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Outline	  

1.  Detectors	  for	  Space	  Experiments	  
–  Why	  
–  How	  
–  Where	  (this	  is	  easy:	  in	  Space)	  

2.  State	  of	  the	  arts	  experiments:	  
–  AMS02	  :	  charged	  cosmic	  rays	  
–  Fermi	  :	  high	  energy	  (1-‐1000	  GeV)	  photons	  
–  Planck	  :	  CMB	  
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1.	  Detector	  for	  Space	  Experiments	  

•  Building	  experiments	  is	  an	  art	  
•  Each	  apparatus	  is	  unique	  –	  there	  are	  some	  standard	  
pieces	  (tracker,	  calorimeter,	  ...)	  but	  each	  composi9on	  
is	  a	  delicate	  interplay	  between	  experimental	  goals,	  
theory,	  personal	  a9tude	  ...	  and	  financing	  agencies!	  

•  This	  is	  even	  more	  true	  in	  Space	  Experiments,	  which	  is	  
a	  rela9vely	  young	  field	  of	  research	  

•  In	  the	  first	  part	  of	  my	  talk,	  I	  will	  try	  to	  show	  the	  
philosphy	  behind	  the	  experimental	  solu9ons	  that	  
have	  been	  taken	  	  
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Charged	  Cosmic	  Rays	  
Space	  experiments	  
	  
Cherenkov	  telescopes	  

u Dark	  color	  
represents	  current	  
experiments	  

u Light	  color	  shows	  
next	  genera9on	  
experiments	  	  

Currently	  there	  is	  a	  small	  
overlap	  between	  space	  
and	  ground	  based	  
experiments,	  which	  will	  
increase	  in	  next	  
genera9on	  (~10	  years)	  
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Neutral	  Cosmic	  Rays	  
•  Neutrinos,	  gravita9onal	  waves	  à	  not	  discussed	  here	  
•  Photons	  à	  Mul9-‐WaveLength	  search	  

Fermi	  

30-‐1000	  GHz	  à	  ∼10-4	  eV	  

0.1-‐500	  GeV	  à	  ∼1011	  eV	  
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Space	  experiments	  
ª Sensi<ve	  to	  “primary”	  component	  (i.e.	  before	  
interac9ng	  with	  earth	  atmosphere)	  

ª A	  higher	  precision	  on	  energy	  and	  on	  chemical	  
composi<on	  (Z,	  isotopes)	  can	  be	  reached	  

ª With	  magnet	  à	  sensi<vity	  to	  an<-‐par<cles	  
ª Long	  period	  of	  con9nuos	  data	  taking	  
-  Limited	  mass	  
-  Limited	  geometrical	  acceptance	  
-  Large	  cost	  
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High-‐energy	  space	  experiments	  

•  High-‐energy:	  above	  1-‐10	  GeV	  
•  Different	  categories	  of	  experiments	  are	  
possible:	  

1.  Magne9c	  spectrometer	  (	  à	  la	  AMS02	  )	  
2.  Pair-‐conversion	  telescope	  (à	  la	  Fermi	  )	  
3.  Cosmic	  Rays	  calorimeter	  (à	  la	  CREAM	  or	  

ATIC,	  but	  also	  many	  new	  proposals:	  CALET,	  
ISS-‐CREAM,	  GAMMA400,	  HERD,	  ...	  )	  
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Spectrometers	  vs.	  calorimeters	  
•  Spectrometers	  :	  sign	  of	  the	  charge	  and	  momentum	  

–  access	  to	  positrons	  and	  an2protons	  
–  access	  to	  CR	  isotopical	  composi9on	  
–  BUT:	  big	  magnets	  are	  heavy	  (permanent	  magnets)	  or	  hard	  to	  operate	  

in	  space(superconduc9ng	  magnets)	  à	  some	  R&D	  in	  progress	  

•  Pair-‐conversion	  telescope	  :	  gamma	  physics	  
–  dedicated	  tracking	  stage	  (>1X0)	  in	  which	  γ-‐>e+e-‐	  

–  much	  beeer	  Point	  Spread	  Func9on	  (PSF	  =	  angular	  resolu9on)	  
–  adds	  some	  complexity:	  reduce	  FOV	  or	  loose	  resolu9on	  

•  Calorimeters	  discrimina9on	  of	  nuclei	  (Z	  measurement)	  and	  ep	  
(electron-‐proton)	  separa9on	  
–  maximum	  acceptance	  
–  reach	  of	  high	  energies	  (~100-‐1000	  TeV)	  for	  hadrons	  
–  precise	  (large	  sta9s9cs)	  measurement	  of	  e++e-‐	  flux	  
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Integral	  counts:	  fluxes	  rapidly	  decrease	  

Magnet	  
spectrometers	  

only	  

Fermi	  

AMS02	  
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lines:	  detector	  
geometrical	  acceptance	  



Comparison	  AMS02-‐Fermi	  
•  The	  2	  detectors	  in	  scale	  
•  AMS02	  maximizes	  
redundancy,	  Fermi	  
maximizes	  acceptance	  
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The	  issue	  of	  background	  
•  But	  sta9s9cs	  is	  not	  the	  
whole	  story:	  

² electrons	  (positrons)	  suffer	  
from	  a	  proton	  background	  
of	  102	  (104	  )	  9mes	  higher	  

² proton	  background	  in	  an9-‐
protons	  is	  ~104	  

² photons	  need	  rejec9on	  
power	  of	  ~106	  	  
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Many	  issues	  ...	  I	  will	  discuss	  just	  one:	  
gamma	  line	  search	  

Credits	  to	  Luca	  Baldini	  (Ferm
i	  coll.)	  for	  the	  slide	  

Gamma	  line	  
sensi9vity:	  
Fermi	  

compared	  to	  
next	  

genera9on	  
experiments	  

exposure	  factor	  
	  
energy	  resolu9on	  

isoquality	  lines	  
(Q=constant)	  

FERMI	  



And	  now	  the	  3	  musketeers	  
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Par2cles	  and	  nuclei	  are	  defined	  by	  their	  	  

charge	  (Z)	  and	  energy (E ~ P) 

 Z, P are measured independently by the  
Tracker, RICH, TOF  and ECAL 

AMS:	  A	  TeV	  precision,	  mul9purpose	  spectrometer	  

 Magnet 
±Z 
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AMS02	  redundancy	  
Example	  1:	  e/p	  rejec9on	  with	  TRD	  

•  electrons	  and	  protons	  are	  selected	  by	  looking	  at	  the	  sign	  in	  
the	  tracker	  and	  at	  ECAL	  shower	  shape	  

•  with	  this	  clean	  sample,	  probability	  density	  func<ons	  in	  each	  of	  
the	  20	  TRD	  layers	  can	  be	  built	  from	  data	  
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ep discrimination with TRD 

TRD estimator 

Pr
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ab
ili

ty
 

electron 
(positron) 

proton 

TRD estimator = -ln(Pe/(Pe+Pp)) 

Normalized 
probabilities 
Pe and Pp 

Pe(i) = electron pdf in layer i (total of 20 layers) 17 Cortona	  -‐	  30/05/2014	   M.	  Incagli	  -‐	  INFN	  Pisa	  



Are	  TRD	  and	  ECAL	  correlated?	  
•  Correla9on	  studied	  with	  pure	  (99.9%)	  primary	  
proton	  beam	  of	  400GeV/c	  at	  Cern	  SPS	  

•  No	  sign	  of	  correla9on	  observed	  	  
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Physics	  case:	  	  
Dark	  Maeer	  indirect	  search	  

•  DM	  annihila9on	  à	  decay	  products,	  in	  par9cular	  an9-‐
par9cles,	  observed	  by	  space	  experiments	  	  	  	  
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Dark	  Maeer	  mass	  scale	  

•  Small	  problem:	  ~50	  orders	  of	  magnitude	  to	  
inves9gate!	  

•  We	  "like"	  weak	  scale	  because	  it	  could	  solve,	  at	  
the	  same	  9me:	  
–  thermal	  cross	  sec9on	  à	  σv	  ∼ 10-26 cm3s-1	  

– weak	  scale	  à	  supersimmetry	  
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Positron fraction clearly deviates from expected 
secondary positron production 

Hints	  of	  Dark	  Maeer?	  
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AMS-‐02	  Electron	  Flux	  
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AMS-‐02	  Positron	  Flux	  
-  The	  spectral	  index	  and	  its	  dependence	  on	  energy	  is	  clearly	  different	  
from	  the	  electron	  spectrum.	  

24	  

Fermi data above 100 GeV  
are off scale.  

72 e+ 
events 
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The	  all	  electrons	  flux	  

25 
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Hints	  of	  Dark	  Maeer?	  

•  Strong	  limits	  set	  by	  an9proton	  flux	  (PAMELA)	  
•  Must	  invent	  ad	  hoc	  (not	  really	  "natural")	  theories	  
•  AMS02	  result	  on	  an9protons	  eagerly	  expected	  
•  It	  is	  	  important	  to	  constrain	  the	  background	  



•  Carbon : primary particle 
•  Boron : secondary particle produced in interactions of C with 

ISM (InterStellar Medium) 

AMS redundancy 
Example 2: Boron-to-Carbon ratio 
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Future	  prospects	  
•  final	  analyses	  (plots	  available	  2°	  week	  of	  June):	  	  

–  total	  electrons	  <	  700/1000	  GeV	  	  
–  electron	  flux	  <	  700	  GeV	  
–  positron	  flux	  <500GeV	  	  

•  Close	  to	  comple9on	  	  
–  proton	  flux	  <1.8TeV	  

•  next	  in	  line:	  	  
–  He,	  B/C	  à	  end	  of	  the	  summer	  
–  fluxes	  of	  B,	  C,	  O	  à	  end	  of	  summer	  
–  light	  nuclei	  à	  ?	  

•  mostly	  wanted:	  an9protons	  ...	  no	  predic9on;	  	  
–  hard,	  have	  to	  do	  it	  carefully!	  	  
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Fermi	  
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Fermi	  LAT	  

e+	   e-‐	  

Large	  Area	  
Telescope	  (LAT)	  

GBM	  

γ	


Si	  Tracker	  
70	  m2,	  228	  µm	  pitch	  
~0.9	  million	  channels	  

CsI	  alorimeter	  
8.6	  radia2on	  length	  

An2-‐coincidence	  Detector	  
Segmented	  scin2llator	  2les	  

•  Pair-‐conversion	  telescope	  
–  good	  background	  rejec9on	  due	  to	  “clear”	  γ-‐ray	  signature	  
–  (also	  sensi9ve	  to	  CR	  electrons)	  

•  Tracker:	  pair	  conversion,	  tracking	  
–  angular	  resolu9on	  is	  dominated	  by	  mul9ple	  scaeering	  below	  ~GeV	  

•  Calorimeter:	  8.6	  X0	  for	  perpendicular	  incidence	  
–  use	  shower	  profile	  to	  compensate	  for	  the	  leakage	  

energy	  band:	  20MeV	  to	  >300	  GeV	  
effec2ve	  area:	  >8000	  cm2	  
FOV:	  >2.4	  sr	  
angular	  resolu2on:	  ~0.1	  deg	  
energy	  resolu2on:	  5-‐10%	  

Cortona	  -‐	  30/05/2014	   M.	  Incagli	  -‐	  INFN	  Pisa	   32	  



Dark	  Maeer	  (DM)	  Search	  with	  γ-‐rays	  

•  Gamma-‐rays	  may	  encrypt	  the	  DM	  signal	  

Par2cle	  Physics	  
(photons	  per	  annihila2on)	  	  

DM	  Distribu2on	  
(line-‐of-‐sight	  integral)	  

Gamma	  Ray	  Flux	  
(measured	  by	  Fermi-‐LAT)	  

(I	  will	  skip	  DM	  search	  from	  CR	  electron/positron)	  
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DM	  Search	  Strategies	  with	  γ-‐rays	  
•  Spa9al	  signature	  

•  Spectral	  signature	  

=	   +	  

Fermi-‐LAT	  data	   Galac2c	  Diffuse,	  
Sources,	  isotropic	  

DM	  signal	  	  
(e.g.,	  MW	  halo)?	  

DM	  signal	  (e.g.,	  line)?	  

Good	  understanding	  of	  the	  Galac2c	  diffuse	  
emission	  and	  of	  the	  instrument	  is	  crucial	  
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DM	  Search	  Strategies	  with	  γ-‐rays	  

Extragalac2c:	  
Pros:	  very	  good	  sta2s2cs	  
Cons:	  diffuse	  BG,	  astrophysical	  
uncertain2es	  Clusters:	  

Pros:	  low	  BG	  and	  good	  source	  id	  
Cons:	  low	  sta2s2cs,	  astrophysical	  
uncertain2es	  

Spectral	  lines:	  
Pros:	  no	  astrophysical	  uncertainty	  
(Smoking	  gun)	  
Cons:	  low	  sta2s2cs	  

Satellites:	  
Pros:	  Low	  BG	  and	  good	  source	  id	  
Cons:	  low	  sta2s2cs	  

Galac2c	  Center:	  
Pros:	  Good	  sta2s2cs	  
Cons:	  confusion,	  diffuse	  BG	  

MW	  halo:	  
Pros:	  very	  good	  sta2s2cs	  
Cons:	  diffuse	  BG	  

Cortona	  -‐	  30/05/2014	   M.	  Incagli	  -‐	  INFN	  Pisa	   35	  



1)	  Satellites:	  Dwarf	  galaxies	  

•  Stacking	  analysis	  using	  10	  dSphs	  and	  2	  years	  data	  
–  conserva9ve	  limit	  on	  DM	  cross	  sec9on	  (no	  “boost	  factor”)	  

3x10-‐26	  cm3	  s-‐1	  

Ackermann+11,	  PRL	  107,	  241302	  

MWIMP>=20	  GeV	  to	  sa2sfy	  <σv>=3x10-‐26	  cm3	  s-‐1	  
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2)	  Milky	  Way	  DM	  Halo	  
•  Another	  recent	  and	  complementary	  DM	  search	  for	  MW	  halo	  

–  Search	  for	  con9nuous	  emission	  from	  DM	  annihila9on/decay	  
in	  the	  smooth	  MW	  halo	  	  

• 	  Analyze	  bands	  5deg	  off	  the	  plane	  
Ø 	  decrease	  astrophysical	  BG	  
Ø 	  mi2gate	  uncertainty	  from	  
inner	  slope	  of	  DM	  density	  profile	  
Ø fit	  DM	  source	  and	  astrophysical	  
emission	  simultaneously	  

DM	  signal	

γ-‐sky	  map	
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Constraints	  on	  DM	  Model	  	  

•  Modeling	  the	  astrophysical	  emission	  improves	  DM	  constraints	  	  
•  w/	  astrophysical	  BG,	  the	  limit	  constrains	  the	  thermal	  relic	  

cross	  sec9on	  for	  WIMP	  with	  mass	  >	  30	  GeV	  (comparable	  to	  
dSphs)	  

	  

Ackermann+12,	  ApJ	  761,	  91	  
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Gamma	  line	  search	  
Evolu9on	  of	  line-‐like	  Feature	  near	  135	  GeV:	  	  
1.  1D	  PDF,	  reprocessed	  data	  (beeer	  energy	  calibra9on)	  

–  3.7σ	  (local)	  at	  135	  GeV	  
2.  2D	  PDF,	  reprocessed	  data	  

–  3.4σ	  (local)	  at	  135	  GeV	  (Energy	  dispersion	  in	  data	  is	  narrower	  than	  
expected	  when	  PE	  is	  taken	  into	  account)	  

–  <2σ	  global	  
	  1.	   2.	  
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Fermi	  Future	  Prospects	  in	  DM	  search	  	  
•  Dwarfs	  will	  remain	  a	  prime	  target	  (halo	  analysis:	  close	  match)	  

–  increased	  observa9on	  9me	  
–  discovery	  of	  new	  dwarfs	  
–  sensi9ve	  to	  higher	  energies	  

•  Next	  genera9on	  Cherenkov	  Telescope	  (e.g.,	  CTA)	  will	  extend	  the	  limit	  to	  
higher	  WIMP	  masses	  

•  Extend	  significance	  of	  line	  search	  

CTA,	  MW	  halo	  
(taen	  from	  Doro+	  13)	  
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The	  Planck	  satellite	  
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1.5	  m	  telescope	  

shield	  facing	  sun	  

2	  instruments:	  
	  
-‐ 	  LFI	  (led	  by	  Italy)	  
	  	  	  -‐	  HEMTs	  (transitors)	  
	  	  	  -‐	  cooled	  at	  4K	  
	  	  	  -‐	  sensi9ve	  to	  30-‐100	  GHz	  
	  
-‐ 	  HFI	  (led	  by	  France/UK)	  	  
	  	  	  -‐	  bolometer	  array	  
	  	  	  -‐	  cooled	  at	  0.1K	  
	  	  	  -‐	  sensi9ve	  to	  100-‐857	  GHz	  
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LFI	  

HFI	  

Synchrotron	  foreground	  

thermal	  dust	  emission	  

CMB	  

CMB	  
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dust	  
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following the time ordered data (TOI) processing 
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The	  CMB	  map	  
Planck Collaboration: The Planck mission

Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential ⇥(n̂), as well as estimates of its power spectrum
C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)

Galactic South

Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching

24
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Combined	  CMB	  map	  



ΛCDM	  is	  a	  very	  good	  fit	  
(à	  Kunz	  presenta9on)	  
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 ⇥ ⇥ ⇥ 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇤ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇥CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ⇥ = 50.
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Conclusions	  
•  Cosmic	  rays	  (CR)	  spans	  many	  orders	  of	  magnitude	  and	  
flux	  à	  very	  different	  experimental	  techniques	  are	  
required	  

•  Space	  experiments	  are	  able	  to	  see	  "primary"	  cosmic	  
rays	  à	  BUT	  limited	  geometrical	  acceptance	  

•  The	  CR	  flux	  decreases	  very	  rapidly	  with	  energy	  à	  hard	  
to	  reach	  energies	  above	  few	  TeV	  (electrons)	  or	  few	  
hundred	  TeV	  (protons)	  

•  The	  TeV	  energy	  range	  is	  par9cularly	  interes9ng	  for	  DM	  
search	  (WIMP	  thermal	  cross	  sec9on)	  à	  interest	  
par9ally	  decreased	  axer	  an9proton	  and	  gamma	  results	  
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