
Dark Matter
Overview

• Lecture 1&2: Evidence, Properties and Candidates
• Lecture 3&4: Search strategies: Direct and Indirect detection and colliders



Dark Matter
Additional material

• Lectures @ ICTP schools (some material also here):
• Marco Cirelli, 2012: http://cdsagenda5.ictp.trieste.it/askArchive.php?

base=agenda&categ=a11178&id=a11178s0t8/lecture_notes

• Alejandro Ibarra, 2013: http://cdsagenda5.ictp.trieste.it/full_display.php?ida=a12185

• Reviews: Particle Dark Matter: Evidence, Candidates and Constraints
Gianfranco Bertone, Dan Hooper, Joseph Silk http://arXiv.org/abs/hep-ph/0404175

• Books: Kolb&Turner, ‘Early Universe’
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• First evidence in the 30’s by measuring the temperature of the gas in 
Galaxy clusters  

Virgo Galaxy Cluster: the closest cluster of galaxies to our Milky 
Way Galaxy It contains over 100 galaxies bound by gravity. 
Pictured above, the center of the Virgo cluster might appear to 
some as a human face, NASA, astronomy picture of the day, 02/05.  

• The largest 
gravitationally bound  
structures!



• First evidence in the 30’s by measuring the temperature of the gas in 
Galaxy clusters: 01) motions of galaxies in clusters  

‘Dunkel Materie’

Coma cluster (spans 2o on the sky)
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• First evidence in the 30’s by measuring the temperature of the gas in 
Galaxy clusters: 01) motions of galaxies in clusters  

velocity

radius

• Zwicky used measurement of a Doppler shift of Galaxies to infer their 
velocities
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Total mass which determines 
speed of Galaxies!

• First evidence in the 30’s by measuring the temperature of the gas in 
Galaxy clusters: 01) motions of galaxies in clusters  
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• Correct result is in fact <<, closer to 50...

• First evidence in the 30’s by measuring the temperature of the gas in 
Galaxy clusters: 01) motions of galaxies in clusters  

luminous



• Further evidence from Galaxy clusters: 02) temperature of the hot gas

2)  Clusters contain 
large amounts of gas. 
The gas is extremely hot 
(100 million Kelvin) 
and it therefore emits 
very energetic, X ray 
photons: 

A distant cluster of Galaxies in both, 
visible, and X-ray light (the blue 
overlay).  



• Further evidence from Galaxy clusters: 02) temperature of the hot gas

Radiation of a hot gas tells 
us cluster mass. How does 
that work: 

How fast molecules of gas are moving is connected to the amount of 
gravity they feel: stronger the gravity, faster the gas is moving and 
hotter it is.  
And, we can measure its temperature by measuring the spectrum of 
photons the gas emits! 
And again, it turns out, dark matter has to be around. 

Thermal radiation spectrum 



• Further evidence from Galaxy clusters: 03) strong gravitational lensing

Observer sees multiple images 
distorted images of the source Galaxy.



• Further evidence from Galaxy clusters: 03) gravitational lensing

The cluster galaxies are the yellowish ones.
The faint blue galaxies are distant high-
redshift galaxies that are lensed by the 
cluster (this radiation is redshifted to appear 
blue to us).
Four multiple images of a Blue Source 
Galaxy!

A great concentration of dark matter in the 
cluster centers is required to give these 
dramatic lensing events.



All three methods of measuring cluster mass indicate 
similar amounts of dark matter ~85% 
The same is true in galaxies!



• Evidence at Galaxy scales: rotational curves

Vera Rubin (1928 -) 

In the 1970's performed Doppler 
observations of the orbital speeds in spiral 
galaxies and produced clear observational 
evidence that finally convinced astronomers 
in the existence of DM.  
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• Evidence at Galaxy scales: rotational curves

In our Solar System orbital speed 
declines with a distance to the 
Sun because Sun has almost all 
the mass.

The gravitational force goes as the 
inverse of radius squared. So as 
you go further away from a mass, 
the force decreases by the square 
of your distance. Since the force 
goes down, the velocity goes 
down as well. 

Mercury

Mars



• Evidence at Galaxy scales: rotational curves

Vera Rubin measured in the 
1970’s that stars orbiting the 
outside of a galaxy traveled just 
as fast as those orbiting closer to 
the center.

→ There should be some huge, 
invisible mass exerting the 
gravitational force necessary for 
those outer stars to stay in orbit. Mercury

Mars



• Evidence at Galaxy scales: rotational curves

Mercury

Mars
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→ The visible portion of a galaxy lies deep in the heart of a large halo of dark 
matter. 



• Evidence at scales of Galaxy satellites: velocity dispersion of satellite 
Galaxies of our Milky Way. 

Mercury

Mars

University of Durham 

Institute for Computational Cosmology 

The satellites of the Milky Way 

~25 satellites known 
in the MW 

~25 satellites 
known in our 
Galaxy

• Each of them few (~100, 
1000) stars, ‘miniature 
galaxies’ 

• Total mass ~106 Msol
• we today know M/L~100   
→DM dominated systems!

Leo IV Galaxy, discovered in the 
Sloan data.



• How about large scales or early Universe? 
• Because most of the matter in the Universe is dark matter, its characteristics have 

a great effect on how the Universe evolves and on how structures are formed.
• it is the key component in our modern story of how we got here: the standard 

cosmological model "Lambda Cold Dark Matter". 



• a (veeery) brief history of the Universe: 

<~ 1TeV Standard Model

all particles relativistic and free



• a (veeery) brief history of the Universe: 



Big Bang Nucleosynthesis: all light elements formed!

• a (veeery) brief history of the Universe: 



Radiation domination : energy density in the 
Universe dominated by relativistic particles

• a (veeery) brief history of the Universe: 



Matter domination : 
structures start to form!

• a (veeery) brief history of the Universe: 



Matter domination : 
structures start to form!

CMB: 
Universe 
transparent 
to photons!

• a (veeery) brief history of the Universe: 



(quantum) overdensities... ... grew to large structures we observe today!

inflation matter domination

• a (veeery) brief history of the Universe: 



• but the story holds together only if dark matter is also present!
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Figure 1.13. The variance t::.2 == k3 P(k)/27r2 of the Fourier transform of the galaxy dis-
tribution as a function of scale. On large scales, the variance is smaller than unity, so the 
distribution is smooth. The solid line is the theoretical prediction from a model in which the 
universe contains dark matter, a cosmological constant, with perturbations generated by infla-
tion. The dashed line is a theory with only baryons and no dark matter. Data come from the 
PSCz survey (Saunders et al., 2000) as analyzed by Hamilton and Tegmark (2001). 

spherical harmonics, a basis more appropriate for a 2D field on the surface of a 
sphere. Therefore the two-point function of the CMB is a function of multipole 
moment l, not wave number k. Figure 1.14 shows the measurements of dozens 
of groups since 1992, when COBE first discovered large-angle (low l in the plot) 
anisotropies. 

Figures 1.13 and 1.14 both have theoretical curves in them which appear to 
agree well with the data. The main goal of much of this book is to develop a first-
principles understanding of these theoretical predictions. Indeed, understanding 
the development of structure in the universe has become a major goal of most 
cosmologists today. Note that this second aspect of cosmology beyond the Standard 
Model reinforces the first: i.e., observations of structure in the universe lead to 
the conclusion that there must be dark matter. In particular, the dashed curve in 
Figure 1.13 is the prediction of a model with baryons only, with no dark matter. The 
inhomogeneities expected in this model (when normalized to the CMB observations) 
are far too small. In Chapter 7, we will come to understand the reason why a 
baryon-only universe would be so smooth. For now, though, the message is clear: 
Dark matter is needed not only to explain rotation curves of galaxies but to explain 

large scales small scales

Significant power on small scales! Not possible without DM.

matter power spectrum:
‘amount’ of clustering at different scales



• (veeery) brief history of the Universe: 
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• When matter starts collapsing to form structures (‘gravitational wells’) baryon/
photon fluid bounces back and forth due to the photon pressure! 



• (veeery) brief history of the Universe: 
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inhomogenity in photon temperature reflects potential wells at time of recombination.
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ΔT/T angular power spectrum:
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• again, without DM CMB measurement would look very different!
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Summary:
• evidence for presence on a wide range of scales: from dwarf galaxies (106 

Msol) to clusters (1015 Msol) -- local Universe.
• and throughout the history of the Universe: CMB, large scale structures!
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Ordinary Matter
Dark Matter
Dark Energy



1.Dark matter really exists, and we are observing the effects 
of its gravitational attraction

2.Something is wrong with our understanding of gravity, 
causing us to mistakenly infer the existence of dark matter

Our options



1.Dark matter really exists, and we are observing the effects 
of its gravitational attraction

2.Something is wrong with our understanding of gravity, 
causing us to mistakenly infer the existence of dark matter

Our options



Dark Matter
or MOND?

(MOdified Newtonian Dynamics)
or the relativistic generalization TeVeS?
(scalar-vector-tensor MOdified Gravity)



• proposed in the 80’s to explain the galaxy rotation problem
• Milgrom noted that Newton's law for gravitational force has been verified 

only where gravitational acceleration is large, and suggested that for 
extremely small accelerations the theory may not hold. !"#$%&'&()#*

http://en.wikipedia.org/wiki/Galaxy_rotation_curve
http://en.wikipedia.org/wiki/Galaxy_rotation_curve


• proposed in the 80’s to explain the galaxy rotation problem
• Milgrom noted that Newton's law for gravitational force has been verified 

only where gravitational acceleration is large, and suggested that for 
extremely small accelerations the theory may not hold. !"#$%&'&()#*

7/29/13 2:24 PMModified Newtonian Dynamics (MoND) - Wikipedia, the free encyclopedia

Page 3 of 11http://en.wikipedia.org/wiki/Modified_Newtonian_Dynamics_(MoND)

In the everyday world, a is much greater than a0 for all physical effects, therefore µ(a/a0)=1 and F=ma as
usual. Consequently, the change in Newton's law of gravity is negligible and Newton could not have seen it.

Predicted rotation curve

Far away from the center of a galaxy, the gravitational acceleration, a, that a star undergoes is predicted by
MoND to be roughly:

with G the gravitation constant, M the mass of the galaxy, and r the distance between the center and the star.

Assuming that, at this large distance r, a is smaller than a0, . This gives:

Therefore:

Since the equation that relates the velocity to the acceleration for a circular orbit is , one has:

and therefore:

Consequently, the velocity of stars on a circular orbit far from the center is a constant, and does not depend
on the distance r : the rotation curve is flat.

The proportion between the "flat" rotation velocity to the observed mass derived here is matching the
observed relation between "flat" velocity to luminosity known as the Tully-Fisher relation.

At the same time, there is a clear relationship between the velocity and the constant a0. The equation v=
(GMa0)1/4 allows one to calculate a0 from the observed v and M. Milgrom found a0=1.2!10"10 ms"2. As
expected, this quantity is far smaller than any acceleration typically found in solar system-scale interactions.

To explain the meaning of this constant, Milgrom said : "... It is roughly the acceleration that will take an
object from rest to the speed of light in the lifetime of the universe. It is also of the order of the recently
discovered acceleration of the universe."[7][8]
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• obtains constant velocity!
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• Scott Dodelson, ‘The real 
problem with MOND’,  http://
arxiv.org/abs/1112.1320. 

• However, evidence for DM collected on a large span of scales!
• and it cannot explain large scale (clustering) behavior LSS *and* CMB. 

How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS

The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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CMB & Large Scale Structure
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• en plus, the Bullet cluster!
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• en plus, the Bullet cluster!
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• en plus, the Bullet cluster!
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• Chandra X-ray telescope observation of shocked gaseous atoms. bow 
shock wave in the gas of the smaller Bullet cluster (pink on right), 
allowed determination of the velocity of the cluster (4500 km/s) and its 
direction of motion.



• en plus, the Bullet cluster! - MOND does not predict an offset between mass 
and light!
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• dark matter didn't experience the drag of the collision! The critical 
evidence is that the (pink) gas clouds are not centered with cluster 
masses as would be expected if the clusters were composed of ordinary 
atoms and other standard matter!!

http://d1068036.site.myhosting.com/ePhysics.f/labVI_9.html
http://d1068036.site.myhosting.com/ePhysics.f/labVI_9.html


! !

"#$%%!&'(!"#$%&''()*+,-(((%



1.Dark matter really exists, and we are observing the effects 
of its gravitational attraction

2.Something is wrong with our understanding of gravity, 
causing us to mistakenly infer the existence of dark matter

Our options



Break?



Dark Matter
Properties



•What do we know about DM?

1.stable particle (life time at least age of the Universe) 
2. Its amount "CDM ~ 0.26 (Planck) 



•What do we know about DM?
3.electrically neutral: if not, it would interact with photons! (photons 

couple to charge) DM would not be ‘dark’ i.e. ‘invisible’! 



•What do we know about DM?

3.electrically neutral: 

• it could bind with other charged particles (and form neutral systems), 
but strong limits on exotic atoms!

• if X+, bound states with electron ~heavy Hydrogen!

• if X- bound to nuclei- anomalous isotopes
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•What do we know about DM?

4.*if* it has non gravitational interactions they must be ‘weak’: 
• genuine weak interactions, exchange W or Z

• here means generally just un-observably week 
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• What do we know about DM?

5. ‘non-baryonic’: does not form atoms and does not 
dissipate energy like baryons - strong limits from BBN.

From what we know about nuclear physics we can very well 
predict the sequence of events in which proton, neutron and 
electrons bound to form H+, D+, He++, Li+++...
DM did not participate in this process!  i.e. DM cannot be 
baryonic, otherwise the abundances of elements measured today 
would be quite different than what calculated!
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• What do we know about DM?

6. it was slow (non relativistic) at the time of formation of first structures (if in 
thermal equilibrium)

cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

N-body simulations find that if DM would be lighter than keV small structures 
would have been erased! 



DM check list:

stable
"CDM ~ 0.26

 electrically neutral 
‘weakly’ interacting

does not affect BBN
non-relativistic at 
structure formation 



1.  Something we know: 

•  Ordinary Objects   (MACHOS):  
Massive Compact Halo Objects: small bodies as dead stars (white 

dwarfs), neutron stars, black holes, large Jupiter like planets… 

•  Standard model particle: weakly interacting neutrinos 

2.  Some particle we do not know: 

•  Weakly Interacting Massive Particles (WIMPS) 
very general category, some particle which is massive and interacts 

weakly 

Two Basic Options 



•   MACHOs 
occasionally 
make other 
stars appear 
brighter 
because it 
focuses light 
through lensing 



•   MACHOs 
occasionally 
make other 
stars appear 
brighter 
because it 
focuses light 
through lensing 

•   MACHOs 
occasionally 
make other 
stars appear 
brighter 
because it 
focuses light 
through lensing 

… but not 
enough lensing 
events are 
observed to 
explain dark 
matter 



MACHOs or PBHs as DM
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Standard inflation predicts a 
nearly scale-invariant 
(Harrison- Zel’dovich) 
Gaussian spectrum of 
perturbations.
The presence of additional 
power on some ‘small’ scale 
may have led structures of a 
size corresponding to that 
scale to collapse far earlier 
than in the canonical 
scenario. 

• Primordial black holes: 
perturbation enters the 
horizon with such a large 
am- plitude (δ ~ 0.3 # 0.7) 
that a substantial fraction of 
the horizon volume 
collapses directly to a black 
hole.

• Ultracompact primordial 
minihalos:somewhat 
smaller power, so no black 
hole collapse.



What about neutrinos? 
They are part of a standard model - i.e. exist! 
neutral
and genuinely weakly interacting (W and Z boson exchange)
But, they are too light!

Weak interactions



Why neutrinos cannot make DM?
(In some more details)
Step back: thermal decoupling in the Early Universe

Torsten Bringmann, University of Hamburg !Thermal decoupling of WIMPs

The WIMP “miracle”

4

Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −⟨σv⟩

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

⟨σv⟩ = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

n�eq

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

when interaction rate is high, particles are in thermal/kinetic equilibrium, 
and their number density is given by:

Boltzmann equation for number density n of DM particles in the expanding 
Universe (expanding with a rate H=1/a da/dt):
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for relativistic species m<< T for non relativistic species m>> T

Boltzmann equation for number density n of DM particles in the expanding 
Universe (expanding with a rate H=1/a da/dt):

when interaction rate is high, particles are in thermal/kinetic equilibrium, 
and their number density is given by:
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The number density of Weakly Interacting Massive 
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dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

n�eq

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

Boltzmann equation for number density n of DM particles in the expanding 
Universe (expanding with a rate H=1/a da/dt):

Rule of thumb: Interaction freezes-out at a temperature at which interaction 
rate becomes comparable to the expansion rate of the Universe.
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Why neutrinos cannot make DM?
(In some more details)
Step back: thermal decoupling in the Early Universe

for neutrinos:

m<~0.23!eV, cannot make up all DM!



Why neutrinos cannot make DM?
(In some more details)
Step back: thermal decoupling in the Early Universe

for neutrinos:

In addition, they are relativistic at structure formation, small satellite Galaxies 
would not form!

University of Durham 

Institute for Computational Cosmology 

The dark matter power spectrum 

Free streaming ! 
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1.  Something we know: 

•  Ordinary Objects   (MACHOS):  
Massive Compact Halo Objects: small bodies as dead stars (white 

dwarfs), neutron stars, black holes, large Jupiter like planets… 

•  Standard model particle: weakly interacting neutrinos 

Two Basic Options 

2.  Some particle we do not know: 

•  Weakly Interacting Massive Particles (WIMPS) 
very general category, some particle which is massive and interacts weakly 

Turns 
out this 
doesn’t 
work! 



Standard Model of particle physics:
works amazingly well in explaining 
the observed particle content. 
However remaining puzzles:
neutrino masses
dark matter
(quantum gravity, dark energy....)
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Dark Matter
Connection with particle physics

New physics:
The hope is that dark matter (and 
other signs of new physics) will 
shine light on a more complete 
theory at higher energies.

Idea: J. Redondo



Dark Matter
WIMPs

(Weakly Interacting Massive Particles)



• Decoupling from a ‘thermal bath’ in the Early Universe: 

freeze out
actual

equilibrium
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* An object of particular veneration.

T/MX

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*1) relativistic

2) non-relativistic

3) decoupled • decoupling when:

Dark Matter
WIMPs

• from here decoupling 
temperature is:



• Decoupling from a ‘thermal bath’ in the Early Universe: 
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* An object of particular veneration.

T/MX

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*1) relativistic

2) non-relativistic

3) decoupled

• and final abundance turns 
out to be:

Dark Matter
WIMPs



• Decoupling from a ‘thermal bath’ in the Early Universe: 

Dark Matter
WIMPs
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• WIMP miracle!



• Decoupling from a ‘thermal bath’ in the Early Universe: 

Dark Matter
WIMPs
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• WIMP miracle!
• It is ‘miraculously’ easy to get these cross sections: a typical gauge coupling of order 

one and a new particle in the TeV range! 
• However, it is hard(er) to make these new particles stable! 



Dark Matter
WIMPs

•Why WIMPs?

2.DM with a mass ~MZ clusters in a way confirmed by observations  (true 
for mDM>~ 1 MeV)

3.as a bonus, any theory which tries to explain the origin of EW mass, 
generally introduces new (stable) EW mass particles. 

1.we obtain DM abundance from simple thermal production! 
(known to work also for standard model particles)



Dark Matter
WIMPs: some theory ideas

SUper SYmmetry

In the Standard Model: bosons are the mediators of interactions, fermions are 
the constituents of matter. SUSY: a symmetry which relates them, thus 
providing a sort of “unified” picture of matter and interactions.
Hierarchy problem: Higgs (scalars) receive quadratic corrections from new 
physics; Postulate the existence of new particles with similar masses but with 
spin different by one half to cancel quadratic divergencies, and explain why 
mH~mZ!
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Figure 10: The measurements of the gauge coupling strengths at LEP do not (left)
evolve to a unified value if there is no supersymmetry but do (right) if supersymmetry
is included [29, 220].

half. Then, since the contribution of fermion loops to δm2
s have opposite sign

to the corresponding bosonic loops, at the 1-loop level, Eq. 59 becomes

δm2
s ∼

( α

2π

) (
Λ2 + m2

B

)
−

( α

2π

) (
Λ2 + m2

F

)
=

( α

2π

) (
m2

B − m2
F

)
. (60)

Furthermore, the supersymmetric algebra insures that (provided |m2
B−m2

F | <∼ 1
TeV) the quadratic divergence to the Higgs mass is cancelled at all orders of
perturbation theory. The algebra of supersymmetry naturally guarantees the
existence of new particles, with the required properties, associating to all of the
particles of the Standard Model superpartners with the same mass and opposite
spin-type (boson or fermion).

Another reason for interest in supersymmetric theories comes from the unifi-
cation of gauge couplings at a scale MU ∼ 2×1016 GeV (see Fig. 10). Although
extrapolation of the coupling constants using only Standard Model particles
fails to unify them to a common value (left frame of Fig. 10), by introducing
supersymmetry at the TeV scale, it was shown [29] that these forces naturally
unify at a scale MU ∼ 2 × 1016 GeV (right frame of Fig. 10). This has been
taken as a strong hint in favor of a Grand Unified Theory (GUT) which predicts
gauge coupling unification below the Planck scale.

The new generators introduced with supersymmetry change fermions into
bosons and vise versa, i.e.

Q|fermion⟩ = |boson⟩; Q|boson⟩ = |fermion⟩. (61)

Because of their fermionic nature, the operators Q must carry spin 1/2, which
implies that supersymmetry must be a spacetime symmetry. The question then
arises of how to extend the Poincaré group of spatial translations and Lorentz
transformations to include this new boson/fermion symmetry. The structure
of such a group is highly restricted by the Haag-Lopuszanski-Sohnius extension

37



Dark Matter
WIMPs: some theory ideas

SUSY

In some SUSY models (MSSM) a new symmetry, R-parity is conserved: all of 
the Standard Model particles have R-parity R = 1 and all sparticles (i.e. 
superpartners) have R = #1. Thus, sparticles can only decay into an odd 
number of sparticles (plus Standard Model particles). The lightest sparticle 
(dubbed the LSP, for Lightest Super- symmetric Particle) is, therefore, stable 
and can only be destroyed via pair annihilation, making it an excellent dark 
matter candidate.
The usual suspect the lightest neutralino: a mix of binos, winos, and 
higgsinos.  



Dark Matter
WIMPs: some theory ideas
Universal Extra Dimensions

The picture is that our familiar large 3 + 1 dimensions may be supplemented 
with more spacelike directions.In many extra-dimensional models, the 3+1 
dimensional spacetime we experience is a structure called a brane, which is 
embedded in a (3 + δ + 1) spacetime called the bulk.

5/10/2007 - The Hunt for Dark MatterTim Tait 5

Extra Dimensions?
• In recent years, HEP theory has begun to explore theories with weak scale extra 

dimensions.

– The picture is that our familiar large 3 + 1 dimensions may be supplemented 
with more space-like directions.

– An immediate question is: why do the force laws we observe scale like 1 / r2 ? 
In more dimensions, they should fall off more quickly.

– This forces us to consider extra dimensions which are small (of order TeV-1 ~ 
10-17cm), or a brane world scenario.

• How to define a model with extra dimensions..
– Number of Extra Dimensions

– Topology: Line, circle, torus,…
– Geometry : Flat, warped,… 5th dimension

y

4 large dimensions

xµ



Dark Matter
WIMPs: some theory ideas
Universal Extra Dimensions

5/10/2007 - The Hunt for Dark MatterTim Tait 6

Field Theory in 5 Dimensions
• To begin with, imagine our extra dimension is a circle (S1).
• This requires wave functions of any states to be periodic as one 

traverses the extra dimension.
• Mathematically, this is the particle-in-a-box problem familiar from 

basic Quantum Mechanics.
• The 5th component of Momentum (p5) is quantized in units of 1 / R: 

•  States with p5 different from zero appear massive to an observer who 
does not realize the extra dimension  is there.
•  We (and all low energy physics) are composed of the lowest modes.
•  Each field has a tower of massive states with the same charge and 
spin as the zero mode, but with masses given by  n / R. 



Dark Matter
WIMPs: some theory ideas

UED
Scenarios in which all fields are allowed to propagate in the bulk are called 
Universal Extra Dimensions (UED)
(first level) KK state in these models is stable and associated with the first KK 
excitation of the photon, or more precisely the first KK excitation of the 
hypercharge gauge boson. 

5/10/2007 - The Hunt for Dark MatterTim Tait 11

KK Mode Spectrum

1/R = 500 GeV
! R = 20

Cheng, Matchev, Schmaltz
PRD66, 036005 (2002)

Terms living on  the
boundaries of the 
extra dimension 
modify the 
spectrum.  Such 
terms will be 
induced at the loop 
level, even if they 
vanish at some 
fundamental scale.

It is stable, neutral, massive... a good 
DM candidate.



Dark Matter
WIMPs: some theory ideas

Axions

The idea is to add a new global symmetry (called a Peccei–Quinn symmetry) to 
the standard model that becomes spontaneously broken and drives Θ eff 
dynamically to zero. 
Instanton effects spoil the Peccei–Quinn symmetry explicitly and provide a small 
mass for the axion. 
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The paradigmatic example: Strong CP problem
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Violates P and T

neutron EDM

Sunday 14 July 13

Strong CP problem: Experimental constraints 
on the currently unobserved neutron's 
electric dipole moment imply that CP 
violation arising from QCD must be 
extremely tiny and thus Θ must itself be 
extremely small or absent-> a naturalness 
problem for the standard model. 



Dark Matter
WIMPs: some theory ideas

Axions

Axion couplings/mass              (minimal,hadronic model)
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And calculable mixings
with the neut. ps. mesons

axion = orthogonal to physical⌘0 the axion gets a calculable mass

�a�0 ⇠ f�/fa

�a� ⇠ f�/fa

�a⇥0 ⇠ f⇥0/fa

couplings to hadrons

⇠ N̄�µ�5N
⇥µa

fa

Sunday 14 July 13

Its mass related to the coupling -> one parameter problem
Though light it is a ‘cold dark matter’ as it is produced non thermally! (it was 
never in thermal equilibrium - does not share T of the Universe! and so the 
free streaming argument does not apply). 
(zero momentum condensate and so constitutes cold dark matter.)Axion - photon mixing in a magnetic field

LI =
ga�
4

Fµ⇥
eFµ⇥a = �ga�B ·E a

Raffelt, PRD’88

Sunday 14 July 13

Observational strategy: mix 
with photons in mag fields.



Dark Matter
Connection with particle physics

Bottom-line...



Extra slides



+ Bounds on axions (and prospects)
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Radiation from a magnetised mirror

Photons radiated from the mirror with �� = �a = ma(1 + v2/2)

E� = �⇥a� cos(⇥�(t� z)).

Ea = ⇥a� cos(⇥at+ kz).

E� + Ea|z=z
mirror

= 0

JR et al , JCAP04(2013)016

Note: measuring these photons, 
we measure the TOTAL DM energy, 
DM mass and the velocity distribution!
also with directional sensitivity!

magnetic field

Sunday 14 July 13



Dark Matter
Overview

• Lecture 1&2: Evidence, Properties and Candidates
• Lecture 3&4: Search strategies: Direct and Indirect detection and colliders



Dark Matter
The (WIMP) hunt



Dark Matter
DM density



Dark Matter
DM density

Determined two ways:
- N body simulations
- astrophysical observations of tracers of gravitational potential (rotational curves 
etc)



How is DM distributed:

• it is around Galaxies and Clusters of Galaxies.



How is DM distributed:

• DM halos form filamentary structures on large scales 

• DM halos have numerous substructure. Some of it has stars (as satellites of 
Milky Way) and some is dark.

Millennium simulation suite



N body simulations find that the DM density distribution within each DM halo is 
scale invariant, and that it follows cuspy NFW or Einasto density profile.
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resolution limit, 500 pc

~200 kpc, halo size

cuspy: ρ→1/r (r→0) NFW



Great agreement between N-body simulations and observations, at large scales!

Also, NFW or Einasto DM profiles fit well the profiles of Galaxy Clusters.



In simulations:

• because of limited resolution: not enough particles in small halos or centers of halos

• and baryonic physics cannot yet be reliably included.
In astrophysical observations:

• close to halo centers gravitational potentials often dominated by baryons

• for very small halos not enough stars to reconstruct the potential
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NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ⌅ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⇤ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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[Cirelli, M.+, JCAP, 2011.]

But at small scales or in baryon dominated regions DM density is highly uncertain!

rotational curve Galaxy
Baryon dominated in inner few kpc! Large uncertainties!

DM

baryons



Dark Matter
Strategies

A benchmark diagram & the discovery program

W+, Z, !, g, H, q+, l+

W -, Z, !, g, H, q -,l -

ECM " 
102±2 GeV

New
physics

X=#, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

Note: I focus here at 102±2 GeV mass particle interacting with ‘weak’ like cross 
sections. While this is well motivated other mass/cross sections ranges are 
possible, with different search strategies (axions).



A benchmark diagram & the discovery program

W+, Z, !, g, H, q+, l+

W -, Z, !, g, H, q -,l -
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New
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approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production
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A benchmark diagram & the discovery program

W+, Z, !, g, H, q+, l+

W -, Z, !, g, H, q -,l -

ECM " 
102±2 GeV

New
physics

X=#, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

Elastic scattering rates with detectors, sensitive to the local value of DM density!



A benchmark diagram & the discovery program

W+, Z, !, g, H, q+, l+

W -, Z, !, g, H, q -,l -

ECM " 
102±2 GeV

New
physics

X=#, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

Today DM does not annihilate on cosmological scales (average densities too low)
→ its total amount remains ~constant! 
However in astrophysical systems, where it is concentrated annihilation densities are higher/
potentially detectable! - important to know the DM distribution!
Note: We assume that DM particle is its own anti-particle (i.e. Majorana particle) or if made 
of particles and anti-particles (Dirac) that they are present in an equal amount!



Dark Matter
Direct detection



WIMP

Target Nuclei

Signal

Recoil Energy, ...

Dark Matter
Direct detection

The basic strategy of direct detection is to 
look for the low energy recoil of a heavy 
nucleus when a WIMP hits it.

as simple as that ....
Next few slides:
1. theoretical expectations for a signal
2. challenges -> backgrounds!



Theory:

2

rate per unit recoil energy ER in (kg day keV)−1 in the
detector can be expressed as

dR

dER
= NT nX

∫ vesc

vmin

dv⃗ |v⃗| f(v⃗) g(v⃗)
dσXA

dER
, (1)

where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by

ER =
4mA mX

(mA + mX)2
(
1

2
mXv2

X)

(

1 − cos θCM

2

)

(2)

where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that

σSI
XA

σSI
Xp

=

(

µ(A)

µ(p)

)2

A2 (3)

where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is

σSD
XA

σSD
Xp

=

(

µ(A)

µ(p)

)2 [λ2J(J + 1)]A
[λ2J(J + 1)]p

(

CXA

CXp

)2

. (7)

The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.

Number of target nuclei
(mass of the detector, A)

Number of DM particles

scattering cross section with a nucleus of 
mass A

velocity distribution of DM

Introduction
Differential event rate for elastic scattering:   
(assuming spin-independent coupling and fp=fn)

Astrophysical input:
           local DM density and speed distribution ⇢0 f(v)

Particle physics parameters: 
           WIMP mass and cross-section,

vmin =
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2
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Experimental constraints on !-m" plane usually calculated using ‘standard halo model’: 
      isotropic, isothermal sphere, with Maxwell-Boltzmann speed distribution
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with vc=220 km s-1  and local density #0=0.3 GeV cm-3

nX= = 0.4 GeV/cm3/mx



Theory:

• f(v): velocity distribution of DMWhat is fgal(�v)?

Often a truncated Maxwellian distribution is assumed:

fgal(�v) ⇥
⇤

N exp
�
�v2/v̄2⇥ v < vesc

0 v > vesc

v̄ ⇤ 220 km/s vesc ⇤ 550 km/s

(corresponds to an iso-thermal sphere)

but most likely this is not the real distribution of DM

I expect smooth (virialized) and un-virialized (streams, debris
flows) components

I the smooth component will most-likely not be Maxwellian
expect di�erent dispersions in radial and tangential directions

T. Schwetz 10
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rate per unit recoil energy ER in (kg day keV)−1 in the
detector can be expressed as

dR

dER
= NT nX

∫ vesc

vmin

dv⃗ |v⃗| f(v⃗) g(v⃗)
dσXA

dER
, (1)

where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by

ER =
4mA mX

(mA + mX)2
(
1

2
mXv2

X)

(

1 − cos θCM

2

)

(2)

where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that

σSI
XA

σSI
Xp

=

(

µ(A)

µ(p)

)2

A2 (3)

where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is

σSD
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σSD
Xp

=

(

µ(A)
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)2 [λ2J(J + 1)]A
[λ2J(J + 1)]p
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.



Theory:

cross section with a nuclei A:  

• for spin independent interactions and the same for protons and neutrons, the 
low energy scattering amplitude from a nucleus with mass number A is a 
coherent sum of A single nucleon scattering amplitudes. 

2

rate per unit recoil energy ER in (kg day keV)−1 in the
detector can be expressed as

dR

dER
= NT nX

∫ vesc

vmin

dv⃗ |v⃗| f(v⃗) g(v⃗)
dσXA

dER
, (1)

where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by

ER =
4mA mX

(mA + mX)2
(
1

2
mXv2

X)

(

1 − cos θCM

2

)

(2)

where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that

σSI
XA

σSI
Xp

=

(

µ(A)

µ(p)

)2

A2 (3)

where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.
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detector can be expressed as
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where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by
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where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that
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We take this change in the cross section into account
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ter; for smaller masses the effect is negligible. We
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with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.
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where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by
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where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that
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where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.
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where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
threshold ETH in the detector, and vmin is the minimum
speed the DM particle can have and produce an energy
deposit above the threshold. The recoil energy of the
nucleus is given by
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where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that
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where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.
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where nX is the number density of DM particles, NT is
the number of target nuclei per kg of target, σXA is the
energy dependent scattering cross section of DM on a
nucleus with mass number A, g(v⃗) is the probability that
a particle with velocity v deposits an energy above the
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speed the DM particle can have and produce an energy
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where θCM is the scattering angle in the DM-nucleus
center of mass frame. We will assume isotropic scattering
as is expected at low energies. So, for instance, for A =
16, m = 1 GeV and an energy threshold of 600 eV, the
minimal DM velocity to produce a detectable recoil is
vmin = 680 km/s, in the extreme tail of the DM velocity
distribution.

In order to compare cross section limits from differ-
ent targets we will normalize them to the proton-DM
cross section, σXp. For the simplest case of interactions
which are independent of spin and the same for protons
and neutrons, the low energy scattering amplitude from
a nucleus with mass number A is a coherent sum of A sin-
gle nucleon scattering amplitudes. The matrix element
squared therefore scales with size of nucleus as ∼ A2. In
addition the kinematic factor in the cross section depends
on the mass of the participants in such a way [15, 16] that
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where µ(A) is the reduced mass of the DM-nucleus sys-
tem, and µ(p) is the reduced mass for the proton-DM
system. At higher momentum transfer q2 = 2mNER the
scattering amplitudes no longer add in phase, and the to-
tal cross section σXA(q) becomes smaller proportionally
to the form factor F 2(q2), σXA(q) = σ0F 2(q2).

We take this change in the cross section into account
when we deal with higher mass (m >∼ 10 GeV) dark mat-
ter; for smaller masses the effect is negligible. We
adopt the form factor F (q2) = exp

(

−1/10(qR)2
)

with

R = 1.2A1/2 fm, used also in [17, 18]. The simple expo-
nential function is suffitiently accurate for our purposes
and easy to implement using the Monte Carlo method to
sample momentum transfer q, from its distribution given
by the form factor. The procedure is described in more
detail in Appendix B.

For spin dependent interactions the scattering ampli-
tude changes sign with the spin orientation. Paired nucle-
ons therefore contribute zero to the scattering amplitude

and only nuclei with unpaired nucleon spins are sensi-
tive to spin dependent interactions. Due to the effect
of coherence, the spin independent interaction is usually
dominant, depending on the mass of the exchanged par-
ticle [19]. Therefore, the spin dependent cross section
limit is of interest mainly if the spin independent inter-
action is missing, as is the case, for example, with massive
majorana neutrinos. Another example of DM with such
properties is photino dark matter, see [16], in the case
when there is no mixing of left- and right- handed scalar
quarks. The amplitude for DM-nucleus spin dependent
interaction in the case of spin 1/2 DM, in the nonrela-
tivistic limit, is proportional to [16, 20]

M ∼< N |J⃗ |N > ·s⃗X (4)

where J⃗ is the total angular momentum of the nucleus,
|N > are nuclear states and s⃗X is the spin of the DM
particle. In the case of scalar DM the amplitude is

M ∼< N |J⃗ |N > · (q⃗ × q⃗′) (5)

where q⃗ and q⃗′ are the initial and final momenta of the
scattering DM particle. Thus the cross section for this
interaction is proportional to the fourth power of the ra-
tio q/M , of DM momentum to the mass of the target
which enters through the normalization of the wavefunc-
tion. Therefore the spin dependent part of the interac-
tion for scalar DM is negligible when compared to the
spin independent part.

We adopt the standard spin-dependent cross section
parametrization [15]

σXA ∼ µ(A)2 [λ2J(J + 1)]AC2
XA (6)

where λ is a parameter proportional to the spin, orbital
and total angular momenta of the unpaired nucleon. The
factor C is related to the quark spin content of the nu-
cleon, C =

∑

T q
3 ∆q, q = u, d, s, where T u,d,s

3 is the
charge of the quark type q and ∆q is the fraction of nu-
cleon spin contributed by quark species q. The nuclear
cross section normalized to the nucleon cross section is
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The values of proton and neutron C factors, CXp, CXn

vary substantially depending on the model. For targets
of the same type - odd-n (Si, Ge) or odd-p (Al, Na,
I) nuclei - this model dependence conveniently cancels.
The comparison of cross sections with targets of differ-
ent types involves the CXp/CXn ratio. This ratio was
thought to have the value ∼ 2 for any neutralino, based
on the older European Muon Collaboration (EMC) mea-
surements, but the new EMC results imply a ratio which
is close to one for pure higgsino, and is >∼ 10 otherwise.
(The biggest value for the ratio is Cp/Cn ∼ 500, for bino.)
We normalize our spin dependent results to the proton
cross section σXp using CXp/CXn = 1 for definiteness
below.



!"#$%&'()*+%,-'(./0

1'2-'(.%3*44'/'5.%/0.'6%4)/%3*44'/'5.%.0/7'.6%8(/)66%(9'(:6;<
%

1/0.'%6(0+'6%=*.9%!>%1%9'0?*'/.%.0/7'.6%40?)/'3%84)/%6(0+0/%()@-+*576<
%

1%6-'(./@A%/*6'6%'2-)5'5.*0++B%1%+)=%3'.'(.)/%.9/'69)+3%3'6*/'3
%

1%+)=CA066%!"#$6%1%+*79.'/%.0/7'.%053D)/%+)=%.9/'69)+3%5'('660/B

from Schumann, M., 2013.

Ge target, 
different DM 
mass

lightest

Xe, heaviest



Expected rates: <0.1 events /kg/day!
Natural radioactivity: 1 banana ~1M decays/day 
Backgrounds: electrons, neutrons, neutrinos: from cosmic rays and natural 
radioactivity!
Strategy 01: go deep! (get as much shielding as possible)
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Gran Sasso (Italy): 1.4 km, XENON, DAMA, CRESST

Soudan mine (Minesota): CDMS

SNOLAB (Canada): 2km deep, PICASSO

Moudane (France): EDLEWEISS

(...)

Strategy 01: go deep! (get as much shielding as possible)
Several current labs:



Strategy 02: use double handle! measure two signals to discriminate signal from 
background, on event-by-event basis.

Background discrimination

From Sanglard 2005

Directional 
discrimination

Wednesday, August 3, 11
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• WIMPs (and neutrons) scatter off nuclei

• γ and β backgrounds scatter off electrons 

• energy loss process different for these two types of recoil 



Direct Detection
Strategy #1: silence the Universe

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis
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Direct Detection
Strategy #1: silence the Universe

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis Ionization YieldIonization Yield

Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
y g

divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!

6

CDMS coll.

electron recoil band

calibrated with    -source

nuclear recoil band

calibrated with  n-source

�
Ge

+

_

E.g. Edelweiss:

ionization & heat20 mK

20 mK

+++

_ __

io
ni

za
tio

n/
‘h

ea
t’ 

ra
tio

Single scatter interactions from 
neutrons cannot be distinguished from 
WIMP signals. Controlling Neutrons:
- go deep
- run simulations
- Use Event Topology (n might double 
scatter)
- self shielding 



Strategy 03: or look for specific annual variations (characteristic for DM)!
Direct Detection

Strategy #2: ride the dark wave

summer

collect all events, and detect an annual modulation
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Strategy 03: or look for specific annual variations (characteristic for DM)!
Direct Detection

Strategy #2: ride the dark wave

summer

collect all events, and detect an annual modulation

Direct Detection
Strategy #2: ride the dark wave

summer winter

collect all events, and detect an annual modulation

Direct Detection
Strategy #2: ride the dark wave

DAMA Coll., 0804.2741, 2008

summer winter

collect all events, and detect an annual modulation

DAMA collaboration actually observed a signal at >~10 sigma!
It, however, appears to be ruled out by other experiments. 



DMUH2011 - 25 July, 2011Reina Maruyama

• Environmental Effects/Backgrounds

• Ambient temperature variation

• Muon flux depend on temperature/pressure in the upper 
atmosphere

• Spallation neutrons from muons interaction in rock

• Radon diffusion from rocks may be varying with time

• detector and lab maintenance timing

• Detector Effects

• quenching factor

• channeling

• Xenon scintillation function

• “Nygren effect”

Many of these factors 
tend to have periodicity 
of 1 year

• Astrophysical Uncertainties?

– f(v)?  vesc? v0? co-rotating?

• Dark Matter Physics

– inelastic scattering

– iso-spin violation

– spin-dependent

5

Possible Sources of Annual Modulation

Repeat experiment in different environment. Look for 
annual modulation with NaI(Tl) in Southern Hemisphere.

How to check the DAMA signal: 



How to check the DAMA signal: 

DMUH2011 - 25 July, 2011Reina Maruyama

Why South Pole?
• The phase of the dark matter modulation is the same. 
• Many environmental variations are either opposite in phase (e.g. muon 

rate) or absent (e.g. temperature, neutrons). 
• > 2500 m.w.e. of overburden with clean ice.  

• Clean ice → no lead/copper shielding necessary. No radons.
• Ice → neutron moderator.
• Ice as an insulator → No temperature modulation.

• Existing infrastructure
• NSF-run Amundsen-Scott South Pole Station
• Ice drilling down to 2500 m developed by IceCube  
• Muon veto by IceCube/DeepCore
• Infrastructure for construction, signal readout, and remote operation

6



DMUH2011 - 25 July, 2011Reina Maruyama

DM-Ice 250 kg Concept

South Pole with IceCube 

South Pole 

runway 

AMANDA 

Amundsen-Scott South Pole Station 

IceCube 

IceCube

250kg NaI Detector Array Deep in the Ice

local muon veto 
in ice

250 kg NaI 
detector array in 
pressure vessel

arXiv:1106.1156 

~2500m

local muon veto 
in ice

How to check the DAMA signal: 



The Status: many experiments constantly pushing the sensitivity! 

but what are the reference cross section values?
5
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XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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The Status: 

upper limit on the binomial probability of an alpha decay
registering in the nuclear recoil signal region of<26%. At
this operating pressure and temperature, an alpha particle
will create bubble nucleation sites along its entire track,
and there is clear evidence of a neutron background from
the multiple scatter events, so these three events are likely
not alpha decays. Therefore the presently derived alpha
background rejection should be considered a conservative
assessment for the potential of this technique. We expect an
improved estimate from runs in a deeper underground site,
where the residual neutron background should be absent.

Interpreting the three events in the signal region as
WIMP candidates results in a 90% Poisson upper limit of
6.7 for the mean of the signal. The resulting improved
limits on spin-dependent WIMP-proton couplings are
shown in Fig. 4. The spin-independent sensitivity that
can be extracted from present data is comparable to that
obtained by the CDMS Collaboration in another shallow
underground facility [13]. The calculations assume
the standard halo parametrization [14], with !D ¼
0:3 GeV c"2 cm"3, vesc ¼ 650 km=s, vE ¼ 244 km=s,
v0 ¼ 230 km=s, and the spin-dependent couplings from
the compilation in Tovey et al. [15].

In view of the #10"11 intrinsic rejection against mini-
mum ionizing backgrounds [5] and the acoustic alpha
rejection demonstrated in this Letter, a leading sensitivity
to both spin-dependent and spin-independent WIMP cou-
plings can be expected from the operation of CF3I bubble

chambers deep underground. A first exploration of the
constrained minimal supersymmetric model (cMSSM)
spin-dependent parameter space [16] of supersymmetric
dark matter candidates is expected from operation of this
chamber in a deeper site. At the time of this writing, a 60 kg
CF3I COUPP bubble chamber is being commissioned.
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Dark Matter
Collider searches



The Large Hadron Collider 

LHC 

!
"

CMS ATLAS 

Current big player the LHC, CoM energy 7 TeV! (14 TeV after the close down)



What can collider tell us about DM:
Search strategy 1. look for a specific signatures of a given model (SUSY, UED...):
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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THE IMPROVEMENT OF DARK 
MATTER EXPERIMENT

However, one might want to use a 
more model independent search!
Within fixed theoretical frameworks 
it is not simple to gain physical 
insight to many questions.

cMSSM

for example
‘What happens to this point if we raise 
stop mass by 5 GeV’? (T. Tait, 2010)

e.g. look for a 4jets+4lepton+MET



Strategy 02. or use Effective Field Theory (EFT) approach! 

Ignore degrees of freedom at shorter distances (or, equivalently, at higher 
energies) 
Relevant degrees of freedom consist of the Standard Model + the WIMP (and 
nothing else...). New physics parametrized by the cut-off energy scale.

quarks and/or gluons.

Quarks:

Gluons:

Each requires new states with masses heavier than the WIMP.
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Strategy 02. or use Effective Field Theory (EFT) approach! 
Not fully model independent, ‘type’ of interaction needs to be assumed.Dirac WIMPs

• We can repeat this exercise for 
other choices of WIMP spin.

• For a Dirac WIMP, we have a few 
more Lorentz structures, such as 
the vector and tensor combinations.

• On top of the operators we had for 
the Majorana WIMP, magnetic and 
electric dipole moment operators 
are possible as well.

• For a Dirac WIMP, in some mappings 
we need to decide whether the halo 
is made of just WIMPs.  I’ll opt for 
an equal mixture. “Asymmetric” dark matter would 

also be interesting!

Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ�⌅q̄⇤µ�q 1/M2
�

D10 ⌅̄⇤µ�⇥5⌅q̄⇤µ�q i/M2
�

D11 ⌅̄⌅Gµ�Gµ� �s/4M3
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�
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�

D15 ⌅̄⇤µ�⌅Fµ� M
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�
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C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⇧µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⇧µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ�Gµ� �s/4M2
�

C6 ⌅†⌅Gµ�G̃µ� i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ�Gµ� �s/8M2
�

R4 ⌅2Gµ�G̃µ� i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to
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+ Look for generic collider signatures of DM: DM is long lived, escapes from a 
detector carrying missing energy! Only processes followed by mono-jet or mono-
photon can be observed  (leave trace in a detector).
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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can enhance the production cross section once the mass of the s-channel mediator is within the
kinematic range and can be produced on-shell. This enhancement is particularly strong when the
mediator has a small decay width �, though it should be noted that within our assumptions � is
bounded from below due to the open decay channels to jets and to dark matter.

On the other hand, colliders have a relative disadvantage compared to direct detection experi-
ments in the light mediator case. The reason is that, from dimensional analysis, the cross section
for the collider production process pp ⇧ ⇤̄⇤+X scales as,

⇥(pp ⇧ ⇤̄⇤+X) ⇤
g2qg

2
�

(q2 �M2)2 + �2/4
E2 , (12)

where E is of order the partonic center-of-mass energy, M is the mass of the s-channel mediator
and q is the four momentum flowing through this mediator. At the 7 TeV LHC,

�
q2 has a broad

distribution which is peaked at a few hundred GeV and falls slowly above. The mediator’s width
is denoted by �, and gq, g� are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

⇥(⇤N ⇧ ⇤N) ⇤
g2qg

2
�

M4
µ2
�N , (13)

with the reduced mass µ�N of the dark matter and the target nucleus.
When M2 ⌅ q2, the limit that the collider sets on g2�g

2
q becomes independent of M , whereas

the limit on g2�g
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on ⇥(⇤N ⇧ ⇤N) becomes weaker as M becomes smaller. On
the other hand, when m� < M/2 and the condition

�
q2 ⌃ M can be fulfilled, collider production

of ⇤̄⇤+X experiences resonant enhancement. Improved constraints on ⇥ can be expected in that
regime.

In figure 7, we investigate the dependence of the ATLAS bounds on the mediator mass M more
quantitatively including both on-shell and o⇤-shell production. Even though dark matter–quark
interactions can now no longer be described by e⇤ective field theory in a collider environment, we
still use ⇥ ⇥ M/

⌥
g�gq as a measure for the strength of the collider constraint, since ⇥ is the

quantity that determines the direct detection cross section. As before, we have used the cuts from
the ATLAS veryHighPt analysis (see section 3). We have assumed vector interactions with equal
couplings of the intermediate vector boson to all quark flavors.

At very large M (& 5 TeV), the limits on ⇥ in figure 7 asymptote to those obtained in the
e⇤ective theory framework. For 2m� ⌅ M . 5 TeV, resonant enhancement leads to a significant
improvement in the limit since the mediator can now be produced on-shell, so that the primary
parton–parton collision now leads to a two-body rather than three-body final state. As expected
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure 7,
this is illustrated by the upper end of the colored bands, which corresponds to � = M/8�.6 The
shape of the peaks in figure 7 is determined by the interplay of parton distribution functions, which
suppress the direct production of a heavy mediator, and the explicit proportionality of ⇥ to M
according to its definition. Below M ⌃ 2m�, the mediator can no longer decay to ⇤̄⇤, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o⇤-shell.
In that regime, the limit on ⇥ is rather weak (even though the limit on g2�g

2
q is independent of M

there as discussed above), and the dependence on � disappears.

6 � = M/8� corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
g�gq = 1. Since in figure 7, we have assumed couplings to all quark helicities and flavors (collider production
is dominated by coupling to up-quarks though), and since g�gq > 1 in parts of the plot (see dashed contours),
� = M/8� should be regarded as a lower limit on the mediator width.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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kinematic range and can be produced on-shell. This enhancement is particularly strong when the
mediator has a small decay width �, though it should be noted that within our assumptions � is
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with the reduced mass µ�N of the dark matter and the target nucleus.
When M2 ⌅ q2, the limit that the collider sets on g2�g

2
q becomes independent of M , whereas

the limit on g2�g
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on ⇥(⇤N ⇧ ⇤N) becomes weaker as M becomes smaller. On
the other hand, when m� < M/2 and the condition

�
q2 ⌃ M can be fulfilled, collider production

of ⇤̄⇤+X experiences resonant enhancement. Improved constraints on ⇥ can be expected in that
regime.

In figure 7, we investigate the dependence of the ATLAS bounds on the mediator mass M more
quantitatively including both on-shell and o⇤-shell production. Even though dark matter–quark
interactions can now no longer be described by e⇤ective field theory in a collider environment, we
still use ⇥ ⇥ M/

⌥
g�gq as a measure for the strength of the collider constraint, since ⇥ is the

quantity that determines the direct detection cross section. As before, we have used the cuts from
the ATLAS veryHighPt analysis (see section 3). We have assumed vector interactions with equal
couplings of the intermediate vector boson to all quark flavors.

At very large M (& 5 TeV), the limits on ⇥ in figure 7 asymptote to those obtained in the
e⇤ective theory framework. For 2m� ⌅ M . 5 TeV, resonant enhancement leads to a significant
improvement in the limit since the mediator can now be produced on-shell, so that the primary
parton–parton collision now leads to a two-body rather than three-body final state. As expected
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure 7,
this is illustrated by the upper end of the colored bands, which corresponds to � = M/8�.6 The
shape of the peaks in figure 7 is determined by the interplay of parton distribution functions, which
suppress the direct production of a heavy mediator, and the explicit proportionality of ⇥ to M
according to its definition. Below M ⌃ 2m�, the mediator can no longer decay to ⇤̄⇤, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o⇤-shell.
In that regime, the limit on ⇥ is rather weak (even though the limit on g2�g

2
q is independent of M

there as discussed above), and the dependence on � disappears.

6 � = M/8� corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
g�gq = 1. Since in figure 7, we have assumed couplings to all quark helicities and flavors (collider production
is dominated by coupling to up-quarks though), and since g�gq > 1 in parts of the plot (see dashed contours),
� = M/8� should be regarded as a lower limit on the mediator width.
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both signals depend on the ‘cut-off’ scale M (above which the details of 
new physics become important and the effective theory breaks), and 
therefore can be directly compared!



monojets: collider constraints are very strong for lighter dark 

matter and fall off when the dark matter mass exceeds the typical energy reach 
of the collider.
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Figure 6: Inferred ATLAS limits on WIMP-nucleon scattering. In all cases the thick solid lines are the ob-

served limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines

in figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For

comparison, 90% CL limits from the XENON100 [66], CDMSII [67], CoGeNT [68], and CDF [19]

experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [69],

Picasso [70], and CDF [19] experiments are shown.

elements are neglected in ref. [32] and hence also here. The spin-independent ATLAS limits in figure 6

are particularly relevant in the low mχ region (< 10 GeV) where the XENON100 [66], CDMSII [67] or

CoGeNT [68] limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive over almost the full mχ range covered. The

spin-dependent limits are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the D8 and D9 limits

are stronger than those from direct-detection experiments.

As in figure 5, the collider limits can be interpreted in terms of the relic abundance of WIMPs [13,15].

This is shown in figure 7 where the limits on vector and axial-vector interactions are translated into

upper limits on the annihilation rate of WIMPs to the four light quark flavors. The annihilation rate is

defined as the product of cross section σ and relative velocity v, averaged over the dark matter velocity

distribution (⟨σ v⟩). Equations (10) and (11) of ref. [15] are used to calculate the annihilation rates

shown in figure 7. For comparison, limits on annihilations to bb̄ from Galactic high-energy gamma-ray

observations by the Fermi LAT experiment [71] are also shown. The Fermi LAT values are for Majorana

fermions and are therefore scaled up by a factor of two for comparison with the ATLAS limits for Dirac

fermions (see for example the description of equation (34) of ref. [72] for an explanation of the factor

of two). Gamma-ray spectra and yields from WIMPs annihilating to bb̄, where photons are produced

in the hadronization of the quarks, are expected to be very similar to those from WIMPs annihilating to

lighter quarks [73, 74]. In this sense the ATLAS and Fermi LAT limits are comparable. The figure also

demonstrates the complementarity between the two approaches. The Fermi LAT is equally sensitive to

annihilations to light and heavy quarks, whereas ATLAS at the LHC probes mostly WIMP couplings to

lighter quarks, and sets cross-section limits that are superior at WIMP masses below 20 GeV for vector

couplings and below about 150 GeV for axial-vector couplings. At these low WIMP masses, the ATLAS
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]

.

]2 [GeV/c!M
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

!

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Vector

CMS 2012 Scalar

CMS Preliminary
 = 8 TeVs

Spin Independent

-1L dt = 19.5 fb"

2#

q)µ$q)(!
µ
$!(

DM-quark coupling

3#4

2)
%µ

a(Gs&!! DM-gluon coupling

Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.
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A benchmark diagram & the discovery program
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New
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New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

•How to test the WIMP hypothesis?   

γ, 
ν, 
e±, 
p± 
(D-)

decay            

@ Mz

‘indirect’ 
detection

in astrophysical 
systems - remotely

In the Early Universe: DM kept in equilibrium w SM 
by self-annihilations (σ). 
Today, DM expected to annihilate with the same σ, 
in places where its density is enhanced!



Astrophysical experiments:

•plus: 

‣ multipurpose experiments (rich scientific program)

•minus: 

‣ different priorities, 

‣ not optimized for DM searches

‣ ‘backgrounds’ are astrophysics! not a ‘controlled’/lab system



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
gamma rays: photons with energy >~ 1 MeV.

•satellites (Fermi LAT, AGILE):

• a pair conversion instrument

• anti-coincidence system →good charge particle rejection → LAT can 
identify the relatively rare gamma rays
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Fermi LAT



Key features
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Energy range: 20 MeV to >300 GeV 
(~MZ, ideally suited for WIMP searches).

Good angular resolution ~ 0.1 deg; and 
charged particle vs gamma separation...

(http://www.slac.stanford.edu/exp/glast/groups/
canda/lat_Performance.htm)
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Large Optical Reflector 
Images Cherenkov light 
onto PMT camera

Imaging ACTs 

γ!ray interacts in atmosphere
Producing electromagnetic
shower and Cherenkov Light

Source emits γ!ray

Photon Energy (MeV)
210 310 410 510 610 710 810

)
-1

 s
-2

dN
/d

E 
(e

rg
 c

m
2

D
iff

er
en

tia
l F

lu
x 

E

-1410

-1310

-1210

-1110

-1010

-910

-810

Crab Nebula

Synchrotron

Inverse Compton

LAT - 10 yrs (extragalactic)

LAT - 10 yrs (inner Galaxy)

H.E.S.S. - 100 hrs

CTA - 100 hrs

CTA - 1000 hrs

Figure 1: “Differential” sensitivity (integral sensitivity in small energy bins) for a minimum
significance of 5σ in each bin, minimum 10 events per bin and 4 bins per decade in energy.
For Fermi-LAT, the curve labeled “inner Galaxy” corresponds to the background estimated
at a position of l = 10◦, b = 0◦, while the curve labeled “extragalactic” is calculated using
the isotropic extragalactic diffuse emission only. For the ground-based instruments a
5% systematic error on the background estimate has been assumed. All curves have been
derived using the sensitivity model described in section 2. For the Fermi-LAT, the pass6v3
instrument response function curves have been used. As comparison, the synchrotron and
Inverse Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

but we do not expect the results described here to change in any significant
way. The exact details of the sensitivity for CTA in general depend on the
as of yet unknown parameters like the array layout and analysis technique of
CTA. However, we don’t expect the sensitivity of CTA or the lifetime of the
Fermi-LAT to change by a significant factor compared to what is assumed
here (unless there is a significant increase in the number of telescopes for
CTA). As the differential sensitivity curves for these instruments are usually
only provided for 1-year of Fermi-LAT and for 50 hours of H.E.S.S./CTA,
we had to make use of a sensitivity model which will be described in sec-
tion 2. Generally, the sensitivity information provided is insufficient to make
a detailed comparison of the performance in the overlapping region which
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• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
• Imaging Atmospheric Cherenkov telescopes (HESS, MAGIC, VERITAS, 

TACTIC, CANGAROO III,...)

• use atmosphere as a calorimeter (increase detection area at 
high energies)!

• → higher energy range (100 GeV-100 TeV); smaller field of 
view (2◦-5◦), large effective area (105 m2). 

• but, have no anti-coincidence detector: irreducible charge 
particle contamination 

• complementarity between the two techniques!Alex Drlica-Wagner   |   Fermi-LAT Dark Matter

Indirect Detection of 
Particle Dark Matter

2

WIMP

?

INDIRECT SEARCHES

Fermi-LAT

Every ~3 Hours

ground based gamma ray telescopes are 
pointing, ~few degree field of view.   

cover higher 
energy range



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•IACTs (current: HESS, MAGIC, VERITAS,...):

VERITAS

MAGIC

HESS II

  

Status of HAGAR Telescope Array

Varsha Chitnis
Tata Institute of Fundamental Research, Mumbai, INDIA

For the HAGAR collaboration

TeVPA 2012: 10th December 2012

TACTIC; MACE/HAGAR



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•ICE CUBE, ANTARES, Baikal

• >~1 TeV (>~ 10 GeV Deep Core) 

• muons produced in charged 
current interactions emit 
Cerenkov light (in ice/water) → 
detected by strings of 
photomultiplier tubes. 

• background: CR muons  →  
select upward going events or use 
detector edge as an 
anticonicidence detector or 
atmospheric neutrinos.

• large volumes 
needed (~km3) 
due to small 
interaction cross 
sec of ν.

Ice Cube

upward going events
use all Earth for 
shielding of CRs

http://en.wikipedia.org/wiki/Photomultiplier
http://en.wikipedia.org/wiki/Photomultiplier


• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•Super Kamiokande, ICE CUBE, ANTARES 

Ice Cube

Antares

SuperKamiokande



• messengers (γ, ν, e±, p±, D-,...) /experiments (@~Mz range):
•satellites (PAMELA, AMS, ...)/balloons (CREAM, ATIC...):

• unlike gamma-ray experiments, magnets 
and are further optimized to distinguish 
charge and Z study e+/e-; p+/p-

• AMS, launched May 16, 2011, operating at 
the ISS, 

• PAMELA in orbit till the end of 2013.

charge

Z

energy� Resurs-DK1: multi-spectral 
�	���
�����������
�
������ 
� PAMELA mounted inside a 
pressurized container 
� Lifetime >3 years (assisted, first 
time February 2009), extended till 
end 2012 
  
� Data transmitted to NTsOMZ, 
Moscow via high-speed radio 
downlink. ~16 GB per day 
 
� Quasi-polar and elliptical orbit 
(70.0�, 350 km - 600 km) � from 
2010 circular orbit  (70.0�, 600 km) 
 
� Traverses the South Atlantic 
Anomaly 
  
� Crosses the outer (electron) Van 
Allen belt at south pole 

Resurs-DK1 
Mass: 6.7 tonnes 
Height: 7.4 m 
Solar array area: 36 m2 

350 km 

610 km 

70o 

PAMELA 

SAA 

~90 mins 
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AMS 02 @ the ISS



• The signal:

X=

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
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Universe without much fine tuning is sometimes termed the
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which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
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tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:
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The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-
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and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
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Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
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Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
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DM clustering: 
morphology and 
overall normalization

Particle physics: sets 
spectrum and   
overall normalization

• γ and ν propagate in a straight line, unaffected by Galaxy



• charged CR: 
• a more complicated story/ less ‘clean’ channel: CRs propagate diffusively, 

entangled in Galactic magnetic fields.

Charged Particles
Not only DM physics (sigma’s, b.r.) and astrophysics (halo distribution) 

matter, but also plasma astrophysics (diffusion in the Galaxy)
Antimatter is preferred due to lower astro background 

(P. Mertsch)

byproducts of the charged e- and e+ are 
synchroton/radio signals; see talks by 
Roberto Lineros @ 17:10 (tomorrow)
Marco Taoso @ 17:30 (tomorrow)

Torsten Bringmann, University of Hamburg !Indirect Dark Matter Searches

Propagation
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Little known about Galactic magnetic field distribution

Random distribution of field inhomogeneities
        propagation well described by diffusion equation�
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• charged CR: 
• a more complicated story/ less ‘clean’ channel: CRs propagate diffusively 

entangled in Galactic magnetic fields.
• signal depends also on conventional astrophysics → diffusion/energy losses/ in 

the Galaxy. 

DM signal
particle 
physics DM clustering= X( )

astrophysics



• Particle physics part:

• The (prompt) spectrum of SM particles resulting from DM annihilation/decay→ 
Fixed when DM mass and branchings are set!

• featureless ‘bump-like’ spectrum: quasi-universal spectra as a result of 
fragmentation/hadronization and subsequent pion decays.

Torsten Bringmann, University of Hamburg !Indirect Dark Matter Searches

Gamma-ray flux
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given by�
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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is the photon flux per annihilation summed over all the possible
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mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
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The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
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locity down to a saturation point which depends on the DM and
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Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
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performed using 112 h of H.E.S.S. data [42]. For WIMP
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FIG. 4: Left Panel: γ–ray and e+
− e− spectra per annihilation for a 1 TeV WIMP. The three annihilation channels b − b̄,

W +
− W−, and τ+

− τ− are taken as references. Right Panel: Multiplicity between the electron and photon yields dNγ/dE ×

(dNe/dE)−1 for a 1 TeV WIMP with the same annihilation modes as in the left panel.

IV. THE MULTI–WAVELENGTH SEED IN AN APPROXIMATE APPROACH

In this section we sketch in a simple and analytic form the scalings of the dark matter induced signal depending on
various assumptions in the model. Eq. 4 does not admit in general an analytic solution. However, when the radiative
loss term dominates (and thus the first three terms are negligible), one finds simply:

ne(r, E) =
1

Ė(r, E)

∫ Mχ

E
dE Qe(E, r) (13)

where Ė comes from ṗ in Eq. 4 mapping momentum into energy. We have already stressed that synchrotron processes
are the main effect for energy losses and radiative emissivity. We can focus, for the moment, on this mechanism, and
write the energy loss rate as Ė = Ėsyn = 4/9 · (c e4)/(mec2)4B(r)2E2, and the induced synchrotron luminosity as

νLsyn
ν = 4πν

σv

M2
χ

∫
dr r2ρ(r)2

∫ Mχ

E

Psyn(ν, r, E)

Ėsyn(r, E)
Ye(E) =

9
√

3

4

σv

M2
χ

∫
dr r2ρ(r)2Ep Ye(Ep) (14)

where we have defined Ye(E) =
∫ Mχ

E dE′dNe/dE′, and in the last step we have implemented the monochromatic
approximation for the synchrotron power, i.e. assumed F (ν/νc) ∼ δ(ν/νc − 0.29) [70]. In the monochromatic
approximation there is a one-to-one correspondence between the energy of the radiating electron (peak energy in the
power) and the frequency of the emitted photon, that is Ep = ν1/2(0.29 B(r) c0)−1/2 with c0 = 3/(4 π) · c e/(mec2)3,

or, introducing values for numerical constants, the peak energy in GeV is Êp ≃ 0.463 ν̂1/2B̂−1/2, with ν̂ the frequency

in GHz and B̂ the magnetic field in mG. Analogously, the induced γ–ray luminosity is

νLγ
ν = 2π

σv

M2
χ

∫
dr r2ρ(r)2 E2 dNγ

dE
. (15)

It is useful to make a few simple guesses on some of the quantities introduced above. Along the line of [18],

we assume the γ–ray spectrum per annihilation following the law: dNγ/dx ≃ Ã x−B̃e−C̃x, with x ≡ E/Mχ. It
is also a fair assumption to approximate the integrated e+ − e− yield as a power law plus an exponential cutoff:
Ye(E) ≃ Ax−Be−Cx. The differential yields of secondary photons and e+ − e− are plotted in Fig. 4a, for three
sample cases of two-body final states from WIMP pair annihilations. These plots are obtained linking to simulations
of decay/hadronization performed with the PYTHIA Monte–Carlo package [71] and stored libraries contained in the
DarkSUSY package [72]; we will refer to such kind of simulations everywhere in the paper when making detailed
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
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where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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where (σannv) is the annihilation cross-section (times the rela-
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∑
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is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
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Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3



•Where to look?
• γ and ν propagate in a straight line, unaffected by Galaxy; 
• DM clustering map (N-body simulations) is a good guide of observational 

targets.  

•Inner Galaxy:
"brightest spot on the 
DM sky

"appears ‘diffuse’ 
because we are so 
close to the source

•Dwarf Galaxies 
largest Galactic subhalos

•Dark subhalos: in a set of 
unassociated sources.

ExtraGalactic:
* Galaxy Clusters:
Most massive structures 
yet to form

ExtraGalactic:
* isotropic emission: 
contribution from 
unresolved halos at all 
redshifts.
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Map of our Galaxy from Via 
Lactea N-body simulation



•Where to look?

•Inner Galaxy:
"brightest spot on the 
DM sky

"appears ‘diffuse’ 
because we are so 
close to the source

•Dwarf Galaxies 
largest Galactic subhalos

•Dark subhalos: in a set of 
unassociated sources.

ExtraGalactic:
* Galaxy Clusters:
Most massive structures 
yet to form

ExtraGalactic:
* isotropic emission: 
contribution from 
unresolved halos at all 
redshifts.

Map of our Galaxy from Via 
Lactea N-body simulation
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• in addition ν can also escape from systems in which other 
messengers are trapped. i.e. Sun or Earth!  
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•Where to look?

• while charged CR diffuse in the Gal halo and probe (en dependent) local 
volume.  

Map of our Galaxy from Via 
Lactea N-body simulation



• back in time! DM ann/decays could affect the early universe evolution:
‣ BBN (T~1 MeV): energy injections destroy formed nuclei
‣ CMB (z ∼ 1000): The increased ionization fraction leads to a broadening of the 

last scattering surface.
‣ re-ionization (6"<"z"<"20): ionization and heating after recombination and 

during the epoch of structure formation affect optical depth of the Universe.

•Where to look?



Backgrounds/astrophysics:



How does gamma ray sky look like, at 1 GeV?

1) Diffuse emission: ~90% LAT photons. 
Fermi LAT three year sky map.

extra-Galactic:
(high latitude, 
‘isotropic’ 
emission). Made up 
by e.g. sources too 
faint to be resolved 
individually. 

Galactic 
emission:
Charged CR 
interact with the 
interstellar 
medium (gas, 
star light, ...)->!

Gamma 2012 Jean-Marc Casandjian9

Large scale in diffuse emission

counts per 0.5 degree pixel
3 years

 “ A excess with harder spectrum possibly 
associated with Loop I in the northern and 
southern central region is also observed. ”
Casandjian, Grenier for the Fermi LAT Collaboration
2009 Fermi Symposium, eConf Proceedings C091122

Full description of the Fermi bubbles: 
Su, Slatyer, Finkbeiner, 2010, ApJ, 724, 1044

Fermi LAT counts not correlated with 
gas, Galactic inverse-Compton, 

isotropic or sources.

Wednesday, July 11, 2012

[Casandjian, Gamma2012]

Loop I

Fermi bubbles
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2) Large scale structures: 3) ~1900 sources in the 2 year catalog



And at TeV?

Pointing telescopes, mainly point sources! 
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How does neutrino sky look like?

above 10 TeV

Up to recently only atmospheric or solar neutrinos detected.
Recently, first detection of astrophysical neutrinos!

[F. Halzen, ICRC 2013]



and locally measured cosmic ray fluxes?

(Electron plus Positron) Spectrum [S. Ting, ICRC 2013]

Proton flux 
Comparison with past measurements proton flux e-+e+
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FIG. 2: The positron fraction (upper) and electron spectra (lower) for the background together with a pulsar-like component
of the exotic e±. The panels from left to right are for fits I-a and II-a respectively. References of the data: positron fraction
— AMS [56], HEAT94+95 [57], HEAT00 [58], PAMELA [2], AMS-02[1] ; electron — PAMELA [16], ATIC [22], HESS [23, 24],
Fermi-LAT [21].

TABLE III: Fitting results of pulsar-like model with proton spectrum fixed

I-a II-a

best mean best mean

log(Ae
a) −8.978 −8.974 ± 0.005 −8.925 −8.921 ± 0.011

γ1 1.504 1.512 ± 0.010 1.708 1.704 ± 0.084

γ2 2.645 2.652 ± 0.010 2.794 2.796 ± 0.028

log(pebr/MeV) 3.599 3.587 ± 0.022 3.597 3.600 ± 0.046

log(Apsr
b) −24.867 −24.918 ± 0.146 −25.257 −25.226 ± 0.562

α 1.912 1.903 ± 0.029 1.856 1.863 ± 0.116

log(pc/MeV) 6.640 6.632 ± 0.111 5.927 6.097 ± 0.412

ce+ 1.272 1.327 ± 0.075 2.206 2.222 ± 0.242

φ/MV 500 527± 30 818 830± 72

aNormalization at 25 GeV in unit of cm−2s−1sr−1MeV−1.
bNormalization at 1 MeV in unit of cm−3s−1MeV−1.

and annihilation cross section. But we should keep in
mind that such results should not be considered statisti-
cally meaningful as the fits are quite bad. The solid lines
shown in Fig. 5 are the exclusion limits derived by the
Fermi γ-ray observations of the Galactic center [59] and
dwarf galaxies [60]. We can see that γ-rays tend to give
strong constraints on the DM scenario, especially for the
τ+τ− final state.

We further note that for the DM scenario, the param-
eter φ is very large. The solar modulation potential is
assumed to vary between 300 and 1000 MV in these fits.
From Tables III - V we see that almost in all cases the
modulation potential tends to the upper end. This might
be inconsistent with the fact that PAMELA and AMS-02
work approaching the solar minimum.

Since there might be discrepancy between the AMS-

e+/e-+e+

two satellites provided very precise measurements recently:



[J. Siegal-Gaskins talk@Sackler colloquium 2012]

Challenge: 

look for an uncertain signal 
swapped in the uncertain 
backgrounds.



Detection paths:

A) look for smoking guns:
! ‘zero’ astro backgrounds, but need luck -- expected signals (for vanilla DM) 

low
• spectral line features
• dwarf galaxies
• anti-deuterium
• (Sun (neutrinos) - elastic cross section)

B) search for standard WIMP signatures and use rich astro data to model the 
backgrounds
!current experimental sensitivity in the right ballpark for vanilla models, but 

due to the confusion with astro backgrounds possible hints NEED 
confirmation across the range of wavelengths/messengers/targets

• raising positron fraction; 

• Galactic Center gamma ray data 



 Gamma ray line: 
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 Gamma ray line

C. Weniger JCAP 1208 (2012) 007, 1204.2797

Evidence for a narrow spectral feature in 3.5 yr data near 130 GeV in 
optimized ROIs near the Galactic center.

Some indication of double line (111 &130 GeV), Su+, 2012. 

• Signal is particularly strong in 2 test regions (cuspier profiles) with S/N> 
30%-60%.

Weniger+ 2012:
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Fermi LAT’s line search

(1305.5597)

1) Optimize ROI

2) Improved Energy Resolution Model

3) Data Reprocessed with Updated Calibrations

No signal found in a blind search.

 Gamma ray line

7

FIG. 2. Counts map for the line search dataset binned in 1� � 1� spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aito� projection. The energy range is 2.6–541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3, R16, R41, and
R90) used in this search.

best energy estimate on an event-by-event basis. The corresponding estimate is the energy assigned. We note that
above a few GeV the SP method is typically more accurate than the PC method (the former being selected by the
CT analysis for ⇥ 80% of the events above 10 GeV).

The energy assignment algorithm also performs a CT analysis to estimate the probability that the energy esti-
mate is within the nominal 68% containment band for events of that energy and incidence angle (PE, available as
CTBBestEnergyProb in the extended event files available at the Fermi Science Support Center3).

To model the signal from a �-ray line, we used a parametrization of the e�ective energy dispersion of the instrument,
i.e., the probability density De�(E�;E,⌅s) to measure an energy E� for a � ray of (true) energy E and other event
parameters, ⌅s. The fraction of the electromagnetic shower contained in the CAL can vary significantly event to
event. In general, the energy dispersion depends on ⇤ and the �-ray conversion point in the instrument, among
other quantities. Furthermore, the ⇤-distribution of the observing time varies across the sky, causing corresponding
changes in the e�ective energy dispersion. These considerations are discussed in more detail in App. C, in particular
in Sec. C 5.

When fitting essentially monochromatic lines (i.e., the intrinsic spectrum is much narrower that the instrumental
resolution), for a given line energy, E� , we expect the distribution of observed energies for a line signal, Csig(E�), to
follow the e�ective energy dispersion, De� ; so that

Csig(E
�|E� ,⌅s) = nsig

�
De�(E

�;E,⌅s)⇥(E� � E)dE = nsigDe�(E
�;E� ,⌅s), (6)

where nsig is the number of observed signal events, which we treat as a free parameter in the fitting (see Sec. V)4.
Following the approach used in previous line searches published by the LAT Collaboration, we use a sum of Gaussians

to parametrize the energy dispersion at any given energy, averaging over the LAT FOV and combining front- and
back-converting events [14]. One notable improvement relative to our previous studies is that the parametrization
De�(E�;E,PE) used in this work includes the energy reconstruction quality estimator, PE. Specifically, we modeled
the energy dispersion in 10 PE bins of 0.2 from 0.1 to 0.5, bins of 0.1 from 0.5 to 0.7, and bins of 0.05 from 0.7 to 1.
The P7REP CLEAN event class only includes events with PE > 0.1.

The energy dispersion in each PE bin was modeled with a triple Gaussian function

3Available at http://fermi.gsfc.nasa.gov/ssc/data/access/, and described at http://fermi.gsfc.nasa.gov/
ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#ExtendedFile

4This assumption breaks down when the intrinsic width of the �-ray emission becomes a sizable fraction of the LAT
energy resolution. In practical terms, this applies for final states with unstable particles such as Z�, in particular for
�-ray energies at the low end of our search range. We discuss the implications of this in Sec. D 3.

Einasto profile
95% CL <95% CL <!!v>v>"""" Einasto Upper Limit R16 Einasto Upper Limit R16 

Einasto optimized ROI

Jan. 31st, 2013 32Andrea Albert (OSU)

Expected limits calculated from 
powerlaw-only pseudo-experiments
No systematic errors applied

Weniger+ signal not ruled out by 95% CL on "!!.



Fermi LAT’s line search

Inspection of a signal @ 133 GeV: 
3.3# (local) <2# global significance 
after trials factor; S/N~60% 

 Gamma ray line
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is o�set by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0� excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic e�ect. We do note that the fractional size of the feature in the Limb is smaller
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FIG. 15. Fit at 133 GeV line to the Limb data (P7REP CLEAN) using the 2D energy dispersion model.

)° (z!
108 109 110 111 112 113 114 115 116

°
C

ou
nt

s 
/ 0

.1
 

1

10

210

310 TRANSIENT
   Signal
   Background
CLEAN

TRANSIENT
   Signal
   Background
CLEAN

(a)

Energy (GeV)
60 80 100 120 140 160 180 200 220

Ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

1.2

Limb Data

MC

Limb Data

MC

(b)

FIG. 16. Measurement of the P7REP TRANSIENT-to-P7REP CLEAN e�ciency using the Limb control sample: (a) the distribution
of �z for all events in the P7REP TRANSIENT and P7REP CLEAN Limb samples for 2.6 GeV < E� < 541 GeV. including signal and
background regions; (b) the P7REP TRANSIENT-to-P7REP CLEAN e�ciency for Limb data and MC. MC has been weighted to have
the same livetime distribution with � as the Limb data.

2. The Inverse ROI

We define the inverse ROI A to be events with |b| < 10�, excluding a 20� � 20� square in the GC in the Celestial
dataset. In addition to A, we also examined inverse ROIs B and C, which are subsets of inverse ROI A with |b| > 1�

and |b| < 1� respectively. Figure 17 shows the results of fits for lines at 133 GeV in the three inverse ROI regions.
Regions A, B, and C show no indication of a line-like feature at 133 GeV with slocal > 1.1�. We also scanned using
20� � 20� ROIs along the Galactic plane resulting in 17 independent fits. Figure 17 (d) shows the results from the
fit at 133 GeV with the greatest statistical significance, where slocal = 2.0�. Thus we find no clear indication for a
133 GeV line feature in these inverse ROI control datasets.

D. Examination of the events contributing the 133 GeV feature

We have examined many aspects of the events contributing to the 133 GeV feature, and compared them to events
at nearby energies as well as with MC simulations. Within the limited statistics available, the events contributing to
the 133 GeV feature exhibit few particularly striking characteristics. The two most notable features are:

1. The consistency between the reconstructed direction as estimated by the tracker (TKR) and the primary axis
of the energy deposition in the CAL is somewhat worse in the flight data than in the MC simulations (Fig. 18).
The disagreement was even greater before reprocessing the data with updated CAL calibration constants. This

preliminary

In addition, weak hint of a spectral 
line in the limb data, S/N~30%. 

Red flag for an instrumental effect.

Earth limb data

R3 Galactic Center region
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 Gamma ray line
Jury still out: 

• Fermi LAT scheduled weekly limb observation, to examine a possible 
instrumental effect. : 

• proposed changes in observational strategy (favor GC region) being reviewed 
AND 

• other experiments: HESS 2 taking data! 50 hours of GC observation enough to 
rule out signature or confirm it at 5 sigma (if systematics are under control)



[A. Drlica-Wagner, Fermi Symposium 2012]

M. Geha

Segue 1

Alex Drlica-Wagner   |   Fermi DM Overview

Dark Matter Content

• Dark matter content determined from 
stellar velocity dispersion
– Classical dwarfs: spectra for several 

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars
• Fit stellar velocity distribution of each 

dwarf (assuming an NFW profile)
• Calculate the J-factor by integrating 

out to a radius of 0.5 deg.
– Comparable to the half-light radius of 

many dwarfs
– Minimizes the uncertainty in the J-

factor
– Large enough to be insensitive to the 

inner profile behavior (core vs. cusp)
• Include the J-factor uncertainty as a 

nuisance parameter in the joint 
likelihood
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Dwarf spheroidal satellite Galaxies

• Not yet observed in gamma rays! No recent star formation and little gas to 
serve as target material for cosmic-rays.

• Dark matter dominated systems, mass-to-light ratio up to a few hundreds & 
close by, within ∼ 100 kpc of the Earth

• DM content determined from stellar velocity dispersion
– Classical dwarfs: thousand stars
– Ultra-faint dwarfs: <~ 100 stars -- considerable uncertainties
-> the biggest uncertainty for this target.



Dwarf spheroidal satellite Galaxies

• Fermi LAT analysis of 10 dsph 
Galaxies using a joint 
likelihood approach.

• systematics (due to 
determination of DM 
content of dwarf Galaxies) 
folded in the limits!

One of the strongest limits on generic 
WIMPs to date: Constrain the 
conventional thermal relic cross 
section for a WIMP with mass < 30. 
GeV annihilating to b  #b or τ+τ$.

[A. Drlica-Wagner, Fermi Symposium 2012]
(see also Geringer-Sameth+, 1108.2914
Strigari+, 0902.4750, 1007.4199; Magic 
coll., 1103.0477; HESS coll., 1012.5602)

Alex Drlica-Wagner   |   4th Fermi Symposium

Conclusions

11

50 hours

100 hours4 years

• 4 years of Pass 7 data yields higher 
limits than 2 years of Pass 6 data; 
however, the two are statistically 
consistent with predictions.

• Change in the Fermi-LAT dwarf limits 
are due to statistical fluctuations in the 
event classification.

• Still no evidence for a dark matter 
signal from these objects.

• Immediate improvements are expected 
from updated diffuse and point source 
background models.

• Eventual improvements are expected 
from instrument performance (Pass 8). Thermal Relic Cross Section

h�vi = 3⇥ 10�26cm3 s�1

VERITAS

HESS GC halo



anti-deuterons (p n)

• not detected yet;  

• in DM ann/decays produced via the coalescence of anti-p and anti-n   
originating from an annihilation event

• astro: spallation of high energy cosmic ray protons on the interstellar gas at 
rest pH or pHe

• DM signals flatter than astro backgrounds for <2,3 GeV/n: detection of ~1 
pn at <1 GeV a smoking gun --  A generic signature with essentially zero 
conventional astrophysical background

- -

[Ibarra+, 1301.3820, Fornengo+, 1306.4171]
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GAPS and Antideuterons

GAPS will look for DM particles self-annihilating in Galactic Halo 

to form low-energy antideuterons
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A generic BSM signature 
with essentially zero 

conventional astrophysical 
background


* Primary flux: Baer and Profumo, JCAP 12, 008 (2005), with updated p0.

** Secondary/Tertiary: Salati, Donato, and Fornengo, Particle Dark Matter, pp. 521-546, (2010). Ibarra and 
Wild, arXiv:1301.3820v1 (2013) 

*** AMS: N. Fornengo et al. (2013) arXiv:1306.4171 


5-year 

http://arXiv.org/abs/arXiv:1301.3820
http://arXiv.org/abs/arXiv:1301.3820


K. Perez - Columbia U.
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pGAPS: a Prototype GAPS Flight
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• AMS in its second year & pGAPS finished a 
prototype flight! Plan for an initial GAPS flight in 
winter 2017/2018.

•  Exciting time coming up for anti-deuteron searches!
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GAPS and Antideuterons

GAPS will look for DM particles self-annihilating in Galactic Halo 

to form low-energy antideuterons


!"#$
%&'()

*+,*-,*$
.'/0&)
-12'3&-$

4#$

4#$

!"

5676$86$.9$

:$

-$

;$

A generic BSM signature 
with essentially zero 

conventional astrophysical 
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* Primary flux: Baer and Profumo, JCAP 12, 008 (2005), with updated p0.

** Secondary/Tertiary: Salati, Donato, and Fornengo, Particle Dark Matter, pp. 521-546, (2010). Ibarra and 
Wild, arXiv:1301.3820v1 (2013) 

*** AMS: N. Fornengo et al. (2013) arXiv:1306.4171 
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[K. Perez’s talk at ICRC & arXiv:1303.1615]
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If equilibrium is reached btw the two, the
annihilation signal rate writes:

“just like” (although not 
exactly)  DD experiments!

more on that in talks by 
Chitta Ranjan Das @ 15:10
Viviana Niro @ 15:30
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If equilibrium is reached btw the two, the
annihilation signal rate writes:

“just like” (although not 
exactly)  DD experiments!

more on that in talks by 
Chitta Ranjan Das @ 15:10
Viviana Niro @ 15:30

In equilibrium all captured DM 
particles annihilate, by measuring ΓA 
we constrain elastic cross sections!

high energy neutrinos from annihilation in the Sun

neutrinos from nuclear fusion processes @ 
low <1 GeV energies -> observation of >10 
GeV neutrinos a smoking gun of DM!eq

23/07/12 Matthias Danninger                   IDM 2012

atm. !"# (10! triggering events/day)
 

main analysis backgrounds:All processes depend on WIMP mass
Annihilation channel (branching ratios)
Annihilation cross-section
Capture (scattering)
� Scattering cross-sections (SI & SD)

Solar Dark Matter Search with IceCube

1
[M. Danninger, IDM2012]



Indirect Searches for Dark Matter

THE ICECUBE COLLABORATION SEARCHES FOR DARK MATTER WITH ICECUBE
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Figure 5: IceCube 90% C.L. upper limits on the ⇤⇥Av⌅
from the Galactic halo with the 22–string and the Galactic
Center with the 40–string array compared to the preferred
regions for PAMELA data, and the region including Fermi
data for annihilation to ⇤+⇤� [14].

the low and high-energy filter of IceCube–79. Especially
in the low energy region below 100 GeV, more events are
accepted. This improvement can be attributed to the Deep-
Core array. If these events can be retained throughout the
analysis cuts, considerable improvement is to be expected
for exclusion limits on the self-annihilation cross-section in
the low energy region.

7 Conclusion

Data collected with the partially instrumented IceCube
neutrino detector has been searched for dark matter self-
annihilation signals. Two independent analyses, target-
ing the Galactic halo and Galactic Center, have been per-
formed and resulted in observations consistent with back-
ground expectations. Based on these results the dark mat-
ter self-annihilation cross section was constrained to �
10�22cm3s�1 for WIMP masses between 200 GeV and
10 TeV for annihilation into ⇤+⇤� and µ+µ�. For a neu-
trino line spectrum ⌅⌅ ⇥ ��̄, annihilation cross sections
larger than � 10�23cm3s�1 can be excluded, assuming the
NFW-profile for the Galactic Center analysis. Limits from
the halo analysis are less halo-profile dependent, since the
different models show similar behavior for larger distances
from the Galactic Center. Despite the small dataset and
less than half of the full IceCube detector, the limits al-
ready probe a region of interest. A new dedicated filter
stream for neutrinos from the Galactic Center has been im-
plemented, that led to an increase in neutrino effective area
at filter level of about two orders of magnitude at energies
below 100 GeV. With the IceCube detector completed and a
dataset available that is already more than three times larger
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Figure 6: Effective area for IceCube–40, and the two parts
of the Galactic Center filter for IceCube–79 at online filter
level.

than the ones used for the presented analyzes, we expect
to probe dark matter self-annihilation cross sections below
� 10�24cm3s�1. Further, the Galactic halo analysis is cur-
rently pursued using the DeepCore detector and the cas-
cade channel (�e, �� ). It utilizes the excellent atmospheric
muon veto capabilities with IceCube/DeepCore and lower
atmospheric neutrino background in this channel. As the
analysis targets a large scale anisotropy, the poor angular
resolution of cascade events does not effect this analysis in
a strong manner, and will allow for a further improvement
in sensitivity.
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Figure 3: Relative expected neutrino flux in the northern
hemisphere from self-annihilation in the Milky Way halo.
The on–source region (solid line) is centered around largest
the flux expectation at �RA = 0, while the off–source
region is shifted by 180⇥ in RA.

ing equations (2) and (3), a limit on the self-annihilation
cross section has been calculated and is shown in figure 4
compared with the limits from the Galactic Center analy-
sis, described in the next section. As the analysis uses the
outer halo, the uncertainty on the choice of halo model is
small as indicated by the error band on the limits.

5 Galactic Center Analysis with IceCube–40

The 40–string configuration of IceCube was taking data
from April 2008 to May 2009, yielding a total detector live-
time of 367 days.
The highest neutrino flux from WIMP annihilation is ex-
pected to come from a relatively wide region centered at
the direction of the Galactic Center which, at the location of
IceCube, is always about 30⇥ above the horizon. Data from
this direction is dominated by atmospheric muons, there-
fore this analysis is based on the identification of events
with an interaction vertex inside the detector (atmospheric
muons produce incoming tracks) and it relies on the on-
source/off-source method; based on Monte Carlo simula-
tions, the width of a declination band (centered at the lo-
cation of the Galactic Center) is optimized to maximize
signal/

⇤
background, assuming the NFW-profile. In this

declination band, a window in right ascension is optimized.
The optimum window sizes both in right ascension and
declination were found to be ±8⇥. After correction for
uneven exposure, as well as signal quality cuts, the un-
certainty on the background prediction is reduced to the
0.1%-level. Based on the above mentioned background es-
timation, the expected number of background events in the
signal region was 798819. The number of observed events
was 798842. The difference of 23 events is compatible with
the null-hypothesis, therefore a 90%C.L.-limit on the num-
ber of signal events has been calculated (1168), following
the Feldman-Cousins approach [13]. Using equations (2)
and (3), a limit on the self-annihilation cross-section has
been calculated and is shown in figure 4 along with the lim-
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Figure 4: 90% C.L.-limits on the �⇥Av⇥ from the IceCube–
22 halo analysis (blue-shaded lines) [12], and the limits ob-
tained from the IceCube–40 Galactic Center analysis (sim-
ple lines). For both analyses the lines from top to bottom
correspond to the bb̄, W+W�, µ+µ� and ��̄ annihilation
channels. The IceCube–40 limits are preliminary.

its from the previous analysis. Figure 5 shows the obtained
limits for the ⇤ channel, compared to the PAMELA/Fermi
regions [14].
The IceCube–40 limits are preliminary, since they do not
include signal acceptance systematic uncertainty due to op-
tical ice properties.

6 Outlook on the Galactic Center Analysis
with IceCube–79

For IceCube–79, a dedicated Galactic Center data filter has
been implemented and was taking data from June 2010 to
May 2011. The filter consists of two parts. A so-called
high energy part accepts all events with a reconstructed ar-
rival direction within an angular window of ±10⇥ in decli-
nation and ±40⇥ in RA with respect to the direction of the
Galactic Center and if their brightness exceeds a zenith-
dependent threshold. The so-called low-energy part ac-
cepts events from a 15⇥ wide zenith band around the Galac-
tic Center, but applies a pre-scale factor of 3 on events from
the zenith band, which have a distance of more than 20⇥ to
the Galactic Center in right ascension. Further restrictions
for the low energy filter are a top veto defined by the upper
5 DOMs, in which no hits are allowed, and a side veto. The
side veto consists of the outer layer of IceCube strings; the
earliest pulse is not allowed in this veto region. These fil-
ter conditions allow for a preselection of tracks, which ap-
pear to start within IceCube. Figure 6 shows a comparison
of the effective area at filter level for IceCube–40 and for
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Dwarfs Limits *NEW*
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SI Limit Solar WIMP *NEW*

26

MSSM Model Scan

Figure 6. A collection of recent bounds on DM from neutrino observations. First row:
Left: constraints on the DM annihilation cross section from ICECUBE’s observation
of the Galactic Halo, comparing with the fit regions of charged CRs (figure from [113]
or [114]). Right: a compilation of current constraints from ICECUBE, from the GC and
the galactic halo (figure from [113] or [115]). Second row: Left: ICECUBE constraints
from dwarf galaxies (figure from [116]. Right: ICECUBE constraints from galaxy clus-
ters (figure from [116]. Third row: Left: bounds on the DM spin-dependent scattering
cross section on nuclei from SuperKamiokande’s, Amanda’s and ICECUBE’s searches
for high-energy neutrinos from the Sun (from [117]); the ICECUBE data are superseded
by the slightly more constraining ones in [116]. Right: the same for spin-independent
scattering (from [116]).
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Sun is made of p! Limits on spin dependent cross section stronger wrt DD 
experiments (A LOT of p in the Sun!).
‣ New results from 79-string data (~1y livetime) 

‣ First Dark Matter analysis including DeepCore 

‣ First full year-round IceCube solar Dark Matter search

23/07/12 Matthias Danninger                   IDM 2012

Unblinding results (observed results)

13

bb

WW

[M. Danninger, IDM2012]
[see also 0905.2316, ANTARES.]

SD scattering

high energy neutrinos from annihilation in the Sun



2. When astrophysics (can) mimics DM signal:
New experiments often reveal residuals with respect to commonly assumed 
backgrounds. 
Some resemble a DM signal (as we witnessed in recent years). 

Rely on multi-wavelength/messenger/target cross checks:

‣ example: a positron fraction rise. 

‣ review most stringent constraints on WIMP models and illustrate 
complementarity of various indirect detection strategies in testing the DM 
discovery hints. 



• Measurement: positron fraction. 

INDIRECT DETECTION
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Fig. 2.— a The HEAT positron fraction compared with best-fit model predictions with

an additional positron component arising from annihilating dark matter neutralinos. The

dashed curve is the baseline solar-modulated leaky-box secondary-production prediction [10],

renormalized by a factor of 0.85. The solid curve shows an increased positron content due

to annihilating 380 GeV/c2 neutralinos in the model of Kamionkowski and Turner [20]. The

dotted and dot-dash curves show an increased positron content due to annihilating 336 or

130 GeV/c2 neutralinos, respectively, in the model of Baltz and Edsjö [30]. b The HEAT

positron fraction compared with best-fit model predictions from astrophysical sources of

positrons that are in addition to secondary production mechanisms. The dashed curve is the

positron enhancement resulting from high-energy γ rays converting to e+e− pairs near the

magnetic poles of pulsars [19]. The dotted curve represents a positron enhancement due to

high-energy γ rays interacting with low-energy optical or UV photon fields [16]. The solid

curve shows the enhancement from cosmic-ray interactions within giant molecular clouds

[18].

Coutu et al, ’99
1999 - HEAT results

DM annihilation => positrons [antimatter]
Positrons very rare as they are assumed 
NOT to be produced directly in cosmic ray 
sources.
Positron fraction is usually measured (by 
means of canceling instrumental 
uncertainties):
e+/(e++e-)

A surprising hint of a rise in a positron 
fraction in the 90’ after the measurement by 
the HEAT experiment (Coutu et al, ’99).

It was showed already then that to explain 
the rise on needs a NEW source of 
positrons:
DM
or pulsars
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But, beware of conventional astrophysics!!!
Pulsars are also sources of electrons and positrons! Are we seeing a contribution 
from nearby pulsars?



Now how can we tell which source is causing this rise?
Check other channels and targets!!!
• if DM produces electrons/positrons it should produces protons/antip too! 
• if it produces lots of electrons locally it should produce them also in other 

places, for example close to the Galactic Center, can we look there and test?



• Other channel and targets: CR (anti)protons 

‣measurements consistent with purely secondary production of 
antiprotons in the galaxy 

‣ tight constraints set on DM annihilation

[Cirelli+, 1301.7079] (see also Evoli+, 1108.0664 , 
Donato+, PRL09; Bringmann, 0911.1124...)

If it is to explain the e+ data DM would have 
to be:
• leptophilic (i.e. to produce ONLY leptons)
• have enhanced cross section, BF~1000.

suspicious but we should keep 
our mind open!
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[Ackermann+, APJ 2012, 1205.6474]
(see also Cirelli+, 0912.0663; 
Papuci+,0912.0742; Baxter+,1103.5779) 

• Other channel and targets: gamma-rays: Fermi LAT/MW halo 
‣ if DM annihilates dominantly to leptons with high sigma-> strong Inverse 

Compton emission in the inner galaxy 

‣ by measuring gamma rays we constrain the IC emission from DM produced 
leptons and indirectly test the DM origin of the positron rise

‣

DM interpretation of the rise strongly challenged



• DM constraints: CMB 
‣ DM annihilations inject energy and energetic 

particles in the primordial medium, and therefore 
affect its evolution (i.e. fraction of free electrons).

‣ DM in the linear regime/robust to DM clustering 
uncertainties!

Bound from CMB
Annihilating “dark mass” into visible energy heats and ionizes baryons during the “Dark 
Ages” (z~100-1000), which can be constrained by CMB (especially via optical depth τ)

1106.1528, Galli, Iocco, Bertone, Melchiorri

Particles lighter than 5 (10) GeV going into mu (e) are 
disfavoured/excluded: good perspectives for Planck as well!

[Slatyer+, PRD 2009, 0906.1197, (see also 
Cline & Scott, ’13; Weniger et al. `13)]
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 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
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12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section ⟨σAv⟩
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

⟨σAv⟩saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section ⟨σAv⟩ =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,
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FIG. 1: Evolution of the free electron fraction as function of
redshift for different values of pann = [0, 10−6, 5× 10−6, 10−5]
m3/s/Kg.
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FIG. 2: TT, TE, EE angular power spectra (from Top to
Bottom) for different values of pann = [0, 10−6, 5×10−6, 10−5]
m3/s/Kg .

the prescription described in the previous section. The
dependence on the properties of the DM particles is en-
coded in the quantity

f
< σv >

mχ
≡ pann (11)

appearing in eq. 5, that we use as a parameter in the
code.

In Fig 1 we show the evolution of the free electron frac-
tion for different values of pann. As we can see, the DM
annihilation model we consider can increase the free elec-
tron fraction after z ∼ 1000 by one order of magnitude,
increasing the optical depth to last scattering surface and
smearing the visibility function. The consequences of
such annihilation can be seen in Fig.2 where we show the
CMB anisotropy, cross-polarization and polarization an-
gular power spectra for different values of pann. DM an-
nihilation damps the acoustic oscillations in the angular
power spectra as in the case of an instantaneous reioniza-
tion. However, large scale polarization is left unchanged
by dark matter annihilation and a degeneracy between
these two effects can indeed be broken. Although DM
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FIG. 3: Constraints on the ωb, ns and ωc parameters in the
case of standard recombination (solid line), or including dark
matter annihilation (dashed line).

annihilation could play a role in the subsequent reion-
ization of the Universe , the effect is likely to be small
[20], unless one invokes very high anihilation cross sec-
tions [21]. Here, we don’t consider a particular model for
reionization, and simply adopt the parametrization of a
full and instantaneous reionization at redshift zr < 30.

We search for an imprint of self-annihilating dark mat-
ter in current CMB angular spectra by making use of the
publicly available Markov Chain Monte Carlo package
cosmomc [22]. Other than pann we sample the following
six-dimensional set of cosmological parameters, adopting
flat priors on them: the physical baryon and CDM densi-
ties, ωb = Ωbh2 and ωc = Ωch2, the scalar spectral index,
ns, the normalization, ln 1010As(k = 0.05/Mpc), the op-
tical depth to reionization, τ , and the ratio of the sound
horizon to the angular diameter distance, θ.

We consider purely adiabatic initial conditions. The
MCMC convergence diagnostic tests are performed on 4
chains using the Gelman and Rubin “variance of chain
mean”/“mean of chain variances” R−1 statistic for each
parameter. Our 1 − D and 2 − D constraints are ob-
tained after marginalization over the remaining “nui-
sance” parameters, again using the programs included

Experiment pann 95% c.l.
WMAP < 2.0 × 10−6m3/s/kg
Planck < 1.5 × 10−7m3/s/kg

CVl < 5.0 × 10−8 m3/s/kg

TABLE I: Upper limit on pann from current WMAP obser-
vations and future upper limits achievable from the Planck
satellite mission and from a cosmic variance limited experi-
ment.

CMB anisotropy for different DM 
annihilation power.

http://arXiv.org/abs/arXiv:1205.5283
http://arXiv.org/abs/arXiv:1205.5283


Summary:

• DM signals can be mimicked by backgrounds (instrumental or astrophysical)
• any hints have to be cross checked with different experiments, targets and 

messengers.
• and keep looking for smoking guns!  



Summary:

• ~80 years after Zwicky’s evidence for DM we still do not know what is it made 
of

• it took us 45 yrs to discover the Higgs and we knew ‘exactly’ where to look. 
• Most importantly this is a special time... we have lots of data! and lots of means 

to cross check our signals or to test models!
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[from N. Weiner]


