  stars	
  orbiLng	
  the	
  centre	
  of	
  

a	
  galaxy.	
  The	
  larger	
  the	
  velocity	
  at	
  a	
  given	
  radius,	
  the	
  larger	
  the	
  amount	
  of	
  
mass	
  required	
  within	
  that	
  radius	
  to	
  keep	
  the	
  stars	
  on	
  track.	
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•  Comparing	
  the	
  observed	
  distribuLon	
  
of	
  luminous	
  mass	
  and	
  the	
  inferred	
  
distribuLon	
  of	
  gravitaLng	
  mass,	
  we	
  
find	
  a	
  spectacular	
  mismatch!	
  



How	
  sure	
  can	
  we	
  be?	
  
•  This	
  reasoning	
  is	
  in	
  close	
  analogy	
  to	
  the	
  discovery	
  of	
  

the	
  planet	
  Neptune,	
  which	
  was	
  predicted	
  by	
  John	
  
Adams	
  because	
  the	
  orbit	
  of	
  Uranus	
  deviated	
  slightly	
  
from	
  the	
  Newtonian	
  expectaLons	
  –	
  poinLng	
  towards	
  a	
  
‘missing	
  mass’	
  in	
  the	
  solar	
  system.	
  

•  This	
  planet	
  does	
  not	
  exist,	
  and	
  a	
  few	
  years	
  later	
  it	
  
became	
  clear	
  that	
  the	
  anomalous	
  precession	
  of	
  
Mercury	
  is	
  due	
  to	
  the	
  need	
  to	
  use	
  Einstein's	
  theory	
  of	
  
general	
  relaLvity	
  instead	
  of	
  Newtonian	
  dynamics	
  when	
  
gravitaLonal	
  fields	
  become	
  strong.	
  

5	
  

•  However,	
  when	
  astronomers	
  observed	
  a	
  similar	
  
discrepancy	
  in	
  the	
  moLon	
  of	
  Mercury,	
  Urbain	
  
Le	
  Verrier	
  incorrectly	
  postulated	
  the	
  existence	
  
of	
  a	
  new	
  planet,	
  Vulcan,	
  even	
  closer	
  to	
  the	
  sun.	
  	
  



More	
  evidence	
  for	
  dark	
  ma6er	
  
•  In	
  analogy,	
  we	
  may	
  wonder	
  if	
  galacLc	
  rotaLon	
  curves	
  can	
  be	
  explained	
  

without	
  need	
  for	
  dark	
  ma6er,	
  if	
  the	
  theory	
  of	
  gravity	
  is	
  also	
  modified	
  for	
  
very	
  weak	
  gravitaLonal	
  fields	
  (so-­‐called	
  Modified	
  Newtonian	
  Dynamics).	
  

•  We	
  need	
  an	
  independent	
  measurement	
  of	
  dark	
  ma6er	
  at	
  different	
  scales!	
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•  According	
  to	
  general	
  relaLvity,	
  ma6er	
  
bends	
  space-­‐Lme	
  such	
  that	
  light	
  no	
  
longer	
  travels	
  in	
  straight	
  lines,	
  leading	
  
to	
  a	
  distorLon	
  of	
  the	
  images	
  that	
  we	
  
observe.	
  This	
  ‘gravitaLonal	
  lensing’	
  
enables	
  us	
  to	
  determine	
  the	
  total	
  
mass	
  (and	
  its	
  distribuLon)	
  of	
  large	
  
objects	
  such	
  as	
  galaxy	
  clusters,	
  which	
  
happen	
  to	
  be	
  in	
  front	
  of	
  a	
  distant	
  
source	
  e.g.	
  a	
  quasar.	
  



A	
  consistent	
  picture	
  
•  We	
  can	
  find	
  further	
  evidence	
  for	
  dark	
  ma6er	
  on	
  even	
  larger	
  scales	
  by	
  

studying	
  the	
  growth	
  of	
  large-­‐scale	
  structure	
  from	
  primordal	
  density	
  
perturbaLons.	
  

•  Since	
  parLcles	
  such	
  as	
  protons	
  and	
  electrons	
  sca6er	
  very	
  frequently	
  in	
  the	
  
early	
  universe	
  and	
  are	
  heated	
  up	
  by	
  interacLons	
  with	
  photons,	
  they	
  are	
  
very	
  inefficient	
  in	
  forming	
  structure	
  unLl	
  (re)combinaLon.	
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No	
  dark	
  ma6er	
  

Cold	
  dark	
  ma6er	
  

•  To	
  explain	
  the	
  observed	
  
amount	
  of	
  structure	
  in	
  the	
  
Universe,	
  most	
  of	
  its	
  mass	
  must	
  
be	
  in	
  the	
  form	
  of	
  ‘cold’	
  (i.e.	
  
non-­‐relaLvisLc)	
  and	
  very	
  
weakly	
  interacLng	
  parLcles.	
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•  Hence	
  we	
  conclude	
  that	
  we	
  
understand	
  less	
  than	
  20%	
  of	
  
the	
  ma6er	
  of	
  the	
  universe.	
  	
  

•  The	
  only	
  thing	
  we	
  know	
  
about	
  dark	
  ma6er	
  is	
  that	
  it	
  is	
  
fundamentally	
  different	
  
from	
  the	
  ma6er	
  we	
  are	
  
made	
  of.	
  	
  

•  Since	
  its	
  interacLons	
  are	
  so	
  
weak,	
  we	
  believe	
  that	
  it	
  
must	
  be	
  composed	
  of	
  a	
  
completely	
  new,	
  yet	
  
undiscovered,	
  parLcle.	
  

	
  	
  

IT’S LIKE YOU’VE BEEN 
STUDYING AN ELEPHANT’S 
TAIL FOR TWO HUNDRED 
YEARS AND YOU DISCOVER  

IT’S ONLY THE TAIL! 



	
  
	
  

	
  
	
  
	
  
	
  

•  At	
  high	
  temperatures/densiLes	
  in	
  the	
  early	
  universe,	
  WIMPs	
  were	
  in	
  thermal	
  
equilibrium	
  with	
  all	
  other	
  parLcles.	
  We	
  can	
  therefore	
  calculate	
  the	
  expected	
  
amount	
  of	
  dark	
  ma6er	
  that	
  remains	
  ajer	
  thermal	
  decoupling	
  and	
  find	
  that	
  weak-­‐
scale	
  parLcles	
  naturally	
  have	
  the	
  required	
  abundance	
  –	
  the	
  ‘WIMP	
  miracle’!	
  

ParLcle	
  candidates	
  for	
  dark	
  ma6er	
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•  Theories	
  of	
  physics	
  beyond	
  the	
  Standard	
  Model,	
  
which	
  have	
  been	
  developed	
  for	
  completely	
  
different	
  reasons,	
  predict	
  new	
  parLcles	
  which	
  
have	
  the	
  required	
  properLes	
  to	
  be	
  dark	
  ma6er.	
  

•  The	
  most	
  discussed	
  example	
  is	
  a	
  Weakly	
  
InteracLng	
  Massive	
  ParLcle	
  (WIMP),	
  which	
  is	
  a	
  
generic	
  predicLon	
  of	
  many	
  interesLng	
  theories	
  
such	
  as	
  supersymmetry	
  and	
  extra	
  dimensions.	
  



ParLcle	
  candidates	
  for	
  dark	
  ma6er	
  
•  There	
  are	
  of	
  course	
  other	
  interesLng	
  models	
  to	
  explain	
  the	
  

observed	
  abundance	
  also	
  for	
  lighter	
  dark	
  ma6er	
  parLcles,	
  for	
  
example:	
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•  Non-­‐thermal	
  producLon	
  
of	
  axions	
  

•  Sterile	
  neutrinos	
  as	
  
warm	
  dark	
  ma6er	
  

•  Dark	
  ma6er	
  with	
  new	
  
strong	
  interacLons,	
  
carrying	
  a	
  ma6er-­‐
anLma6er	
  asymmetry	
  
(just	
  like	
  baryons)	
   Dark	
  ma6er	
  mass	
  

Cr
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A dungeon horrible, on all sides round  
As one great furnace flamed; yet from those flames  
No light, but rather darkness visible 

John Milton, Paradise Lost 

Part	
  II:	
  Darkness	
  Visible	
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DetecLng	
  dark	
  ma6er	
  parLcles	
  

•  Most	
  dark	
  ma6er	
  candidates	
  interact	
  at	
  some	
  level	
  with	
  
Standard	
  Model	
  parLcles	
  leading	
  to	
  thermal	
  equilibrium	
  in	
  
the	
  early	
  Universe.	
  

12	
  

Dark	
  ma6er	
  annihilaLon	
  

Dark	
  ma6er	
  producLon	
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Direct	
  detecLon	
  of	
  dark	
  ma6er	
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Photo:	
  AP	
  	
  	
  

Dark	
  ma6er	
  
Dark	
  ma6er	
  

Recoiling	
  	
  
nucleus	
  

Detector	
  

light	
  
e–	
  

heat	
  

Dark	
  ma6er	
  parLcles	
  from	
  the	
  GalacLc	
  
halo	
  constantly	
  pass	
  through	
  the	
  Earth:	
  
about	
  107	
  per	
  second	
  through	
  our	
  bodies!	
  
As	
  they	
  do	
  so,	
  they	
  have	
  a	
  Lny	
  –	
  but	
  non-­‐
zero	
  –	
  probability	
  to	
  sca6er	
  off	
  ordinary	
  
nuclei.	
  	
  

If	
  such	
  a	
  sca6ering	
  process	
  happens	
  
within	
  a	
  dedicated	
  low	
  background	
  
detector,	
  the	
  recoiling	
  nucleus	
  can	
  be	
  
observed	
  and	
  its	
  energy	
  determined.	
  
	
  



DifferenLal	
  event	
  rate	
  

Enr:	
   	
  Nuclear	
  recoil	
  energy	
  
mχ: 	
  Dark	
  ma6er	
  mass	
  
ρ0: 	
  Local	
  dark	
  ma6er	
  density	
  
v: 	
  Dark	
  ma6er	
  velocity	
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•  Typical	
  event	
  rates	
  are	
  less	
  than	
  1	
  event	
  per	
  kg	
  per	
  year.	
  
•  Even	
  worse,	
  since	
  v	
  <	
  vesc	
  ≈	
  650	
  km/s,	
  a	
  typical	
  collision	
  will	
  give	
  an	
  

energy	
  transfer	
  of	
  ~10	
  keV,	
  which	
  is	
  less	
  than	
  the	
  energy	
  of	
  a	
  
radioacLve	
  decay	
  (which	
  happens	
  104	
  Lmes	
  per	
  second	
  in	
  our	
  bodies).	
  

Recoil	
  energy	
  in	
  keV	
  

Di
ffe

re
nL

al
	
  e
ve
nt
	
  ra

te
	
  

A	
  great	
  experimental	
  challenge!	
  



Example:	
  CRESST-­‐II	
  and	
  XENON100	
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  Over	
  the	
  past	
  30	
  
years,	
  many	
  
experiments	
  have	
  
a6empted	
  to	
  directly	
  
detect	
  dark	
  ma6er.	
  
Some	
  (like	
  CRESST-­‐II	
  
on	
  the	
  top)	
  have	
  
claimed	
  an	
  excess	
  
over	
  expected	
  
backgrounds,	
  others	
  
(like	
  XENON100	
  on	
  
the	
  bo6om)	
  see	
  
agreement	
  between	
  
background	
  and	
  
observaLon.	
  

`	
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Indirect	
  detecLon	
  of	
  dark	
  ma6er	
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   Indirect	
  detecLon	
  experiments	
  look	
  for	
  
the	
  products	
  of	
  dark	
  ma6er	
  annihilaLon	
  
in	
  regions	
  of	
  large	
  DM	
  density	
  (e.g.	
  the	
  
GalacLc	
  centre)	
  with	
  satellites,	
  balloons	
  
and	
  ground	
  based	
  telescopes.	
  

Problem:	
  For	
  these	
  seaches,	
  
we	
  need	
  to	
  know	
  where	
  to	
  
look	
  (large	
  DM	
  density)	
  and	
  

where	
  not	
  to	
  look	
  (large	
  
astrophysical	
  backgrounds).	
  

©	
  Clay	
  Lipsky	
  



Example:	
  Gamma-­‐ray	
  searches	
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Ga
m
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x	
  

Dark	
  ma6er?	
  

Gamma	
  ray	
  energy	
  

Ga
m
m
a	
  
ra
y	
  
flu

x	
  

Gamma	
  ray	
  energy	
  

The	
  Fermi	
  Space	
  Telescope	
  

A	
  very	
  exciLng	
  place	
  to	
  look	
  is	
  
the	
  GalacLc	
  centre,	
  where	
  the	
  
largest	
  density	
  of	
  dark	
  ma6er	
  is	
  
expected.	
  Unfortunately,	
  we	
  do	
  
not	
  yet	
  know	
  enough	
  about	
  the	
  
Milky	
  Way	
  to	
  understand	
  all	
  
astrophysical	
  backgrounds.	
  	
  



Collider	
  searches	
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   If	
  we	
  collide	
  protons	
  at	
  very	
  high	
  
energies,	
  we	
  can	
  hope	
  to	
  produce	
  DM	
  
parLcles	
  just	
  like	
  in	
  the	
  early	
  universe.	
  
Unfortunately,	
  any	
  DM	
  parLcles	
  
produced	
  in	
  such	
  collisions	
  will	
  escape	
  
from	
  the	
  detector	
  unnoLced.	
  	
  

awkwardatoms.wordpress.com	
  

But	
  if	
  the	
  collision	
  also	
  
produces	
  some	
  visible	
  
parLcles,	
  it	
  will	
  look	
  
as	
  if	
  momentum	
  
conservaLon	
  is	
  
violated.	
  

The	
  LHC:	
  As one great furnace flamed…	
  



Example:	
  Mono-­‐jet	
  searches	
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The	
  LHC	
  detectors	
  
search	
  for	
  events	
  
with	
  a	
  single	
  jet	
  of	
  
parLcles	
  (quarks,	
  
gluons,	
  etc)	
  and	
  
unbalanced	
  
momentum	
  on	
  the	
  
other	
  end.	
  

Many	
  of	
  these	
  events	
  come	
  from	
  
neutrinos,	
  so	
  once	
  again	
  we	
  need	
  to	
  study	
  
the	
  backgrounds	
  very	
  carefully	
  and	
  search	
  
for	
  an	
  excess	
  over	
  the	
  expectaLon.	
  	
  	
  

Missing	
  momentum	
  

Missing	
  momentum	
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Part	
  III:	
  	
  

The	
  Hunt	
  for	
  Dark	
  Ma6er	
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Dark	
  ma6er	
  annual	
  modulaLons	
  

•  All	
  the	
  different	
  search	
  strategies	
  have	
  in	
  common	
  that	
  we	
  need	
  
understand	
  experimental	
  backgrounds	
  (from	
  radioacLvity,	
  astrophysical	
  
sources,	
  neutrinos…)	
  in	
  order	
  to	
  idenLfy	
  a	
  potenLal	
  dark	
  ma6er	
  signal.	
  

•  The	
  key	
  challenge	
  is	
  to	
  find	
  new	
  experimental	
  signatures	
  with	
  as	
  li6le	
  
background	
  as	
  possible.	
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•  One	
  parLcularly	
  interesLng	
  
opLon	
  is	
  the	
  annual	
  modulaLon	
  
of	
  direct	
  detecLon	
  signals	
  due	
  
to	
  the	
  moLon	
  of	
  the	
  Earth	
  
around	
  the	
  Sun.	
  



Dark	
  ma6er	
  annual	
  modulaLons	
  

•  There	
  are	
  two	
  experiments	
  (DAMA	
  and	
  CoGeNT)	
  which	
  search	
  for	
  dark	
  
ma6er	
  annual	
  modulaLons.	
  

•  Both	
  experiments	
  see	
  (some)	
  evidence	
  for	
  a	
  modulaLng	
  signal	
  with	
  a	
  
phase	
  that	
  agrees	
  with	
  expectaLons.	
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Time	
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CoGeNT	
  preprint	
  from	
  14	
  January	
  2014	
  Seven-­‐year	
  data	
  from	
  DAMA	
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Dark	
  ma6er	
  annual	
  modulaLons	
  

•  One	
  of	
  the	
  key	
  challenges	
  for	
  interpreLng	
  this	
  signal	
  is	
  to	
  make	
  a	
  robust	
  
predicLon	
  for	
  the	
  modulaLon	
  fracLon	
  A	
  	
  (i.e.	
  the	
  raLo	
  of	
  the	
  modulaLon	
  
amplitude	
  to	
  the	
  total	
  signal	
  strength).	
  

23	
  

•  The	
  expected	
  modulaLon	
  
fracLon	
  depends	
  on	
  the	
  
velocity	
  of	
  the	
  DM	
  parLcles,	
  
corresponding	
  to	
  the	
  observed	
  
recoil	
  energy.	
  

•  Moreover,	
  the	
  predicLons	
  
differ	
  for	
  various	
  models	
  of	
  the	
  
Milky	
  Way	
  dark	
  ma6er	
  halo.	
  

Frandsen,	
  Kahlhoefer	
  et	
  al.:	
  JCAP	
  1201	
  (2012)	
  024	
  



Research	
  at	
  Oxford	
  

•  In	
  the	
  ParLcle	
  Theory	
  group	
  we	
  
have	
  developed	
  methods	
  to	
  
compare	
  different	
  direct	
  detecLon	
  
experiments	
  independently	
  of	
  the	
  
(assumed)	
  properLes	
  of	
  the	
  dark	
  
ma6er	
  halo.	
  

•  We	
  find	
  that	
  the	
  results	
  from	
  DAMA	
  
and	
  CoGeNT	
  are	
  in	
  agreement	
  with	
  
each	
  other,	
  but	
  in	
  tension	
  with	
  
other	
  experimental	
  data.	
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Frandsen,	
  Kahlhoefer	
  et	
  al.:	
  JCAP	
  1201	
  (2012)	
  024	
  



Research	
  at	
  Oxford	
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•  Using	
  effecLve	
  field	
  theories,	
  we	
  can	
  even	
  compare	
  results	
  from	
  
completely	
  different	
  search	
  strategies.	
  

•  For	
  example,	
  to	
  study	
  dipole-­‐dipole	
  interacLons	
  between	
  dark	
  
ma6er	
  and	
  Standard	
  Model	
  fermions,	
  we	
  can	
  consider	
  the	
  effecLve	
  
operator	
  

•  This	
  approach	
  allows	
  us	
  to	
  calculate	
  sca6ering	
  and	
  annihilaLon	
  
cross	
  secLon	
  in	
  terms	
  of	
  only	
  the	
  dark	
  ma6er	
  mass	
  and	
  the	
  scale	
  of	
  
new	
  physics	
  M*	
  (i.e.	
  independent	
  of	
  the	
  details	
  of	
  the	
  interacLon).	
  



Research	
  at	
  Oxford	
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Haisch,	
  Kahlhoefer:	
  JCAP	
  1304	
  (2013)	
  050	
  

Frandsen,	
  Kahlhoefer	
  et	
  al.:	
  JHEP	
  1207	
  (2012)	
  123	
  	
  



Research	
  at	
  Oxford	
  

•  By	
  comparing	
  different	
  (kinds	
  of)	
  experiments,	
  we	
  can	
  study	
  if	
  several	
  
complementary	
  data	
  sets	
  give	
  a	
  consistent	
  picture	
  or	
  if	
  we	
  need	
  to	
  
quesLon	
  the	
  theory	
  assumpLons	
  made	
  in	
  the	
  signal	
  predicLon.	
  

•  How	
  would	
  experimental	
  signatures	
  change	
  if	
  dark	
  ma6er	
  is	
  not	
  a	
  WIMP?	
  
•  What	
  types	
  of	
  experiments	
  are	
  needed	
  to	
  cover	
  alternaLve	
  scenarios?	
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Frandsen,	
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Conclusions	
  

•  The	
  evidence	
  for	
  dark	
  ma6er	
  comes	
  from	
  observing	
  gravitaLonal	
  
effects,	
  which	
  can	
  neither	
  be	
  explained	
  by	
  visible	
  objects	
  nor	
  by	
  
modifying	
  the	
  laws	
  of	
  gravity.	
  

•  The	
  required	
  properLes	
  for	
  dark	
  ma6er	
  point	
  towards	
  a	
  completely	
  
new	
  elementary	
  parLcle,	
  which	
  remains	
  to	
  be	
  discovered.	
  

•  We	
  can	
  test	
  this	
  hypothesis	
  by	
  searching	
  for	
  direct	
  and	
  indirect	
  
signatures	
  of	
  dark	
  ma6er	
  parLcles,	
  as	
  well	
  as	
  evidence	
  in	
  colliders.	
  	
  

•  To	
  reduce	
  experimental	
  backgrounds,	
  we	
  look	
  for	
  clean	
  signals,	
  
such	
  as	
  an	
  annual	
  modulaLon	
  of	
  the	
  observed	
  event	
  rate.	
  

•  There	
  have	
  been	
  several	
  recent	
  claims	
  (and	
  counterclaims)	
  	
  for	
  
signals!	
  

…exciLng	
  Lmes	
  ahead	
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