
Astroparticle physics: !
Connecting inner space & outer space!

Subir Sarkar!
University of Oxford!

&!
Niels Bohr Institute, Copenhagen!

ASPERA	  ad	  futurum,	  Brussels,	  30	  November	  2012	  

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	  
anF-‐parFcles	  –	  Nobel	  Prize	  1933]	  
	  
1932:	  Carl	  Anderson	  discovers	  the	  positron	  in	  
cosmic	  rays	  -‐	  Nobel	  Prize	  1936	  (cloud	  chamber	  
invented	  by	  CTR	  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	  Maynard	  Stuart	  BlackeV	  awarded	  Nobel	  Prize	  
1948	  “for	  his	  development	  of	  the	  Wilson	  cloud	  
chamber	  method	  and his discoveries therewith in 
the fields of nuclear physics & cosmic radiation”)	  	  
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So there were indeed more fundamental discoveries in cosmic rays ... until accelerators took 
over the show in the ’60s - but what have cosmic rays done for high energy physics since then?!



!

!
The triumph of the 
Standard Model … 
the Higgs boson is 

found!!



The Standard SU(3)c x SU(2)L x U(1)Y Model provides an exact description of 
all microphysics (upto some cut-off M, when viewed as an effective field theory)!

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 …) !

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

(But if the Higgs is composite as in technicolour models of  SU(2)L x U(1)Y breaking 
then there is no need for supersymmetry … and the lightest TC state can be dark matter)!
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This provides possibilities for to baryogenesis as well as a candidate for dark 
matter – the lightest supersymmetric particle (typically the neutralino χ), 

if  protected against decay by a conserved R-parity!

 !

Leff = F 2 + Ψ̄ �DΨ+ Ψ̄ΨΦ+ (DΦ)2 + Φ2

+ Ψ̄ΨΦΦ
M + Ψ̄ΨΨ̄Ψ

M2 + . . .

+M4 +M2Φ2

neutrino mass  proton decay  

Higgs mass divergence 

cosmological constant  

But the biggest ‘fine tuning’ problem arises when the SM is coupled to (classical) gravity 
… because then the vacuum (dark) energy would be 1060 times bigger than is acceptable!   



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 (but no 
antibaryons) …!

Both the baryon asymmetry and dark matter 
require new physics beyond the Standard !
SU(3)cxSU(2)LxU(1)Y Model of particle physics !
… dark energy is even more mysterious (but as 
yet lacks compelling dynamical evidence) !



The ‘Bullet Cluster’ is often quoted 
as strong evidence for collisionless 
dark matter - in fact it sets a rather 
weak limit on self-interactions:!
σ≲ 2x10-24 cm2/GeV !

In Abell 520, the dark core is 
coincident with the X-ray emitting 
gas implying that DM interacts with 
itself: σ≈ (7±2) x 10-24 cm2/GeV!

1E0657-‐57	  

Abell	  520	  

Is dark matter really ~non-interacting? !

Nine other such colliding clusters have 
been found … what are the odds of that?!

… Moreover it poses a challenge for ΛCDM 
cosmology: why is the  peculiar velocity so 
high (~3000 km/s on a scale of ~5 Mpc)?  !

This result is contested … the implications 
for structure formation are currently under 
study through both galactic dynamics 
studies and computer simulations!



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 theory – QCD - for why baryons are massive and stable  !

We understand the dynamics … and we can calculate the mass spectrum!



‘Freeze-out’ occurs when annihilation rate:!
�
�
�
becomes comparable to the expansion rate!
     �
              where g ~ # relativistic species  !

But we get the expected relic abundance of baryons very wrong! !

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

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

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

	  

Nucleons ➛�

Nucleons (actual) ➛�
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Although vastly overabundant compared to the natural expectation, 
baryons cannot close the universe (BBN ✜ CMB concordance)!

… the dark matter must therefore be mainly non-baryonic!

3He/H p

4He

2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
M

B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H

0.24

0.23

0.25

0.26

0.27

10−4

10−3

10−5

10−9

10−10

2

5
7Li/H p

Yp

D/H p



The SM does allow B-number violation (through non-perturbative - 
sphaleron-mediated – processes) … but CP-violation is too weak and 

SU(2)L x U(1)Y breaking is not out-of-equilibrium!

Hence the generation of the observed matter-antimatter asymmetry 
requires new BSM physics - can be related to the observed neutrino 
masses if these arise from lepton number violation ➙  leptogenesis !

To make the baryon asymmetry requires a lot of new physics:!
Ø   B-number violation!

Ø  CP violation!
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 

violating processes (which conserve B-L) amongst all fermions – in 
particular baryons - which couple to the electroweak anomaly!

An essential requirement for all this to work is that neutrino 
mass must be Majorana in nature (not Dirac) … can test 

experimentally by looking for neutrinoless double beta decay 
along with absolute neutrino mass scale measurement!

… in any case we accept that the only kind of matter which we are 
certain exists, originated non-thermally in the early universe !



Mass 
scale	


Particle	
 Symmetry/	

Quantum #	


Stability	
 Production	
 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? (matter 
parity adequate 
for p stability)!

‘freeze-out’ from 
thermal equilibrium!

ΩLSP ~ 0.25!

What should the world be made of ? !

For (softly 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 that of baryons? !



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 !





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)!

?!

‘Freeze-out’ from 
thermal equilibrium!

Asymmetric 
baryogenesis (how?)!

Asymmetric (like the 
observed baryons) !

ΩB ~10-10 

cf. observed !

ΩB ~ 0.05!

!

ΩDB ~ 0.25 !

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 ~ 0.25!

!

ΩTB ~ 0.25!

!

What should the world be made of ? !
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✗

A new particle can share in the B/L asymmetry if 
it is somehow linked with SU(2) gauge symmetry !
… thus linking dark to baryonic matter! !
!
For example a TeV mass technibaryon can 
naturally be the dark matter … another possibility 
is a ~5 GeV mass ‘dark baryon’ in a hidden sector	






Mass scale! Lightest stable 
particle!

Symmetry/!
Quantum #!

Stability!
ensured?!

Production! Abundance!

ΛQCD!
!
!
!

ΛQCD’ ~ 
5ΛQCD!

Nucleons!
!
!
!
!

Dark baryon !

Baryon 
number!

!
!
!

U(1)DB!

τ> 1033 
yr!
!
!
!
?!

‘Freeze-out’ from 
equilibrium!

Asymmetric 
baryogenesis - how?!

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 
gravitational field 
during inflation!

Thermal (abund ~ 
CMB photons)!

 ΩX ~ 0.3?!
!
!

Ων > 0.003!

 Mstring /MPlanck !

Kaluza-Klein 
states?!

Axions!

?!
Peccei-
Quinn!

?!
!

stable!

?!
!

Field oscillations!

?!
!

Ωa » 1!!

✗



Detecting dark matter particles!

èThree complementary detection strategies:!

–  Indirect detection!

– Direct detection!

– Collider experiments!

Dark matter annihilation!

Dark matter production!
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Boulby	  M
ine,	  UK	  

	  Japan	  

SNOLAB,	  canada	  
LSM,	  France

	  

Many experiments worldwide are looking for such particles …!

Jinping	  underground	  laboratory,	  China	  

Gran	  Sasso,	  Italy	  

If dark matter is made of new particles then these are passing through us now!  !



A passing dark matter particle orbiting in 
the Galaxy (at ~300 km/s) can scatter off 
a nucleus in an underground detector … 
the rate is very low (<< 1 event/kg/year)!

The recoil can be detected 
via the ionization 
(charge), scintillation 
(light), sound (phonons) 
and ultimately heat …!

	  
Experiments measure 
more than one channel  to 
discriminate against the 
(much bigger) electron 
recoil background!



Dark matter particles in the Galaxy will 
occasionally annihilate, thus generating high 

energy γ-rays and small amounts of antimatter … 
look for this with balloon/satellite-borne 
instruments & ground-based telescopes!

Can also look for neutrinos 
from annihilations of dark 

matter in e.g. the Sun!



CRESST too has reported recoil events consistent with such light dark matter … !

DAMA and CoGeNT have reported modulation signals consistent 
with ~5-10 GeV dark matter particles with σSI ~ 10-40-10-39 cm2!!

DAMA: Bernabei et al (2008, 2010)!

recoil spectrum 

recoil spectrum 

recoil rate!

recoil rate!

… as is expected due to 
the motion of the Earth 
through the DM ‘wind’ COGeNT: Aalseth et al (2010, 2011)!



These signals can be consistent 
(if the velocity distribution for 
halo DM is not Maxwellian) … 
but seem to be ruled out by data 
from much bigger experiments 
like CDMS and XENON-100	


Aprile et al (2010, 2011)!
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There are several sources of uncertainty in the measured recoil rate:	


… so can attempt to reconcile the different results by considering whether 
dark matter might interact with neutrons and protons differently or have 
interactions that are mainly inelastic/momentum dependent/leptophilic/
spin-dependent/electromagnetic … or various combinations of these !
⇒  many phenomenological studies over the past few years !

Then there are experimental uncertainties (efficiencies, energy 
resolution, backgrounds …) as well as uncertainties in translating 
measured energies into recoil energies (channelling, quenching …)!

It is clear that new experiments (with low thresholds) are required	




We can see the deep universe at energies of up to a few TeV, before photons 
get attenuated through γγ → e+e- on cosmic radiation backgrounds !

… and the universe is ~transparent to neutrinos at effectively 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 ! (C
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By studying cosmic ray (p, γ, µ,	  ν)	  interactions we also ‘see’ into the 
microscopic universe … 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)!



Because of the GZK cutoff, the UHECR sources must be within ~100 Mpc !



The arrival directions do correlate with nearby AGN (implying p primaries) !



But Auger data on the depth of air shower maximum + fluctuations 
indicate in fact increasingly heavier composition at E > 1018 eV !

Conflict with results from HiRes/TA which are consistent with protons  … need more data!!



Even closer – within our own Galaxy – are the cosmic ‘pevatrons’!



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!

intergalactic space !
AGNs! SNRs! Pulsars 

& PWN !



38 Recent science highlights with TeV γ-ray astronomy 	  

Results from HESS, MAGIC and VERITAS 

●  Microquasars: Science	  309,	  746	  (2005),	  Science	  312,	  1771	  (2006)	  
●  Pulsars:	  Science	  322,	  1221	  (2008),	  Science	  334,	  69,	  (2011)	  
●  Supernova remnants:	  Nature	  432,	  75	  (2004)	  
●  The Galactic centre:	  Nature	  439,	  695	  (2006)	  

●  Galactic survey: Science	  307,	  1839	  (2005)	  	  
●  Starbursts:	  Nature	  462,	  770	  (2009),	  Science	  326,1080	  (2009)	  

●  AGN:	  Science	  314,1424	  (2006),	  Science	  325,	  444	  (2009)	  

●  EBL: Nature	  440,	  1018	  (2006),	  Science	  320,	  752	  (2008)	  

●  Dark matter:	  PRL	  96,	  221102	  (2006)	  ,	  PRL	  106,	  161301	  (2011)	  
●  Test of Lorentz invariance: PRL	  101,	  170402	  (2008)	  

●  Cosmic ray electrons:	  PRL	  101,	  261104	  (2008)	  
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Neutrino astronomy is hotting up … several (marginal) indications of signals!  	  



The first PeV (cosmic?) events in IceCube!!

If IceCube sees high energy cosmic neutrinos 
then would strengthen case for Km3NeT  …  !



Gravitational wave astronomy too may soon open a new window on the universe!



KM3NeT !
CTA!Auger N !ET ! 1 ton 

DM !
1 ton 
NM!

Megaton 
NNN !

Common with Astrophysics !

ASTRONET!
Common with Particle Physics !

CERN Strategy Group!



“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) !

Astroparticle physics addresses some of the most 
fundamental and interesting questions concerning the 

universe … to find the answers will require a new 
generation of ambitious experiments and a global effort �


