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It is likely that further research into "showers" and 
"bursts" of the cosmic rays may possibly lead to the 
discovery of still more elementary particles, neutrinos 
and negative protons, of which the existence has been 
postulated by some theoretical physicists in recent years.         !

Victor	
  Hess	
  (1936)	
  	
  



1912:	
  Victor	
  Hess	
  discovers	
  cosmic	
  rays	
  (named	
  
so	
  in	
  1927	
  by	
  Millikan)	
  –	
  Nobel	
  Prize	
  1936	
  
	
  
[1928:	
  Paul	
  Dirac	
  predicts	
  the	
  existence	
  of	
  
anQ-­‐parQcles	
  –	
  Nobel	
  Prize	
  1933]	
  
	
  
1932:	
  Carl	
  Anderson	
  discovers	
  the	
  positron	
  in	
  
cosmic	
  rays	
  -­‐	
  Nobel	
  Prize	
  1936	
  (cloud	
  chamber	
  
invented	
  by	
  C	
  T	
  R	
  Wilson	
  -­‐	
  Nobel	
  Prize	
  1927)	
  	
  
	
  
[1935:	
  Hideki	
  Yukawa	
  predicts	
  the	
  existence	
  
of	
  mesons	
  –	
  Nobel	
  Prize	
  1949]	
  
	
  
1937:	
  Seth	
  Neddermeyer	
  &	
  Carl	
  Anderson	
  
discover	
  the	
  muon	
  in	
  cosmic	
  rays	
  
	
  
1947:	
  Cecil	
  Powell	
  discovers	
  the	
  pion	
  in	
  
cosmic	
  rays	
  –	
  Nobel	
  Prize	
  1950	
  	
  
	
  
1947:	
  George	
  Rochester	
  &	
  Clifford	
  Butler	
  
discover	
  the	
  kaon	
  
	
  
(Patrick	
  BlackeJ	
  awarded	
  Nobel	
  Prize	
  1948	
  
“for	
  his	
  development	
  of	
  the	
  Wilson	
  cloud	
  
chamber	
  method	
  …”)	
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The birth of astroparticle physics !



So	
  there	
  were	
  indeed	
  more	
  fundamental	
  discoveries	
  in	
  cosmic	
  rays	
  –	
  unQl	
  accelerators	
  took	
  
over	
  the	
  show	
  in	
  the	
  ’60s	
  …	
  but	
  what	
  have	
  cosmic	
  rays	
  done	
  for	
  high	
  energy	
  physics	
  since	
  then?	
  



The experiments that we will do with the LHC have been done 
billions of times by cosmic rays hitting the Earth ... They're being 
done continuously by cosmic rays hitting our astronomical 
bodies, like the moon, the sun, like Jupiter and so on and so forth. 
And the Earth's still here, the sun's still here, the moon's still here. 
LHC collisions are not going to destroy the planet. !

John	
  Ellis	
  



!

!
The triumph of the 
Standard Model … 

Higgs is found!!
!

Talks	
  by:	
  Myers,	
  Virdee,	
  Gross	
  	
  



The	
  Standard	
  SU(3)c x SU(2)L x U(1)Y Model	
  (viewed	
  as	
  an	
  effecQve	
  field	
  theory	
  up	
  
to	
  some	
  high	
  energy	
  cut-­‐off	
  scale	
  M)	
  accurately	
  describes	
  all	
  microphysics	
  	
  

renormalisable !

super-renormalisable !

non-renormalisable !

New	
  physics	
  beyond	
  the	
  SM	
  ⇒	
  non-­‐renormalisable	
  operators	
  suppressed	
  by	
  Mn	
  
which	
  ‘decouple’	
  as	
  M → MP (…	
  so	
  neutrino	
  mass	
  is	
  small,	
  proton	
  decay	
  is	
  slow	
  etc)	
  	
  

But	
  as	
  M	
  is	
  raised,	
  the	
  effects	
  of	
  the	
  super-­‐renormalisable	
  operators	
  are	
  exacerbated	
  	
  
One	
  soluQon	
  for	
  Higgs	
  mass	
  divergence	
  →	
  ‘sogly	
  broken’	
  supersymmetry	
  at	
  M ~ 1	
  TeV !

This	
  has	
  been	
  the	
  target	
  of	
  most	
  dark	
  maher	
  searches,	
  whether	
  using	
  nuclear	
  recoil	
  
detectors	
  or	
  looking	
  for	
  cosmic	
  annihilaQon	
  products,	
  or	
  missing	
  ET	
  signals	
  at	
  colliders	
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This	
  provides	
  new	
  possibiliQes	
  for	
  baryogenesis	
  as	
  well	
  as	
  a	
  good	
  candidate	
  for	
  
dark	
  maFer	
  –	
  the	
  lightest	
  supersymmetric	
  parIcle	
  (typically	
  the	
  neutralino	
  χ),	
  
if	
  	
  it	
  is	
  cosmologically	
  stable	
  because	
  of	
  a	
  conserved	
  quantum	
  number	
  (R-­‐parity)	
  

Leff = F 2 + Ψ̄ �DΨ+ Ψ̄ΨΦ + (DΦ)2 +Φ2

+ Ψ̄ΨΦΦ
M + Ψ̄ΨΨ̄Ψ

M2 + . . .

+M4 +M2Φ2

neutrino mass  proton decay  

hierarchy problem 



The world is indeed a strange place! !

Both	
  geometrical	
  
and	
  dynamical	
  	
  

evidence	
  (if	
  GR	
  is	
  
valid	
  on	
  all	
  scales)	
  

Mainly	
  geometrical	
  evidence:	
  
Λ ~ O(H0

2), H0 ~ 10-42 GeV 
…	
  dark	
  energy	
  is	
  inferred	
  from 
the	
  ‘cosmic	
  sum	
  rule’:	
  	
  
Ωm + Ωk + ΩΛ = 1 

Baryons	
  (no	
  
anQ-­‐baryons)	
  

Both	
  the	
  baryon	
  asymmetry	
  and	
  dark	
  maher	
  
require	
  that	
  there	
  be	
  new	
  physics	
  beyond	
  
the	
  Standard	
  SU(3)cxSU(2)LxU(1)Y Model	
  	
  
…	
  dark	
  energy	
  is	
  even	
  more	
  mysterious	
  (but	
  
as	
  yet	
  lacks	
  compelling	
  dynamical	
  evidence)	
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Moreover	
   it	
   poses	
   a	
   challenge	
   for	
  ΛCDM	
  
cosmology:	
  why	
  is	
  the	
  relaQve	
  velocity	
  	
  
so	
  high	
  (>3000 km/s on	
  a	
  scale	
  of	
  5 Mpc)?	
  	
  	
  

The	
   ‘Bullet	
   Cluster’	
   is	
   ogen	
   cited	
   as	
  
evidence	
   for	
   collisionless	
   dark	
  maFer	
  
…	
   in	
   fact	
   it	
   sets	
   a	
   very	
  weak	
   limit	
   on	
  
self-­‐interacQons:	
  σ ≲ 2x10-24 cm2/GeV  

Moreover	
  In	
  Abell	
  520,	
  the	
  inferred	
  dark	
  maher	
  
concentraQon	
  is	
  partly	
  coincident	
  with	
  the	
  X-­‐ray	
  
emilng	
  gas	
  implying	
  that	
  DM	
  is	
  self-­‐interac6ng	
  
with: σ ~ 8 ± 2 x10-24 cm2/GeV  

1E0657-­‐57	
  

Abell	
  520	
  

What can astrophysics tell us about dark matter interactions?!

9	
  other	
  colliding	
  clusters	
  have	
  been	
  found	
  	
  
…	
  odds	
  are	
  6ny	
  in	
  a	
  gaussian	
  density	
  field!	
  

This	
   result	
   is	
   contested	
   …	
   the	
   implicaQons	
   for	
  
structure	
  formaQon	
  are	
  currently	
  under	
  study	
  
➙	
  σ ≈ 2x10-24 cm2/GeV may	
  be	
  consistent	
  with	
  
both	
  systems	
  (Frandsen	
  et	
  al,	
  in	
  preparaQon)	
  	
  	
  

This	
  has	
  the	
  potenQal	
  to	
  solve	
  several	
  problems	
  
of	
   CDM	
   cosmology	
   and	
   discriminate	
   between	
  
various	
  parQcle	
  candidates	
  for	
  dark	
  maher	
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Mass scale � Particle� Symmetry/�
Quantum #�

Stability � Production� Abundance �

ΛQCD Nucleons	
   Baryon	
  
number	
  

τ  > 1033 
yr 

‘freeze-­‐out’	
  from	
  
thermal	
  

equilibrium	
  

ΩB ~ 10-10 cf.	
  
observed	
  
ΩB ~ 0.05  

What should the world be made of? !

We	
  have	
  a	
  good	
  theoreQcal	
  explanaQon	
  for	
  why	
  baryons	
  are	
  massive	
  and	
  stable	
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We	
  understand	
  the	
  dynamics	
  of	
  QCD	
  …	
  and	
  can	
  calculate	
  the	
  mass	
  spectrum	
  



‘Freeze-­‐out’	
  occurs	
  when	
  annihilaQon	
  rate:	
  
�
�
�
becomes	
  comparable	
  to	
  the	
  expansion	
  rate	
  
     �
              where	
  g ~	
  #	
  relaQvisQc	
  species	
  	
  	
  

Nevertheless	
  we	
  get	
  the	
  cosmology	
  of	
  baryons	
  badly	
  wrong!	
  	
  

Chemical	
  equilibrium	
  is	
  maintained	
  
as	
  long	
  as	
  annihilaQon	
  rate	
  exceeds	
  
the	
  Hubble	
  expansion	
  rate	
  

i.e.	
  ‘freeze-­‐out’	
  occurs	
  at	
  T ~ mN /45,	
  with:	
  	
  

However	
  the	
  observed	
  raQo	
  is	
  109	
  Imes	
  bigger	
  for	
  baryons,	
  and	
  there	
  seem	
  to	
  be	
  
no	
  anIbaryons,	
  so	
  we	
  must	
  invoke	
  an	
  iniIal	
  asymmetry:	
  

	
  

Nucleons	
  (predicted)➛�

Nucleons	
  (actual)➛�



The	
  SM	
  does	
  allow	
  B-­‐number	
  violaQon	
  (through	
  non-­‐perturbaQve	
  –	
  
‘sphaleron’-­‐mediated	
  –	
  processes)	
  …	
  but	
  CP-­‐violaQon	
  is	
  too	
  weak	
  
and	
  SU(2)L x U(1)Y breaking	
  is	
  not	
  a	
  1st	
  order	
  phase	
  transiQon	
  

Hence	
  the	
  generaQon	
  of	
  the	
  observed	
  maher-­‐anQmaher	
  asymmetry	
  
requires	
  new	
  BSM	
  physics	
  -­‐	
  can	
  be	
  related	
  to	
  the	
  observed	
  neutrino	
  
masses	
  if	
  these	
  arise	
  from	
  lepton	
  number	
  violaQon	
  ➙	
  	
  leptogenesis	
  

To make the baryon asymmetry requires a lot of new physics:!
!

Ø  	
  B-­‐number	
  violaQon	
  
Ø  CP	
  violaQon	
  

Ø  Departure	
  for	
  thermal	
  equilibrium	
  

‘See-­‐saw’:	
  



Asymmetric baryonic matter!

Any	
  primordial	
  lepton	
  asymmetry	
  (e.g.	
  from	
  out-­‐of-­‐equilibrium	
  
decays	
  of	
  the	
  right-­‐handed	
  N)	
  would	
  be	
  redistributed	
  by	
  B+L	
  
violaQng	
  processes	
  (which	
  conserve	
  B-L)	
  amongst	
  all	
  fermions	
  

which	
  couple	
  to	
  the	
  electroweak	
  anomaly	
  –	
  in	
  parQcular	
  baryons	
  	
  	
  

An	
  essenQal	
  requirement	
  is	
  that	
  
neutrino	
  mass	
  must	
  be	
  Majorana	
  

(not	
  Dirac)	
  …	
  test	
  experimentally	
  by	
  
looking	
  for	
  neutrinoless	
  double	
  beta	
  
decay,	
  along	
  with	
  measurement	
  of	
  
the	
  absolute	
  neutrino	
  mass	
  scale	
  	
  



Mass	
  scale	
   ParIcle	
   Symmetry/	
  
Quantum	
  #	
  

Stability	
   ProducIon	
   Abundance	
  

ΛQCD Nucleons	
   Baryon	
  
number	
  

τ  > 1033 yr ‘freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  

Asymmetric	
  
baryogenesis	
  

ΩB ~10-10  

cf.	
  observed	
  
ΩB ~ 0.05  

ΛFermi ~ 

GF
-1/2

 

Neutralino?	
   R-­‐parity?	
   Violated?	
  (maher	
  
parity	
  adequate	
  to	
  
ensure	
  p	
  stability)	
  

‘freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  

ΩLSP ~ 0.3 

What should the world be made of? !

For	
  (sogly	
  broken)	
  supersymmetry	
  we	
  have	
  the	
  ‘WIMP	
  miracle’:	
  

Ωχh2 � 3× 10−27cm−3s−1

�σannv�T=Tf

� 0.1 , since �σannv� ∼
g4

χ

16π2m2
χ

≈ 3× 10−26cm3s−1

✗

Leff ⊃ MAAµA
µ +mf f̄LfR +m

2
H
|H|2

But	
  why	
  should	
  a	
  thermal	
  relic	
  have	
  an	
  abundance	
  comparable	
  to	
  non	
  thermal	
  relic	
  baryons?	
  	
  



Mass	
  scale	
   ParIcle	
   Symmetry/	
  
Quantum	
  #	
  

Stability	
   ProducIon	
   Abundance	
  

ΛQCD Nucleons	
   Baryon	
  
number	
  

τ  > 1033 yr ‘freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  

Asymmetric	
  
baryogenesis	
  

ΩB ~10-10  

cf.	
  observed	
  
ΩB ~ 0.05  

ΛFermi ~ 

GF
-1/2

 

Neutralino?	
   R-­‐parity?	
   Violated?	
  (maher	
  
parity	
  adequate	
  for	
  

p	
  stability)	
  

‘freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  

ΩLSP ~ 0.3 

What should the world be made of? !

Ωχh2 � 3× 10−27cm−3s−1

�σannv�T=Tf

� 0.1 , since �σannv� ∼
g4

χ

16π2m2
χ

≈ 3× 10−26cm3s−1

✗
But	
  why	
  should	
  a	
  thermal	
  relic	
  have	
  an	
  abundance	
  comparable	
  to	
  non-­‐thermal	
  relic	
  baryons?	
  	
  

(GMSB)	
  Hidden	
  sector	
  maher	
  also	
  provides	
  the	
  	
  
‘WIMPless	
  miracle’ (Feng	
  &	
  Kumar,	
  0803.4196)	
  	
  
	
  
…	
  because:	
  gh

2/mh ~ gχ2/mχ ~ F/16π2M 
 
Such	
  dark	
  maher	
  can	
  have	
  any	
  mass:	
  ~0.1 GeV → ~few TeV	
  



mSUGRA A0=0, !
tan(β) = 10, μ>0!

Slepton co-annihilation 
region!

'Bulk' region: !
t-channel slepton 
exchange!

‘Focus point’ region: 
annihilation to gauge bosons!

WMAP constraints!

Rule out  
with 1fb-1 

LHC reach for SUSY dark matter !
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Mass 
scale	



Particle	

 Symmetry/	


Quantum #	



Stability	

 Production	

 Abundance	



ΛQCD 
	
  
	
  
	
  
	
  

ΛQCD’ ~ 
5ΛQCD 

Nucleons	
  
	
  
	
  
	
  

Dark	
  baryon?	
  

Baryon	
  
number	
  

	
  
	
  

U(1)DB 

τ  > 1033 yr 
(dim-­‐6	
  OK)	
  

plausible	
  

‘Freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  

Asymmetric	
  
baryogenesis	
  (how?)	
  
Asymmetric	
  (like	
  the	
  
observed	
  baryons)	
  

ΩB ~10-10 cf.	
  
observed	
  
ΩB ~ 0.05 

	
  
ΩDB ~ 0.3  

ΛFermi ~ 

GF
-1/2

 

Neutralino?	
  
	
  

Technibaryon?	
  

R-­‐parity	
  
	
  

(walking)	
  
Technicolour	
  

violated?	
  
	
  

τ ~ 1018 yr	
  
e+	
  excess?	
  

‘Freeze-­‐out’	
  from	
  
thermal	
  equilibrium	
  
Asymmetric	
  (like	
  the	
  
observed	
  baryons)	
  

ΩLSP ~ 0.3 
	
  

ΩTB ~ 0.3 
	
  

What should the world be made of ? !

!n0"Χ"!n0"B
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➘ ΩTB/ΩB ≈ 6➚	
  

✗

For	
  example	
  a	
  O(TeV)	
  mass	
  technibaryon	
  can	
  be	
  the	
  
dark	
  maher	
  (Nussinov	
  1985)	
  …	
  another	
  possibility	
  is	
  a	
  
~6	
  GeV	
  mass	
  ‘dark	
  baryon’	
  in	
  a	
  hidden	
  sector	
  (Gelmini,	
  
Hall	
  &	
  Lin	
  1986,	
  Kaplan	
  1992):	
  	
  	
  

A	
  new	
  parQcle	
  can	
  naturally	
  share	
  in	
  the	
  B/L	
  asymmetry	
  
if	
  it	
  couples	
  to	
  the	
  W	
  …	
  linking	
  dark	
  to	
  baryonic	
  maher!	
  	
  



But LHC sees no such particles either … so far! 	





States	
  are	
  SM	
  singlets	
  (in	
  a	
  hidden	
  sector/hidden	
  valley)	
  but	
  directly	
  connected	
  to	
  
the	
  S1	
  sector	
  (with	
  scale	
  separaQon	
  –	
  TeV	
  ➛	
  GeV	
  –	
  because	
  of	
  different	
  β-­‐funcQon)	
  

Frandsen,	
  Sarkar,	
  Schmidt-­‐Hoberg,	
  1103.4350	
  	
  

States	
  (consQtuents)	
  carry	
  weak	
  charges	
  and	
  are	
  connected	
  to	
  sphalerons	
  	
  

TB → χ+X is	
  in	
  equilibrium	
  unQl	
                    ,	
  then	
  χ	
  decouples	
  and	
  becomes	
  DM	
  T � Tsph

S2 ∼ GeVS1 ∼ TeV
E	



sphalerons	
  

B, L χTB

Why have we not seen these particles yet?	
  

S2

S1

The	
  S1	
  states	
  do	
  couple	
  to	
  the	
  SM	
  (so	
  should	
  show	
  up	
  at	
  LHC14!	
  



Talk by: Hertzog 

Axion dark matter!

renormalisable	
  

super-­‐renormalisable	
  

non-­‐renormalisable	
  

The	
  SM	
  admits	
  a	
  term	
  which	
  would	
  lead	
  to	
  CP	
  violaQon	
  in	
  strong	
  interacQons,	
  hence	
  
an	
  (unobserved)	
  electric	
  dipole	
  moment	
  for	
  neutrons	
  →	
  requires	
  θQCD < 10-6 

To	
  achieve	
  this	
  without	
  fine-­‐tuning,	
  θQCD must	
  be	
  made	
  a	
  dynamical	
  parameter,	
  
through	
  the	
  introducQon	
  of	
  a	
  new	
  U(1)Peccei-­‐Quinn	
  symmetry	
  which	
  must	
  be	
  broken	
  …	
  
the	
  resulQng	
  (pseudo)	
  Nambu-­‐Goldstone	
  boson	
  is	
  the	
  axion	
  which	
  acquires	
  a	
  small	
  

mass	
  through	
  its	
  mixing	
  with	
  the	
  pion	
  (the	
  pNGB	
  of	
  QCD):	
  ma = mπ (fπ/fPQ)  

+θQCDFF̃

The	
  coherent	
  oscillaQons	
  of	
  relic	
  axions	
  contain	
  energy	
  density	
  that	
  behaves	
  like	
  CDM	
  
with	
  Ωah2

 ~  1011 GeV/fPQ …	
  however	
  the	
  natural	
  P-­‐Q	
  scale	
  is	
  probably	
  fPQ ~ 1018 GeV	
  

Hence	
  axion	
  dark	
  maher	
  would	
  typically	
  need	
  to	
  be	
  significantly	
  diluted	
  i.e.	
  its	
  relic	
  
abundance	
  is	
  not	
  predictable	
  	
  (or	
  seek	
  anthropic	
  explanaQon	
  for	
  why	
  θQCD is	
  small?)	
  	
  



Mass	
  scale	
   Lightest	
  stable	
  
parIcle	
  

Symmetry/	
  
Quantum	
  #	
  

Stability	
  
ensured?	
  

ProducIon	
   Abundance	
  

ΛQCD 
 
 
 

ΛQCD’  
~ 6ΛQCD 

Nucleons	
  
	
  
	
  
	
  

Dark	
  baryon?	
  

Baryon	
  
number	
  

	
  
	
  

U(1)DB 

τ> 1033 yr 
	
  
	
  
	
  

plausible	
  

‘Freeze-­‐out’	
  from	
  
equilibrium	
  
Asymmetric	
  
baryogenesis	
  

Asymmetric	
  (like	
  
observed	
  baryons)	
  

ΩB ~10-10  cf.	
  
observed	
  
ΩB ~ 0.05 

	
  
ΩDB ~ 0.3	
  	
  

ΛFermi  
~ GF

-1/2 
Neutralino?	
  

	
  
Technibaryon?	
  

R-­‐parity	
  
(walking)	
  
Techni-­‐
colour	
  

violated?	
  
	
  

τ~1018 yr 

‘freeze-­‐out’	
  from	
  
equilibrium	
  

Asymmetric	
  (like	
  
observed	
  baryons)	
  

ΩLSP ~ 0.3 
 

ΩTB ~ 0.3 

Λhidden sector  
~ (ΛFMP)1/2 

 

Λsee-saw  
~ΛFermi

2/ΛB-L 

Crypton?	
  
hidden	
  valley?	
  

	
  
Neutrinos	
  

Discrete	
  
(very	
  model-­‐
dependent)	
  

	
  

Lepton	
  
number	
  

τ ≳ 1018 yr   

	
  
Stable.	
  

Varying	
  gravitaQonal	
  
field	
  during	
  inflaQon	
  

	
  
Thermal	
  (abundance	
  

~	
  CMB	
  photons)	
  

 ΩX ~ 0.3? 
 
 

Ων > 0.003 

 Mstring /MPlanck 
Kaluza-­‐Klein	
  

states?	
  
Axions	
  

?	
  
Peccei-­‐
Quinn	
  

?	
  
	
  

stable	
  

?	
  
	
  

Field	
  oscillaQons	
  

? 
 

Ωa » 1! 

✗

What should the world be made of ? !



Detecting dark matter particles!

➾Three	
  complementary	
  detecQon	
  strategies:	
  

Ø 	
  Indirect	
  detecQon	
  

Ø 	
  Direct	
  detecQon	
  

Ø 	
  Collider	
  experiments	
  

Dark	
  maher	
  annihilaQon	
  

Dark	
  maher	
  producQon	
  
Da

rk
	
  m

ah
er
	
  sc

ah
er
in
g	
  



A	
  passing	
  dark	
  maher	
  parQcle	
  orbiQng	
  in	
  the	
  
Galaxy	
   (at	
   ~300	
   km/s)	
   can	
   scaher	
   off	
   a	
  
nucleus	
   in	
   an	
   underground	
   detector	
   …	
   the	
  
expected	
  rate	
  is	
  very	
  low	
  	
  (<<	
  1	
  event/kg/yr)	
  

The	
  recoil	
  is	
  detected	
  via	
  
the	
  ionizaQon	
  (charge),	
  
scinQllaQon	
  (light),	
  and	
  
sound	
  (phonons)	
  ➛	
  heat	
  
	
  
Experiments	
  usually	
  
measure	
  more	
  than	
  one	
  
channel	
  	
  to	
  discriminate	
  
against	
  the	
  much	
  bigger	
  
electron	
  recoil	
  background	
  
	
  
(Very	
  different	
  techniques	
  
required	
  to	
  detect	
  axions)	
  

Talk	
  by:	
  Aprile	
  



Dark matter particles in the Galaxy will 
occasionally annihilate (especially in dense clumps 
e.g. the Galactic Centre or dwarf satellite galaxies), 
thus generating high energy γ-rays and traces of 
antimatter … search with balloon/satellite-borne 
instruments as well as ground-based telescopes!
➛ Main issue is reliable estimation of expected 
fluxes, as well as  astrophysical backgrounds !

Can also look for neutrinos from 
annihilations of dark matter 
particles in e.g. the Sun or Earth!



DAMA	
  and	
  CoGeNT	
  have	
  reported	
  modulaQon	
  signals	
  consistent	
  with	
  ~5-­‐15	
  GeV	
  
parQcles	
  with	
  σSI ~	
  10-­‐40-­‐10-­‐39	
  cm2	
  (CRESST	
  too	
  has	
  reported	
  possible	
  recoil	
  events)	
  

DAMA:	
  1002.1028	
  	
  

recoil spectrum recoil rate!

recoil rate!

…	
  as	
  expected	
  due	
  to	
  the	
  Earth’s	
  
moQon	
  through	
  the	
  DM	
  ‘wind’	
  

recoil spectrum CO
Ge

N
T:
	
  1
10
6.
06
50
	
  	
  

However	
  these	
  seem	
  to	
  be	
  all	
  
ruled	
  out	
  by	
  stringent	
  limits	
  set	
  
by	
  the	
  CDMS	
  and	
  XENON	
  expts 



Contrary	
  to	
  appearance,	
  these	
  events	
  are	
  consistent	
  @90%	
  CL	
  with	
  XENON10	
  (Frandsen	
  et	
  al,	
  1304.6066)	
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However	
  CDMS-­‐Si	
  [1304.4279]	
  has	
  detected	
  3	
  events	
  ⇒	
  8.7	
  GeV	
  mass	
  DM	
  with	
  σSI	
  ~	
  2	
  x10-­‐41cm2	
  	
  	
  

This	
  limit	
  is	
  too	
  
stringent	
  by	
  a	
  

factor	
  of	
  ~5-­‐10	
  
	
  (XENON10	
  erratum,	
  	
  

1104.3088)	
   



There are many ambiguities in interpreting the measured recoil rate: !

Ø  Dark	
  maher	
  may	
  interact	
  differently	
  with	
  neutrons	
  &	
  protons	
  (e.g.	
  Frandsen	
  
et	
  al,	
  1107.2118),	
  or	
  have	
  	
  interacQons	
  that	
  are	
  mainly	
  inelas6c	
  or	
  
momentum-­‐dependent	
  or	
  spin-­‐dependent	
  or	
  even	
  electromagne6c	
  …	
  

Ø  Then	
  there	
  are	
  experimental	
  uncertainQes	
  (efficiencies,	
  energy	
  resoluQon,	
  
backgrounds)	
  as	
  well	
  as	
  uncertainQes	
  in	
  translaQng	
  measured	
  energies	
  into	
  
recoil	
  energies	
  (channelling,	
  quenching)	
  plus	
  nuclear	
  form	
  factors	
  …	
  

No	
  single	
  experiment	
  can	
  either	
  confirm	
  or	
  rule	
  out	
  dark	
  maher	
  	
  
(…	
  also	
  not	
  a	
  good	
  strategy	
  to	
  look	
  just	
  under	
  the	
  supersymmetric	
  lamp	
  post!)	
  

Ø  Moreover	
  different	
  experiments	
  are	
  sensiQve	
  to	
  different	
  regions	
  of	
  the	
  
(uncertain)	
  dark	
  maher	
  velocity	
  distribuQon,	
  hence	
  apparently	
  inconsistent	
  
results	
  (e.g.	
  CoGeNT	
  and	
  CRESST)	
  can	
  easily	
  be	
  reconciled	
  by	
  deparQng	
  
from	
  the	
  assumed	
  isotropic	
  Maxwellian	
  form	
  	
  (e.g.	
  Frandsen	
  et	
  al,	
  1111.0292)	
  



However	
  these	
  bounds	
  require	
  the	
  scale	
  Λ	
  
of	
  the	
  effecQve	
  operator	
  to	
  exceed	
  ~0.7	
  	
  
TeV,	
  while	
  perturbaQve	
  unitarity	
  requires	
  
gq, gχ <	
  √4π i.e. mR < 2	
  TeV	
  …	
  so	
  for	
  higher	
  
energy	
  collisions	
  cannot	
  rely	
  on	
  effecQve	
  
operator	
  descripQon	
  (Fox	
  et	
  al	
  1203.1662)	
  

q

q̄

χ̄

χ

‘Monojet’ events at colliders directly measure the 
coupling of dark matter to SM, !
e.g.  

→ 

→ 

For	
  scalar-­‐mediated	
  processes,	
  heavy	
  
quark	
  	
  loops	
  can	
  significantly	
  enhance	
  the	
  
monojet	
  cross-­‐secQon	
  (Haisch,	
  Kahlhoefer,	
  
Unwin,	
  1208.4605)	
  –	
  sensiQve	
  probe! 



We	
  can	
  see	
  the	
  universe	
  directly	
  with	
  photons	
  up	
  to	
  a	
  few	
  TeV	
  
…	
  beyond	
  this	
  they	
  are	
  ahenuated, γγ → e+e-,	
  on	
  the	
  CIB/CMB	
  

Using	
  cosmic	
  rays	
  we	
  should	
  be	
  able	
  to	
  ‘see’	
  up	
  to	
  ~6	
  x1010	
  GeV	
  
(before	
  they	
  get	
  ahenuated	
  by pγ → Δ+ → nπ+, pπ0,	
  on	
  the	
  CMB)	
  
…	
  and	
  the	
  universe	
  is	
  transparent	
  to	
  neutrinos	
  at	
  nearly	
  all	
  energies	
  

Seeing the high 
energy universe!



Experimental Techniques 
(E > 10 GeV )!

Instrumented 
water / ice!

Scintillator 
or Water Č!

µ 

µ	
  

Air Čerenkov 
Telescope!

Č	
  

Fluorescence 
detector!

Hadron-
Detector!

 fluorescence!

Primary (hadron, gamma)!

air shower!

Atmospheric ν  (4π)!

µ	
  

Primary ν  (4π)!

µ,	
  e,	
  τ	
  

R&D!
Radio detection!

Acoustic detection !
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By	
  studying	
  cosmic	
  ray	
  (p, γ, ν)	
  interacQons,	
  we	
  can	
  probe	
  cms	
  energies	
  
up	
  to	
  O(100)	
  TeV	
  …	
  well	
  beyond	
  the	
  reach	
  of	
  terrestrial	
  accelerators	
  

‘knee’ –  galactic source limit? !

‘ankle’- extragalactic sources?!
!
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GZK cutoff?!



How does Nature manage to accelerate particles to ~ZeV energies?!

(Courtesey:	
  Ralph	
  Engel)	
  



Even closer – within our own Galaxy – are the cosmic ‘pevatrons’!
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What	
  can	
  the	
  TeV	
  γ-­‐ray	
  window	
  probe?	
  	
  

…	
  and	
  let	
  us	
  not	
  forget:	
  	
  the	
  unknown!	
  
“In the fields of observation chance favors only the prepared mind”!

  Louis	
  Pasteur	
  

Cosmology (EBL)!AGNs! SNRs! Pulsars 
& PWN !

Now	
  in	
  preparatory	
  Phase	
  
Aim	
  for	
  deployment	
  over	
  2014-­‐18	
  

The	
  next	
  big	
  step	
  



±15%	
  energy	
  resoluQon	
  
∼100	
  angular	
  resoluQon	
  	
  

±100%	
  energy	
  resoluQon	
  
<10	
  angular	
  resoluQon	
  	
  



First	
  observaQon	
  of	
  PeV-­‐energy	
  neutrinos	
  with	
  IceCube	
  [1304.5356]	
  	
  

Expected	
  atmospheric	
  neutrino	
  background:	
  0.082	
  ±	
  0.004	
  ±	
  0.05	
  ⇒	
  p-­‐value:	
  2.9x10-­‐3	
  (2.8σ)	
  



KM3NeT	
  
CTA	
  Auger	
  N	
  	
  ET	
   1	
  ton	
  

DM	
  
1	
  ton	
  
NM	
  

Megaton	
  
NNN	
  

Common	
  with	
  Astrophysics	
   Common	
  with	
  ParQcle	
  Physics	
  

CERN	
  Strategy	
  Group	
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Prepared	
  for	
  the	
  special	
  European	
  Strategy	
  Session	
  of	
  Council	
  in	
  Brussels	
  on	
  30	
  May	
  2013	
  



“The only true voyage of discovery, the only fountain of 
Eternal Youth, would be not to visit strange lands but to 
possess other eyes, to behold the universe through the eyes 
of another, of a hundred others, to behold the hundred 
universes that each of them beholds, that each of them is.”!

      Marcel	
  Proust	
  (La Prisonnière, À la recherche du temps perdu, 1923) !

AstroparQcle	
  physics	
  addresses	
  some	
  of	
  the	
  most	
  
fundamental	
  and	
  interesQng	
  quesQons	
  concerning	
  the	
  

universe	
  …	
  to	
  find	
  the	
  answers	
  will	
  require	
  a	
  new	
  
generaQon	
  of	
  ambiQous	
  experiments	
  and	
  a	
  global	
  effort	
  


