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 	
   Compelling	
   evidences	
   from	
   a	
   large	
   (~85%)	
   non-­‐baryonic	
   component	
   of	
   the	
  	
  	
  	
  
maAer	
  density	
  of	
  the	
  Universe	
  at	
  all	
  astrophysical	
  scales	
  (kpc	
  to	
  Gpc)	
  

ΛCDM	
  model	
  seems	
  
to	
  fit	
  all	
  current	
  
cosmological	
  data	
  

Planck	
  Coll.	
  2015,	
  	
  	
  	
  	
  	
  	
  
arXiv:1502.01589	
  
(accepted	
  by	
  A&A)	
  

Galaxy	
  rota]onal	
  curves	
   Gravita]onal	
  lensing	
   Colliding	
  clusters	
  

CMB	
  anisotropies	
  

Dark	
  Ma.er	
  evidence	
  

Large-­‐scale	
  structure	
  

Ωb	
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 	
  Standard	
  Cosmological	
  scenario:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Λ-­‐Cold-­‐Dark-­‐Ma.er	
  (ΛCDM),	
  ΩDM~0.27	
  

 	
  WIMPs	
  are	
  a	
  class	
  of	
  par]cularly	
  
interes]ng	
  CDM	
  candidates:	
  
	
  	
  	
  	
  	
  -­‐	
  Neutral	
  electric	
  and	
  color	
  charges	
  
	
  	
  	
  	
  	
  -­‐	
  Interac]on	
  at	
  weak	
  scale	
  
	
  	
  	
  	
  	
  -­‐	
  Stable	
  on	
  cosmological	
  scales	
  
	
  	
  	
  	
  	
  -­‐	
  Correct	
  relic	
  density	
  
	
  	
  	
  	
  	
  -­‐	
  Massive	
  
	
  	
  	
  	
  	
  -­‐	
  NON-­‐BARYONIC	
  origin	
  
	
  	
  	
  	
  	
  -­‐	
  May	
  produce	
  signals	
  detectable	
  by	
  
	
  	
  	
  	
  	
  	
  	
  current	
  or	
  next-­‐genera]on	
  experiments	
  	
  

 	
  Several	
  SM	
  extensions	
  contain	
  WIMP	
  
candidates:	
  Supersymmetry	
  (SUSY),	
  
minimal	
  SM	
  extensions,	
  extra	
  
dimensions	
  models,	
  and	
  others	
  

Present WIMPs mass range: 
mDM > 10 GeV up to tens of  TeV 

<σvDM DM> ~ 3 × 10-26 cm3· s-1 

Likely	
  scenario:	
  (WIMPy)	
  ParQcle	
  Dark	
  Ma.er	
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 	
  DM	
  searches:	
  	
  Direct	
  /	
  Indirect	
  /	
  Direct	
  ProducQon	
  /	
  Astrophysical	
  Probes	
  

 	
   Indirect	
  searches	
  for	
  detec]on	
  of	
  SM	
  products	
  (including	
  gamma-­‐rays)	
  from	
  
annihila]on	
  or	
  decay	
  of	
  Dark	
  MaAer	
  par]cles:	
  

DM	



DM	



SM: b, W+, Z, τ+, …            γ, e+, p, ν , … 	



SM: b, W-, Z, τ-, …              γ, e-, p, ν , … 	



Primary channels	

 Final States	
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-	

-	



 	
  Gamma-­‐rays	
  as	
  final	
  states	
  are	
  of	
  major	
  interest	
  because:	
  
o 	
  do	
  not	
  suffer	
  from	
  propagaQon	
  effects	
  
o 	
  trace	
  back	
  to	
  abundance	
  /	
  distribu]on	
  of	
  DM	
  
o 	
  show	
  peculiar	
  spectral	
  features	
  (smocking	
  guns)	
  

 	
  Iden]fica]on	
  of	
  DM	
  mass	
  and	
  
	
  	
  	
  	
  	
  reac]on	
  process	
  

	
  Disentangle	
  from	
  astrophys.	
  bkg	
  

Indirect	
  Dark	
  Ma.er	
  searches	
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Annihilation: 

Decay: 

Astrophysical factor:  Particle Physics factor:   

 	
  Expected	
  differenQal	
  gamma-­‐ray	
  fluxes:	
  

Large uncertainties from Fund. Phys. 
No target dependences 

(straightforward stacking analysis) 

Large uncertainties from DM profiles 
(robust limits from less uncertain targets) 

dec	


1 

τχ	



Indirect	
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  Ma.er	
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 	
  Galac9c	
  center?	
  	
  
	
  	
  +	
  Highest	
  J-­‐factor	
  
	
  	
  −	
  Very	
  high	
  astroph.	
  bkg	
  
	
  −	
  Uncertain]es	
  on	
  inner	
  DM	
  distribu]on	
  	
  	
  
	
  	
  −	
  Southern	
  Hemisphere	
  

 	
  Galac9c	
  halo?	
  
	
  	
  	
  +	
  High	
  J-­‐factor	
  
	
  	
  	
  −	
  Not	
  fully-­‐free	
  from	
  astroph.	
  bkg	
  
	
  	
  	
  −	
  Extended	
  
	
  	
  	
  −	
  Southern	
  Hemisphere	
  

 	
  Galaxy	
  Clusters?	
  
	
  	
  	
  +	
  Huge	
  amount	
  of	
  DM	
  
	
  	
  	
  −	
  High	
  astroph.	
  bkg	
  
	
  	
  	
  −	
  Extended	
  
	
  	
  	
  −	
  High	
  uncertain]es	
  on	
  J-­‐factors	
  

 	
  DM	
  Clumps?	
  	
  
	
  	
  +	
  Free	
  from	
  astroph.	
  bkg	
  
	
  +	
  Nearby	
  and	
  numerous	
  
	
  	
  −	
  To	
  be	
  found!	
  
	
  	
  −	
  Bright	
  enough?	
  

 	
  Dwarf	
  Galaxies?	
  
	
  	
  	
  +	
  DM	
  dominated	
  (high	
  M/L	
  ra]os)	
  
	
  	
  	
  +	
  Free	
  from	
  astroph.	
  bkg	
  
	
  	
  	
  +	
  Close	
  (<~100	
  kpc)	
  
	
  	
  	
  +	
  	
  Slightly	
  extended	
  at	
  most	
  
	
  	
  	
  +	
  Less	
  uncertain]es	
  on	
  J-­‐factors	
  	
  
	
  	
  	
  −	
  J-­‐factors	
  ~100	
  lower	
  than	
  for	
  GC	
  

Main	
  targets	
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Main	
  targets	
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Gamma-­‐ray	
  instruments	
  

MAGIC	



H.E.S.S.	



VERITAS	


CTA	



Fermi-LAT	
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ASTRI mini-array	



See talks of Session E: “Satelliti e telescopi Gamma”	
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Current	
  achievements	
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  Current most constraining results 
up to ~TeV mass value from         
6-years combined dSphs from 
Fermi-LAT (limits for mχ<~100GeV 
below thermal cross-section)"

  H.E.S.S. galactic halo results are 
the strongest above ~1TeV (but 
may be affected by rather high 
uncertainties from DM profile 
assumption)"

   MAGIC Segue1 limits are the 
strongest IACTs results from 
dSphs (most robust limits above 
~TeV)"

Fermi-LAT and ground-based 
instruments are complementary for 
indirect DM searches!

Fermi Coll. 2015, Phys. Rev. Lett.115 (23) 2015	
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Current	
  achievements	
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Combined Fermi-LAT and 
MAGIC limits on dSPhs 
through the “Full Likelihood 
analysis” by J. Aleksić, J. 
Rico, M. Martinez JCAP 10 
(2012) 032 (arXiv:1209.5589!

  coherent limits window from 
10 GeV to 100 TeV (widest 
range explored so far)"
   better global limits in the 
mass overlapping regions (up 
to a factor ~2)"
  above ~TeV (depending on 
the considering channel) 
IACTs dominate for discovery 
capability and/or achievement 
of best limits"

    MAGIC Coll. + M. Wood et al.,  JCAP 02 (039) 2016	
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Small	
  Size	
  Telescopes	
  	
  
(SSTs)	
  Medium	
  Size	
  Telescopes	
  	
  

(MSTs)	
  

Large	
  Size	
  Telescopes	
  	
  
(LSTs)	
  

Designed to operate 
for 30 years 

  Next generation ground based Gamma-ray Observatory

  Open observatory

  Two sites with total > 100 telescopes (LSTs+MSTs+SSTs)


•  Southern Site: Near Paranal in Chile (selected for negotiations)


•  Northern Site: La Palma, Canary Islands (selected for negotiations)


  31 nations, ~300M€ project


The	
  Cherenkov	
  Telescope	
  Array	
  (CTA)	
  observatory	
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Array configuration assumed for prospects shown here: 

CTA ARRAY PERFORMANCE


  Southern Site (~4km2): 

•  4 Large-size telescopes (LSTs) 

•  24 Medium-size telescopes (MSTs) 

•  72 Small-size telescopes (SSTs)  

  Northern Site (~0.4km2): 

•  4 Large-size telescopes (LSTs) 

•  15 Medium-size telescopes (MSTs)


Courtesy of CTA Consortium 2015


Angular resolution (80% containment radius)
Sensitivity vs Energy


Courtesy of CTA Consortium 2015
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CTA	
  prospects	
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•  For Galactic Halo with 
cuspy profile CTA can 
probe below thermal 
cross-section!

•  Dwarfs observations for 
crosschecks in cleaner 
environments and robust 
long-term legacy limits"

•  Systematics must be 
controlled extremely well 
to achieve statistically-
possible sensitivity"

Fermi (bb)	



CTA (W+W-)	



(500h, 30 GeV threshold)	


(500h, 30 GeV threshold)	



(340h, 200 GeV threshold)	



THERMAL RELIC	



H.E.S.S. (bb)	


-	



CTA	
  prospects	
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Credits: T. Abegg Credits: A. Stamerra 

The	
  ASTRI	
  Project	
  (led	
  by	
  INAF)	
  has	
  two	
  main	
  goals:	
  

  an	
  end-­‐to-­‐end	
  prototype	
  of	
  the	
  CTA	
  small-­‐size	
  telescope	
  in	
  a	
  dual	
  mirror	
  
configura]on	
  (ASTRI	
  SST-­‐2M),	
  inaugurated	
  on	
  2014	
  Sept.	
  24th	
  and	
  
currently	
  under	
  tes]ng	
  at	
  the	
  INAF	
  observing	
  sta]on	
  on	
  Mt.	
  Etna	
  (Sicily)	
  

  an	
  ASTRI	
  mini-­‐array	
  composed	
  of	
  9	
  SST-­‐2M	
  telescopes	
  proposed	
  to	
  be	
  
installed	
  at	
  the	
  chosen	
  CTA	
  Southern	
  site	
  in	
  2018	
  

Artistic view of the ASTRI mini-array @ CTA Southern site Inauguration @ Serra La Nave  observing station (Mt. Etna, Sicily) 

The	
  ASTRI	
  project	
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ASTRI	
  mini-­‐array	
  
MAGIC	
  
ASTRI	
  mini-­‐array	
  +	
  4MSTs	
  

Segue1,	
  160	
  hr	
  exposure	
  	
  

Fermi,	
  6	
  years,	
  	
  
combine	
  dwarfs	
  	
  

MA(9SSTs): 	


Limited prospects 	



for mχ> tens of TeV	



MA(9SSTs+4MSTs): 	


Promising prospects 	



for mχ> ~0.1TeV	



MA(9SSTs): 	


Interesting prospects 	



for mχ> few TeVs	



MA(9SSTs+4MSTs): 	


Promising prospects 	



for mχ> ~0.1TeV	



Giammaria, Lombardi et al., Proc. TAUP2015 
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ASTRI	
  mini-­‐array	
  prospects	
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  	
   Complementary	
   between	
   satellite	
   and	
   ground-­‐based	
   γ-­‐ray	
   instruments	
   for	
  
indirect	
  Dark	
  MaAer	
  searches	
  

 	
  satellites	
  dominate	
  below	
  ~TeV	
  (some	
  limits	
  s]ll	
  below	
  thermal	
  cross-­‐sec]on)	
  

 	
  IACTs	
  dominate	
  above	
  few	
  hundreds	
  of	
  GeV	
  

 	
  Current	
  best	
  limits	
  from	
  Fermi-­‐LAT	
  dSphs	
  stacked	
  analysis,	
  H.E.S.S	
  Galac]c	
  Halo	
  
(although	
  high	
  uncertain9es	
  in	
  the	
  DM	
  profile)	
  and	
  MAGIC	
  dSphs	
  (robust	
  but	
  less	
  
constraining	
  limits)	
  

 	
  Current	
   IACTs,	
   like	
  MAGIC,	
  are	
  ac]vely	
  carrying	
  on	
   indirect	
  DM	
  searches	
  with	
  
different	
   targets	
  	
   this	
   enhances	
   the	
   chance	
   of	
   DM	
   detec]on	
   /	
   limits	
   can	
   be	
  
combined	
  with	
   e.g.	
   Fermi-­‐LAT	
  ones	
   in	
   order	
   to	
   improve	
  overall	
   limits	
   and	
   cover	
  
coherently	
  a	
  huge	
  energy	
  window	
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Summary	
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  CTA will have a unique discovery potential for particle dark matter (in the 
> 200 GeV mass range) with Galactic Centre observations:"

  For many annihilation channels CTA will test the canonical thermal relic 
annihilation cross section (in the case of a cuspy Galactic Halo density 
profile)"

  Understanding and controlling systematics is of utmost importance"

  Results will be complementary to direct detection and colliders, and the 
synergy with Fermi-LAT and new gamma-ray satellites (such as DAMPE 
and future Gamma-400) will be able to probe thermal WIMPs from a few 
GeV up to tens of TeV"

S.	
  Lombardi,	
  INAF	
  MA4	
  Workshop,	
  6-­‐7	
  June	
  2016,	
  Bologna	
  

Summary	
  



Backup	
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 	
  Expected	
  differenQal	
  gamma-­‐ray	
  fluxes:	
  

Indirect	
  Dark	
  Ma.er	
  searches	
  

S.	
  Lombardi,	
  INAF	
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  Workshop,	
  6-­‐7	
  June	
  2016,	
  Bologna	
  

Cembranos	
  et	
  al.	
  Phys.	
  Rev.	
  D83	
  (2011)	
  083507	
  (arXiv:1009.4936)	
  



DARK MATTER DENSITY PROFILES
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GALACTIC CENTER HALO:  
DM UNCERTAINTIES
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CTA	
  DM	
  prospects	
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Led	
  by	
  the	
  Italian	
  Na]onal	
  Ins]tute	
  for	
  Astrophysics	
  	
  
in	
  collabora]on	
  with:	
  

	
  Universidade	
  de	
  São	
  Paulo	
  &	
  FAPESP,	
  Brazil	
  
	
  North-­‐West	
  University,	
  South	
  Africa	
  

Proposed	
  to	
  be	
  installed	
  at	
  the	
  final	
  southern	
  CTA	
  site	
  

as	
  one	
  of	
  the	
  CTA	
  precursors	
  (implementaQon	
  in	
  2017)	
  

Credits: A. Stamerra 

The	
  ASTRI	
  SST-­‐2M	
  mini-­‐array	
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4	
  LST	
  
25	
  MST	
  
70	
  SST	
  
24	
  SCT	
  ext.	
  

We	
  aim	
  at	
  the	
  produc]on	
  and	
  
deployment	
  of	
  about	
  half	
  (~35)	
  of	
  the	
  

CTA	
  SST	
  sub-­‐array	
  to	
  explore	
  the	
  
energy	
  range	
  above	
  the	
  TeV	
  threshold	
  

Credits: CTA Consortium 

ASTRI SST-2M	



ASTRI	
  in	
  the	
  framework	
  of	
  CTA	
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 	
  Preliminary	
  performance	
  

based	
  on	
  MC-­‐CTA	
  Prod2	
  	
  	
  	
  	
  	
  	
  	
  

and	
  official	
  CTA-­‐MC	
  pipelines	
  

 	
  SensiQvity	
  
slightly	
  beAer	
  than	
  H.E.S.S.	
  

above	
  ~10	
  TeV	
  for	
  an	
  array	
  

composed	
  of	
  9	
  telescopes	
  

 	
  Angular	
  resoluQon	
  
a	
  few	
  (4–5)	
  arcmin	
  

 	
  Energy	
  resoluQon	
  
of	
  the	
  order	
  of	
  10-­‐15%	
  

 	
  Wide	
  field	
  of	
  view	
  

~10°	
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MA(9SSTs): 	


Limited prospects 	
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MA(9SSTs): 	


Interesting prospects 	



for mχ> few TeVs	
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