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INDIRECT	  SEARCHES	  FOR	  DARK	  MATTER	  WITH	  
FUTURE	  GROUND-‐BASED	  GAMMA	  RAY	  

EXPERIMENTS	  



WHY	  GAMMA-‐RAYS	  ARE	  
IMPORTANT	  

(for	  DM	  
searches)	  



THREE	  WAYS	  TO	  RULE	  THEM	  ALL	  
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GAMMAS	  IN	  THE	  FINAL	  PRODUCTS	  
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to
N(x > 0.1) = 1. Spectra from secondary particles (gray band) are hardly distinguishable.
Pronounced peaks near the kinematical endpoint can have different origins, but detectors
with very good energy resolutions ∆E/E may be needed to discriminate amongst them in
the (typical) situation of limited statistics. See text for more details about these spectra.

3. Spatial Signatures

The peculiar morphology of annihilation signals, tracing directly the DM
density, offers another convenient handle for discriminating signals from back-
grounds. The most relevant targets are the GC, dwarf spheroidal galaxies
and galaxy clusters with respective half light radii of roughly θ1/2 ! 10◦,
θ1/2 ∼ 0.1◦ and θ1/2 " 0.1◦. Further important targets are DM clumps or the
angular power spectrum of the isotropic gamma-ray background (IGRB), all
of which we will discuss in this section.

3.1. Halo Profiles and the Galactic Center

The arguably brightest source of gamma rays from DM annihilation is the
center of our Galaxy. Within a few degrees around the GC, WIMPs would
induce a gamma-ray flux of about O(10−7) ph cm−2 s−1 at the Earth (at
> 1 GeV, assuming a thermal annihilation rate into b̄b, mχ = 100 GeV and
standard halo profiles), very well in reach of current instruments. However,
the line-of-sight to the GC traverses the galactic disc, which harbours nu-
merous high-energetic processes (π0 production in cosmic-ray interactions,
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2.	  Lines	  

3.	  Other	  features	  



¡ Universal:	  they	  do	  not	  depend	  on	  
the	  target	  

¡ Peculiar	  features:	  clearly	  
iden\fiable	  (but:	  energy	  resolu\on)	  

¡ Gamma-‐ray	  are	  neutral:	  we	  can	  
point	  the	  telescope	  where	  we	  know	  
DM	  is	  

¡ Iden;fica;on	  of	  dark	  maBer	  with	  
gamma	  rays	  is	  possible	  (besides	  
detec\on!)	  
§ Measurement	  of	  dark	  maBer	  mass	  
§ Measurement	  of	  dark	  maBer	  nature	  

GAMMA	  RAYS	  PROVIDE	  SMOKING	  GUN	  
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Worth	  figh\ng	  for!	  
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Kolb	  2013	  
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WHERE	  TO	  POINT	  THE	  TELESCOPES	  
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J-‐FACTOR	  

Wood	  2014	  



HESS,	  MAGIC	  AND	  
VERITAS	  

Current	  
telescopes	  
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CURRENT	  MAJOR	  IACT	  EXPERIMENTS	  

MAGIC	  (Canary	  Island,	  Spain)	  

Array	  2	  telescopes	  
17m	  diameters	  

2200	  m	  asl	  
>2004	  

VERITAS	  (Arizona,	  USA)	  
Array	  4	  telescopes	  of	  12m	  diam.	  
Central	  mast	  moun\ng	  
1300	  m	  asl	  
>2007	  

HESS	  (Namibia)	  

HESS	  I:	  Array	  4	  tel.	  of	  12m	  	  
HESS	  II:	  28m	  diameter	  (2013?)	  
1800	  m	  asl	  
>	  2003	  
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THE	  IACT	  TECHNIQUE	  

Imaging Atmospheric
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¡ Gamma	  rays	  trace	  	  charged	  cosmic	  rays	  
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GAMMA	  RAYS	  TRACE	  COSMIC	  RAYS	  

e- (TeV) Synchrotron 
γ (eV-keV) 

γ (TeV)  
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B 

Electromagnetic processes 

π- 

π0 

π+ 

γγ (TeV) 

p+ (>>TeV) 

matter 

Hadronic cascades 

¡ Cosmic-‐ray	  physics	  (origin,	  mechanisms)	  
¡ Jet	  physics,	  magneto	  hydrodynamics,	  magne\c	  
turbulence,	  etc.	  

¡ Fundamental	  physics	  (DM,	  ALPs,	  LIV)	  
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TARGETS	  

¡  Galac\c	  targets	  

•  Extragalac\c	  targets	  
Pulsar	   Supernova	  Remnants	   Pulsar	  wind	  nebulae	   Micro-‐quasars	  	   Galac\c	  center	  

Ac\ve	  Galac\c	  Nuclei	   Galaxy	  Cluster	  
Starburst	  galaxies	   Merging	  Galaxies	   Gamma-‐ray	  Bursts	  
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TEV	  SKY	  

hBp://tevcat.uchicago.edu/	  
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1989: When I first saw  
the Crab Nebula with Whipple

Differential spectrum  
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   Air-shower... 

Detecting Very High Energy Gamma-Rays with Cherenkov Light 

~ 120 m 

Focal 
Plane 

Particle 
Shower 

~ 100 m 

~ 10 km 
Primary γ-ray 

Air Cherenkov Technique 
2012:  Crab Nebula 

with MAGIC eyes



The	  sky	  is	  more	  
transparent	  than	  

thought	  

Ruled	  out	  surface	  
emission	  models	  

in	  pulsars	  
BH	  and	  jet	  
physics	  

Hints	  of	  axion-‐
like	  par\cles	  in	  

blazars	  
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SOME	  RESULTS	  

A&A	  540,	  A69	  (2012)	  

VOL	  320	  SCIENCE	  

Astropar\cle	  Physics	  730	  (2011)	  L8.	  

Phys.Rev.	  D86	  (2012)	  085036	  
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DARK	  MATTER	  SEARCHES	  



(APPROX.)	  HISTORY	  OF	  A	  HUNT	  

Galac\c	  
Center	  

MW	  
satellites	  

Galaxy	  
Clusters	  

Dark	  
clumps	  /	  
subhaloes	  

Galac\c	  
Center	  
halo	  

Lines	  

2004	   2013	  

CR	  electrons	  
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¡ Several	  targets	  
¡ Tens	  of	  sources	  
¡ Thousands	  hour	  
¡ No	  hint	  

¡ Shall	  we	  stop?	  I	  will	  try	  to	  
answer	  
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OUR	  CATALOG	  

M.Doro,	  NIMA	  2014	  



¡ IACT	  versus	  
FERMI-‐LAT	  
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ONE	  PLOT	  

M.Doro,	  NIMA	  2014	  

HESS	  GC	  

MAGIC	  Segue1	  

Fermi-‐DSPH	  

VERITAS	  Segue1	  
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CTA:	  NOW	  WE	  TALK	  SERIOUS!	  

Wood	  2014	  



WHAT	  IS	  CTA?	  



¡ A	  project	  for	  a	  new	  genera\on	  of	  Cherenkov	  Telescopes	  
¡ Precision	  gamma-‐ray	  astronomy	  and	  astrophysics	  from	  
few	  tens	  of	  GeV	  to	  >100	  TeV	  

¡ Two	  sites:	  one	  Southern	  and	  one	  Northern	  with	  about	  a	  
hundred	  telescopes	  in	  total	  

CHERENKOV	  TELESCOPE	  ARRAY	  

hBp://www.cta-‐observatory.org/	  
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CTA	  SENSITIVITY	  IN	  3	  REGIMES	  

Low-‐Energy	  

10x	  sensi\vity	  

Hi-‐Energy	  

Background	  limits	   Sta\s\cs	  limits	  
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CONCEPT	  
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A COLLABORATION THAT GROWS 

27 

*	  HESS+MAGIC+VERITAS	  collabora\ons	  
+	  Europe	  	  +	  world	  interest	  (Japan,	  
Argen\na)	  
*	  US	  AGIS	  (Advanced	  Gamma-‐ray	  
Imaging	  System)	  converged	  to	  CTA	  
*	  already	  ~170	  ins\tutes,	  ~28	  countries	  
(~	  1100	  scien\sts)	  
*	  Regular	  mee\ngs	  since	  2007.	  



DESIGN CONCEPTS AND STATUS 

FP7-supported Preparatory Phase: Fall 2010 – Fall 2013
➜! Technical design, sites, construction and operation cost
➜! Legal, governance and finance schemes
➜! Small + medium-sized telescope prototypes

Aim for 
start of deployment in early 2014
first data in 2016/17
base arrays complete in late 2018

28 

FP7-supported Preparatory Phase: Fall 2010 – Fall 2013 
➜ Technical design, sites, construction and operation cost 
➜ Legal, governance and finance schemes 
➜ Small + medium-sized telescope prototypes 
 
We are entering the Pre-Construction Phase 



CANDIDATE SITES 

29 

Namibia	  
Chile 	  	  

USA	  (Arizona)	  

Mexico	  

Canaries	  (Spain)	  

Argen\na	  



TELESCOPES	  (PRELIMINARY)	  

2019	  
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CTA	  IS	  WELL-‐SUITED	  FOR	  DM	  SEARCHES	  
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MD	  et	  atl.	  Astropar\cle	  Physics	  43	  (2013)	  189–214	  
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BEST	  TARGETS	  

GALACTIC	  CENTER+GALACTIC	  HALO	  (300-‐500h)	  Very	  good	  
prospects	  if:	  
• Profile	  is	  cusp,	  i.e.	  baryons	  do	  not	  reduce	  the	  DM	  density	  

DARK	  CLUMPS/DSPH	  (100	  h	  per	  year	  in	  5	  years	  on	  few	  of	  the	  
best	  targets)	  
• There	  can	  be	  new	  dsphs	  and	  close	  by	  dark	  clumps	  which	  larger	  expected	  flux	  
• Cleanest	  from	  astrophysical	  sources	  and	  less	  background	  systema\cs	  
• There	  will	  be	  news	  in	  the	  future	  before	  CTA	  era	  

CLUSTERS	  
• No	  way	  for	  annihila\ng	  DM	  	  
• maybe	  promising	  targets	  for	  decaying	  DM	  

M.	  Doro	  -‐	  DM	  with	  future	  IACTs	  -‐	  Stockholm,	  Nordita	  2014	   33	  



GALACTIC HALO 

¡  Galactic center obvious target for DM searches, but crowded 
region 

¡  Galactic halo at short distance from GC is well-defined 
¡  HESS envisaged a strategy: Abramowski+, et al. PRL 106 (2011) 

161301–+. 
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CTA PROSPECTS 

¡ Careful selection of the 
signal and background 
region 

¡ Control of diffuse 
gamma-ray background 

¡ Control of background 
systematics 

¡ Results are robust for 
cusp profile, but are not 
valid for core profiles 

35 



DSPHS 

Classical-‐Ultra-‐faint	  Core-‐cusp	  

36 

New	  experiments	  will	  surely	  detect	  new	  dsphs	  (and	  beBer	  constraints	  
known)	  in	  the	  \me	  from	  here	  to	  CTA	  



DARK	  CLUMPS	  

¡ Clumps	  of	  DM	  could	  be	  dark	  
emiEer	  (only	  gamma-‐ray)	  

¡ Some	  of	  them	  could	  
Uniden\fied	  Fermi	  sources	  

¡ Or	  Fermi	  could	  be	  blind	  to	  
them	  if	  DM	  is	  above	  few	  
hundreds	  GeV	  

Pieri+	  some	  \me	  ago	  
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H.	  Zechlin	  (very	  very	  preliminary)	  
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WILL	  CTA	  BE	  
COMPETITIVE?	  
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Cahill-‐Rowley+	  2014	  (and	  in	  
next	  slides)	  
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ANISOTROPIES	  



¡ Self-‐annihila\ng	  DM	  could	  leave	  its	  signature	  in	  
the	  angular	  power	  spectrum	  of	  the	  EDGB	  

¡ PSF	  and	  FOV	  of	  the	  IACTs	  are	  not	  killer:	  mul\poles	  
in	  the	  range	  between	  100	  and	  1000	  can	  be	  probed	  

¡ At	  the	  same	  \me,	  the	  background	  is	  expected	  to	  be	  
isotropic	  at	  small	  scales	  and	  therefore	  no	  
fundamental	  obstacle	  either.	  
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IACT	  CAN	  PLAY	  THE	  GAME	  



¡ All	  depends	  on	  	  
§ a)	  DM	  real	  anisotropy	  level	  	  
§ b)	  background	  suppression	  capability	  of	  CTA	  	  

¡ Best	  strategy:	  mul\ple	  ROI	  obtained	  from	  standard	  
extragalac\c	  observa\on	  (e.g.	  10x100h)	  above	  300	  
GeV.	  
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A	  NOVELTY	  WITH	  CHANCES	  
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LINES	  



¡ A	  large	  effort	  is	  currently	  at	  place	  in	  
CTA	  to	  improve	  the	  energy	  resolu\on	  
and	  bias	  through	  through	  instrument	  
and	  atmospheric	  calibra\on	  

¡ Low-‐energy	  threshold	  and	  larger	  
sensi\vity	  go	  along	  well	  with	  line	  
searches	  
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DO	  NOT	  CROSS	  THE	  LINE	  

¡ All	  configura\ons	  
see	  the	  Bringmann-‐
Weniger	  line	  

Preliminary	  
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THE	  UGLY	  DUCKLING	  

Galacentry	  

Dwarfy	   Clusty	  

Smith	  



¡ The	  Smith	  Cloud	  is	  
excep\onally	  massive,	  
compared	  to	  standard	  
HV	  cloud	  

¡ If	  not	  encapsulated	  by	  
a	  DM	  halo,	  stellar	  
content	  should	  be	  
disrupted	  by	  passage	  
through	  the	  Galac\c	  
disk	  

¡ Nichols+	  2014	  
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SMITH	  CLOUD	  



¡ “Upcoming	  
experiments	  such	  as	  
the	  Cherenkov	  
Telescope	  Array	  (CTA)	  
will	  be	  able	  to	  achieve	  
improved	  angular	  
resolu\on	  and	  
sensi\vity	  around	  the	  
Smith	  Cloud	  for	  
energies	  above	  100	  
GeV”	  Nichols+	  2014	  
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WHY	  NOT	  



A	  DM	  FLIRT:	  	  
DOING	  IT	  WITH	  THE	  

ELECTRONS	  
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DM	  SEARCHES	  VIA	  CR	  ELECTRON(S)	  

¡ Many	  experiments	  
find	  anomalies	  in	  CRs	  
fluxes	  
§ PAMELA,	  AMS+:	  rising	  e
+/e±	  ra\o	  above	  10	  GeV	  

§ Fermi,	  HESS:	  rising	  e±	  
spectrum	  above	  100	  
GeV	  

Explana\ons	  

Nearby	  astrophysics	  sources	  	  
Dark	  MaEer	  annihila;on/decay	  
Different	  CR	  propaga\on	  
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BL	  Lac	  
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COMMENTS	  AND	  
CONCLUSIONS	  



1.  We	  have	  shown	  that	  there	  is	  at	  least	  a	  part	  
(for	  now)	  of	  the	  parameter	  space	  that	  we	  can	  
curb	  with	  CTA	  (DM	  at	  the	  GC-‐halo)	  

2.  In	  case	  LHC-‐14	  do	  not	  discover	  DM,	  CTA	  has	  
s\ll	  chance	  if	  DM	  is	  heavy	  	  

3.  CTA	  can	  be	  the	  only	  player	  if	  DM	  is	  heavy	  for	  
2020-‐2030.	  

4.  Others	  can	  make	  detec\on	  of	  DM,	  but	  in	  case,	  
CTA	  can	  make	  iden;fica;on	  

DM	  SEARCHES	  WITH	  CTA	  
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¡ CTA	  has	  good	  prospects	  for	  reaching	  WIMP	  models	  
with	  thermal	  relic	  cross	  sec\on	  and	  mass	  >	  100	  GeV	  

¡ Dwarf	  Galaxies:	  need	  high	  boost	  factor	  or	  new	  
sources	  discovered	  (possibly	  dark	  clumps?)	  

¡ Galac\c	  Center:	  Frac\on	  of	  parameter	  space	  finally	  
accessible	  with	  CTA	  –	  par\cularly	  at	  high	  LSP	  
masses	  (>1	  TeV)	  

¡ Other	  probe	  (electrons,	  anisotropy)	  or	  weirdo	  
targets	  could	  appear	  (Smith!)	  

¡ CTA	  will	  be	  complementary	  to	  LHC	  and	  direct	  
detec\on	  searches	  and	  can	  be	  unique	  player	  in	  
some	  regions	  of	  the	  parameter	  space	  
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CONCLUSIONS	  #1	  



¡ CTA	  science	  community	  is	  
currently	  working	  on	  Key-‐
Science	  Projects	  
defini\ons:	  
§ To	  define	  core	  program	  
§ To	  secure	  proprietary	  \me	  
§ To	  define	  schedule	  

¡ Guest	  \me	  relevant!	  
¡ Photons	  will	  be	  distributed	  
along	  with	  analysis	  tools	  a-‐
la	  Fermi	  

¡ First	  \me	  of	  a	  the	  first	  
Cherenkov	  observatory!	  
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CONCLUSIONS	  #2	  



THANKS!	  


